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Preface

Biosciences and material sciences emerged initially as distinct disciplines. However,
recent progresses in polymer and material sciences led to congruent research inter-
ests, thus fusing the fields of material and biosciences progressively. To concretize
visionary ideas such as adaptive bio-host systems, bio-instructive materials, bio-
integrated functional systems, or regenerative tissue engineering, the interfaces
between synthetic materials and biological systems have been identified as one key
issue. The present volume of Advances in Polymer Science covers the most impor-
tant aspects of the emerging area of “Bioactive Surfaces.” Selected experts in the
field of polymer science, soft-matter engineering, and biophysics have been invited
to highlight their personal views and perspectives on this crucial field of research.

Even though molecular biologists developed lately precise analytical tools of
genomics, regulomics, and proteomics, allowing for progressively accurate insight
into systemic functions of cells and tissues, the interfaces between synthetic materi-
als and biological systems are still far from being fundamentally understood. In the
last decade, joint multidisciplinary efforts and intense exchange between the biology
and materials research communities set the focus on signaling of materials toward
biological systems. Cells or cell populations at a bio-material interface experience a
broad spectrum of chemo-, mechano- physico-, and topological signals, which are
interpreted by the biosystem. This triggers distinct responses, which often occur on
all functional bio-hierarchy levels from altering cell metabolism to changing cell sta-
tus, regulating cell proliferation, differentiation or motility to macroscopic changes
of the cell shape, orientation, migration, or adhesion behavior. Fundamental under-
standing of the events and responses paves the way to actively communicate with
biological systems via the material-interface to influence, guide, or direct cells and
tissues. This promises enormous progress for life science applications, however,
puts challenges on materials design and accurate fabrication, as precisely tailored
materials and interfaces are mandatory.

In this exciting context, this volume provides a broad overview on the field of
synthetic biologically active surfaces. In particular, three important aspects are em-
phasized in this volume: (1) surface design, (2) interactions of 2D and 3D surfaces
with biosystems, and (3) applications. Regarding surface preparation and modifica-
tion, the reader will find in this book a practical description of synthetic tools, which
constitute the state of the art in the field. For instance, surface functionalization

ix



X Preface

strategies, using responsive polymer brushes (Chap. 1), peptide arrays (Chap. 2),
self-assembled monolayers (Chap. 4), or polyelectrolyte multilayers (Chap. 5), are
described in this volume. The middle section of this book (i.e. Chaps. 3—6) de-
scribes principally the interactions of 2D and 3D surfaces with biological systems.
For instance, important topics such as surface nanostructuration (Chap. 3), the fab-
rication of micro-reservoirs (Chap. 5), and the preparation and processing of active
3D scaffolds (Chap. 6) are specifically addressed in this volume. Furthermore, prac-
tical applications of synthetic bioactive surfaces are described throughout the book.
In particular, concrete examples of applications in research fields as diverse as tis-
sue engineering, drug delivery, biochips, biosensors, bioseparation, cell engineering,
stem-cell differentiation, and antimicrobial surfaces are discussed in this volume.

The editors express their thanks to the authors and to the Springer editorial team
for their help in publishing this book.

Berlin, Potsdam Hans G. Borner and Jean-Frangois Lutz
April 2011



Contents

Smart Polymer Surfaces: Concepts and Applications

IN BIOSCIENCES ... ... 1
Erik Wischerhoff, Nezha Badi, André Laschewsky,

and Jean-Frangois Lutz

Hold on at the Right Spot: Bioactive Surfaces for the Design
of Live-Cell Micropatterns ...............ooouiiiiiiiiiieeeiiiiieeeeainnnn. 35
S. Petersen, M. Gattermayer, and M. Biesalski

Interfacing Cell Surface Receptors to Hybrid Nanopatterned

Surfaces: A Molecular Approach for Dissecting the Adhesion

MaAChINETY . ..o 79
Julien Polleux

Self-Assembled Monolayers as Dynamic Model Substrates
for Cell Biology .......cooiiiiiiiiii e 103
Abigail Pulsipher and Muhammad N. Yousaf

LbL Films as Reservoirs for Bioactive Molecules .............................. 135
D. Volodkin, A. Skirtach, and H. Mohwald

Designing Three-Dimensional Materials at the Interface
0 BIOlOZY . ... .o 163
R. Gentsch and H.G. Borner

Antimicrobial Surfaces ................ 193
Joerg C. Tiller

Xi






Adv Polym Sci (2011) 240: 1-33
DOI:10.1007/12_2010_88

(© Springer-Verlag Berlin Heidelberg 2010
Published online: 26 June 2010

Smart Polymer Surfaces: Concepts
and Applications in Biosciences

Erik Wischerhoff, Nezha Badi, André Laschewsky, and Jean-Francois Lutz

Abstract Stimuli-responsive macromolecules (i.e., pH-, thermo-, photo-, chemo-,
and bioresponsive polymers) have gained exponential importance in materials
science, nanotechnology, and biotechnology during the last two decades. This chap-
ter describes the usefulness of this class of polymer for preparing smart surfaces
(e.g., modified planar surfaces, particles surfaces, and surfaces of three-dimensional
scaffolds). Some efficient pathways for connecting these macromolecules to inor-
ganic, polymer, or biological substrates are described. In addition, some emerging
bioapplications of smart polymer surfaces (e.g., antifouling surfaces, cell engi-
neering, protein chromatography, tissue engineering, biochips, and bioassays) are
critically discussed.

Keywords Antifouling surfaces - Bioactive surfaces - Biocompatible polymers -
Bioseparation - Cell engineering - Polymer-modified surfaces - Stimuli-responsive
polymers

Contents

I INtrodUCtion . ...ueui i 2

2 Types of Smart Polymer Surfaces ... 3
2.1 Thermoresponsive Polymers.............ccoooiiiiiiiiiiiiiiiiiii 3
2.2 pH-Responsive POLYMETS ....oovuuueiiitiiiii e 4

E. Wischerhoff, N. Badi, and J.-F. Lutz (=)

Fraunhofer Institute for Applied Polymer Research, Geiselbergstrasse 69, 14476 Potsdam-Golm,
Germany

e-mail: lutz@iap.fthg.de; erik.wischerhoff @iap.fraunhofer.de; nezhabadi @yahoo.fr

A. Laschewsky

Fraunhofer Institute for Applied Polymer Research, Geiselbergstrasse 69, 14476 Potsdam-Golm,
Germany

and

Department of Chemistry, University of Potsdam, Potsdam, Germany

e-mail: andre.laschewsky @iap.fraunhofer.de


lutz@iap.fhg.de
erik.wischerhoff@iap.fraunhofer.de
nezhabadi@yahoo.fr
andre.laschewsky@iap.fraunhofer.de

2 E. Wischerhoff et al.

2.3 Photoresponsive POlymers ............coooiiiiiiiiiiiiiiii 5
2.4  Chemoresponsive and Bioresponsive Polymers ..............ccceviiiiiiiieiaian. 8
3 Surfaces CREMUISIIIES ....uutttnnttt ettt ettt e aeea s 13
3.1  “Grafting onto” and “Grafting from” Approaches..............cccoiiiiiiiiiiiin. 13
3.2 Adsorption of Block COpOlymers ............ccoiuiiiiiiiiiiiiiiiiiiiiii s 16
3.3 Surface-Bounded Hydrogels. .........cooviiiiniiiiiiiiiiiiiii e 17
4 Bioapplications of Smart Polymer Surfaces................ccoooiiiiiiiiiiiii 19
4.1 Antifouling Surfaces ..........ooiiiiii e 19
4.2 Control of Protein Adhesion ...........ociiiiiiiiiiiiii e 21
4.3 Control of Cell Adhesion ............ooiiiiiiiiiiiiiiii s 22
44 BIOSEPATALION . .. .ete ettt ettt et ettt e e e e e e 24
4.5 BIOGSSAYS o uutttttte ettt e e et e 26
5 Conclusion and OUIOOK. . .....o.uuiti e 29
REfEICNCES ...ttt 29

1 Introduction

The face of applied polymer science has changed drastically over the recent
years. Although commodity polymers still dominate the polymer market, specialty
polymers have gained an increased importance in the scientific literature as well as
in patents. For instance, in recent polymer and materials science the number of stud-
ies on so-called smart polymers has increased exponentially. These polymers are
synthetic or biological macromolecules that undergo rapid conformational change
in response to an external stimulus. For example, polymers reacting to physical
(e.g., temperature, light, redox signal, or magnetic field), chemical (e.g., pH, ionic
strength, or a specific molecule), or biological (e.g., viruses or bacteria) stimuli have
been described in the literature [1, 2]. These types of macromolecules have opened
huge technological perspectives in emerging applications such as nanoelectronics,
photonics, renewable energies, biomedicine, and biotechnologies [2, 3].

In this context, the present chapter highlights the importance of smart polymers
in applied surface science. It should be noted that the term “surface” is employed
in this review in a relatively broad sense and is therefore not limited to 2D planar
substrates but also refers to colloidal surfaces, scaffolds, and surfaces of bulk ma-
terials. Yet, the possible applications of such smart surfaces are almost unlimited
and, therefore, the content of the present chapter is intentionally limited to bioap-
plicable polymer surfaces. This chapter places particular emphasis on the emerging
field of smart bioactive surfaces [4-6]. The term “bioactive” refers here to materials
that are capable of interacting with biological systems, such as nucleic acids, pro-
teins, polysaccharides, viruses, bacteria, or living cells. This novel area of research
undoubtedly goes beyond the traditional field of biocompatible surfaces.

This chapter is composed of three main sections. In Sect. 2, some background
information about stimuli-responsive polymers is provided. This section is deliber-
ately not exhaustive because several comprehensive reviews on stimuli-responsive
polymers have already been published in recent years [1-3, 7-10]. In Sect. 3, some
general strategies for connecting stimuli-responsive macromolecules to various
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types of substrates (e.g., inorganic, polymer, or biological substrates) are described.
Lastly, the bioapplications of smart polymer surfaces are discussed in Sect. 4. In
particular, the utilization of smart polymer surfaces for controlling protein adhesion,
cell adhesion, biorecognition, and bioseparation is emphasized.

2 Types of Smart Polymer Surfaces

2.1 Thermoresponsive Polymers

Stimuli-responsive polymers offer a wealth of opportunities for the design of smart
surfaces. Among all the systems studied, thermosensitive polymers have drawn
much attention, in particular for biomedical applications because several diseases
states are characterized by a change in temperature [11, 12]. Thermoresponsive
polymers generally exhibit a lower critical solution temperature (LCST), below
which they are soluble, and above which they dehydrate and aggregate. The surfaces
made of these stimuli-responsive polymers switch from hydrophilic to hydrophobic
states in response to temperature changes. For the design of smart thermosensi-
tive surfaces, poly(N-isopropylacrylamide) (PNIPAM) is by far the most studied
polymer because of a LCST around 32°C in water, which is close to physiolog-
ical temperature [13-19]. For instance, this polymer has been used in different
fields such as chromatography [20, 21], the control of surface wettability [22], the
study of interactions between the surface and biological species, and the control of
cell adhesion [14, 16-18, 23]. In addition, PNIPAM-coated surfaces prepared via
atom transfer radical polymerization (ATRP) have also been used in drug deliv-
ery [24]. Nevertheless, other polymeric systems exhibiting a thermal behavior have
been studied [25-28]. Du Prez and coworkers for instance, covered the surface of
poly(ethylene terephthalate) track-etched membranes with poly(vinylcaprolactam)
(PVCL) in order to control its permeability [29]. Indeed, they obtain a thermosensi-
tive filtration membrane in which the pore diameters increased when the temperature
reached the cloud point of the PVCL (around 27°C).

Elastin-like polypeptides (ELP) are also among the most studied thermorespon-
sive systems [30, 31]. These linear polypeptides are composed of repeating units
of the pentapeptide valine-proline-glycine-X-glycine (with X corresponding to any
amino acid except proline) and were described in the literature for the reversible
immobilization of thiol-redoxin-ELP fusion proteins (Trx-ELP) onto gold surfaces
[32]. Furthermore, the biological activity of Trx-ELP nanoarrays was demonstrated
by binding an antibody and showing that the resulting complex could be released
from the surface above the LCST (Fig. 1).

Several other thermally responsive systems can be cited, such as poly- or
oligo(ethylene glycol) methacrylate (OEGMA) derivatives [33—43]. We recently
showed that copolymers of 2-(2-methoxyethoxy)ethyl methacrylate (MEO,MA)
and OEGMA exhibited a LCST in water that can be adjusted to physiological
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ELP Fusion
Protem
T<LCST T>LCST
ELP Switch: Off ELP Switch: On 6um

Fig. 1 Nanopatterned surface bearing thermoresponsive elastin-like polypeptides (ELP) allowing
reversible capture and release of fusion proteins: left ELP switch off; center ELP switch on; right
AFM image of a 10 x 9 ELP dot array in PBS at room temperature. Reprinted, with permission,
from [32]. Copyright (2004) American Chemical Society

temperature by varying the composition of the two monomers [44—47]. Polymer
brushes have been prepared on flat gold surfaces and demonstrated an ability to
control cell adhesion [45, 46]. These smart surfaces combined switching ability
and biorepellency [48]. Indeed, at 37°C cells adhered to the surface and when the
temperature of the medium was decreased to 25°C, a cell rounding was observed
that allowed their easy detachment from the surface without trypsinization.

2.2 pH-Responsive Polymers

pH triggering is another suitable method for creating smart bioactive surfaces.
Weak acids and bases display a change in their ionization state when changes
in pH occur. This leads to physicochemical changes such as the formation of
aggregates or the swelling/deswelling of hydrogels [49]. Several pH-responsive
polymers can be used. For instance, poly(methacrylic acid) (PMAA) [50, 51] and
poly(N,N-dimethylaminoethyl methacrylate) (PDMAEMA) [52] are typical exam-
ples of poly(acid) and poly(base). Recently, Argentiere et al. developed novel
smart surfaces for in situ cell staining [50]. They covalently immobilized pH-
responsive microgels made of PMAA on a glass surface and loaded them with
an oligothiophene-conjugated anti-human CD4 monoclonal antibody. They showed
that the increase in pH from 5.0 to 8.0 led to the augmentation of microgel height.
The pH-sensitivity of the surface was exploited to control the encapsulation and
release of antibodies in an on-demand way. Van Camp et al. reported the synthe-
sis of poly(acrylic acid) with disulfide bonds as pH-responsive brush surfaces and
demonstrated the collapsing/swelling properties by atomic force microscopy [53].
pH-switchable surfaces were designed for various biological applications. For
instance, Barroso et al., prepared porous pH-sensitive membranes for protein filtra-
tion [54]. In their synthetic pathway, poly(MMA-co-MAA) thin films were prepared
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via a radical polymerization process in supercritical CO,. Another application was
proposed by Wei et al. [55], who used pH-responsive polymers as the stationary
phase in column chromatography.

The pH-induced swelling and collapsing behavior of polymers has also been
exploited for the tumor-targeted delivery of paclitaxel [56] or the controlled release
of doxorubicin [57]. The group of Stoddart has developed several pH-responsive
systems for drug delivery [58, 59]. For example, they designed mesoporous silica
nanoparticle (MNP)-based drug-delivery systems in which the release was triggered
by pH changes. Supramolecular machines comprising cucurbit[6]uril (CB[6]) rings
encircling tethered trisammonium stalks were attached to the MNP surfaces (Fig. 2).
The guest molecules were entrapped in the MNPs at neutral pH and were released
when the pH was lowered.

In this complex system, when the pH was lowered, the anilinium nitrogen atom
was protonated and the CB[6] rings lifted to the top of the stalk. The consequence
was the opening of the pores, leading to the drug release. When the pH was then
raised, the nitrogen atoms were deprotonated and this led to the detachment of the
CB[6] rings from the stalk.

Some research groups studied double- or multisensitive surfaces bearing
pH-switchable polymers. For instance, Ayres et al., prepared poly(acrylic acid)
polymer brushes via the ATRP of fert-butyl acrylate followed by the conversion
to acrylic acid using a pyrolysis approach. The obtained polymer brushes re-
sponded to two stimuli, i.e., pH and ionic strength [51]. Nevertheless, the most
developed systems combine temperature and pH stimulations [19, 52, 60, 61].
Zhang et al. investigated temperature and pH-responsive polymeric membranes
based on poly(NIPAM-co-MAA) nanoparticles and their permeability to proteins
and peptides [62]. The nanoparticles functioned as thermo- and pH-responsive
nanovalves: when the particles swelled, the valve was in a closed state; when the
particles shrank, more space was generated, thus increasing the membrane per-
meability to solutes. The monomer composition of the particles can be varied to
increase either the temperature- or the pH-sensitivity according to the application.

2.3 Photoresponsive Polymers

There are numerous functional groups that can render polymers photoresponsive,
such as azo groups, merocyanines, fulgides, and groups that can undergo a 2 + 2
cycloaddition, e.g., cinnamoyl groups. While 2 4 2 cycloadditions are not always
fully reversible, the other mentioned groups permit a switching from one state to the
other and back. Azo dyes are particularly popular as photoresponsive groups and,
consequently, many examples of photoresponsive polymer surfaces incorporating
azo dyes can be found.

In 1982, an azo-dye-containing copolymer of 2-hydroxymethyl methacrylate was
used for modulation of lysozyme adsorption on polymer beads. The amount of
the protein adsorbed on a microsphere decreased upon irradiation, but rather long
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Fig. 2 pH-responsive mesoporous silica nanoparticles (MNPs) for controlled drug delivery.
(a) At low pH, the anilinium nitrogen atom is protonated and the cucurbit[6]uril ring CB[6] shut-
tles to the extremity of the stalk allowing the drug to be released. (b) At neutral pH, the CB[6] ring
remains on the bottom of the stalk, on the tetramethylenediammonium unit and blocks the pore.
(c) At high pH, all the nitrogen atoms are deprotonated and the CB[6] ring is detached. Reprinted,
with permission, from [58]. Copyright (2009) American Chemical Society
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irradiation times (approx. 40 min) were needed to reach the maximum effect [64].
In a subsequent publication, the utilization of the same azo-dye-containing polymer
surface for control of adhesion of erythrocytes was reported [64].

Tieke and Saremi demonstrated in 1998 the cis—trans switching of azo dyes
incorporated into a polyelectrolyte multilayer system [65]. A change in the ab-
sorbance at 340 nm served as proof of the change in conformation. In 1999, Seki
and coworkers demonstrated that the morphology of an azo-dye-containing polymer
film deposited on mica can be switched by irradiation with UV and visible light. Ac-
cording to AFM studies, after irradiation with UV light, the polymer chains adopted
a more expanded conformation, and upon exposure to visible light, the polymer
structures on the mica surface shrank [66]. Hong and Kumar recently incorporated
azo-dye-bearing polycations into a polyelectrolyte multilayer system deposited on
a porous membrane. They used cis—trans switching for the control of an SO4>~ ion
flux [67].

Zhang and coworkers [68] used surface-tethered azo dyes for the immobilization
of partially cyclodextrin-modified poly(acrylic acid) via photocontrolled host—guest
interaction of the azo dye and the cyclodextrin. This surface was then capable of
binding and release of cytochrome c. At neutral pH, the majority of the carboxylic
acid groups are deprotonated, and cytochrome c is attracted to this surface by elec-
trostatic interactions. In acidic conditions, the acrylic acid units in the copolymer
chains are protonated and therefore the positively charged cytochrome c is no longer
attracted. Alternatively, the cytochrome c can be released by irradiation with UV
light (365 nm). In this case, the surface-tethered azo dyes adopt a cis conformation
and the host—guest interactions are broken. Consequently, the cyclodextrin-modified
poly(acrylic acid) is released from the surface together with cytochrome ¢ (Fig. 3).

Azo dyes were also incorporated into molecularly imprinted polymers (MIPs) to
switch the molecular recognition [69]. Photoisomerization of the crosslinked poly-
mer matrix enabled modulation of the substrate affinity by altering the geometry
and spatial arrangement of imprinted receptor binding sites. As a result, controlled
release and uptake of the template (or analogous ligands) were obtained. Depending
on the type of ligand, the affinity varied up to approximately 40% upon irradiation
with UV light (Fig. 4).

Another photoresponsive group that is utilized for the generation of photore-
sponsive polymer coatings is the spiropyran—merocyanine system. Shiyong Liu and
coworkers. coated silica nanoparticles with the thermoresponsive PNIPAM, incor-
porating co-units with spiropyran and with benzoxadiazole functionalities [70]. The
latter, serving as fluorescence resonance energy transfer (FRET) donors, were ar-
ranged in an inner layer, whereas the spiropyrans were located in an outer layer of
the coating. UV irradiation of these surfaces was demonstrated to induce the trans-
formation of nonfluorescent spiropyran moieties in the outer layer of the coating into
the fluorescent merocyanine form. This resulted in occurrence of FRET between the
benzoxadiazole and merocyanine residues, as evidenced by the changes in the flu-
orescence spectra. Due to the thermoresponsive nature of the coating, switching by
heating and cooling was also possible (see Fig. 5).
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Fig. 3 Photoresponsive polymer surface sensitive to pH and light. Adsorption and release of
cytochrome c triggered by pH (b, ¢, and d); release of the polymer layer and cytochrome c by
breaking the host—guest interactions between surface-tethered azo dye and cyclodextrin via light
irradiation (a and d). The molecular structure on the right represents the host-guest complexa-
tion of the azo dye with the cyclodextrin-modified poly(acrylic acid). Reprinted, with permission,
from [68]. Copyright (2009) Wiley Interscience

Not only synthetic photoresponsive groups can be utilized for smart polymer
coatings. Tian and Saaem grafted poly(acrylic acid) modified with bacteri-
orhodopsin to glass surfaces using an electron beam for the introduction of
crosslinks [71]. Exposing this hydrogel to green light induced a multistage photo-
cycle involving conformational change in the bacteriorhodopsin from all-trans to
13-cis. This in turn resulted in an increased flux of protons and a local decrease in
pH, causing the polyacrylic acid groups to protonate and the hydrogel to deswell
into a shrunken form. Thus, the thickness of this smart hydrogel coating can be
switched by light.

2.4 Chemoresponsive and Bioresponsive Polymers

There are numerous examples of polymer surfaces that react with a change of their
properties when brought into contact with certain species. These trigger species
can be low molar mass molecules (chemoresponsive) or complex biomolecules like
DNA or proteins (bioresponsive). Both types of responsive surfaces exist in several
varieties depending on their mode of action and the parameter that they affect.

One way of obtaining chemically responsive polymer surfaces relies on the
concept of structural color. In this case, the color of an object is not generated by
selective absorption of light, but by interference and Bragg reflection induced by
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Fig. 4 Photoswitching in molecularly imprinted polymers incorporating azo dyes. Upon UV
irradiation, the affinity of the MIP decreases. The extent of the effect is dependent on the lig-
and. The most significant effect was observed with bis(TBA)-N-Z-L-glutamate (squares) and
N-Z-L-methylesterglutamate (triangles). On the other hand, only a weak effect was observed with
triamterene (crosses). Reprinted, with permission, from [69]. Copyright (2009) American Chemi-
cal Society

periodic structures with an appropriate repeat distance. The periodic structures can
either form lamellar [72] or 3D patterns [73], analogous to the naturally occurring
mineral opal. Upon binding of an analyte, the repeat distance is changed, and this
change results in shift of the reflected color.

Based on this fundamental principle, Alexeev et al. developed a photonic crystal
glucose-sensing material [74], which consisted of a 3D periodic structure embedded
in a polyacrylamide—poly(ethylene glycol) (PEG) hydrogel with pendant phenyl-
boronic acid groups. In subsequent work [75], they optimized the system by incor-
porating boronic acid derivatives such as 4-amino-3-fluorophenylboronic acid and
4-carboxy-3-fluorophenylboronic acid as the molecular recognition elements. This
enabled sensing at physiologic pH values (Fig. 6). Similarly, Braun and coworkers
[76] reported a polymeric system incorporating boronic acid moieties, in which ex-
posure to glucose induced a color change. However, in this case, a hydrogel inverse
opal was created. Although strong diffraction of green light was observed when the
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Fig. 5 Smart UV-responsive coating on silica nanoparticles with PNIPAM brushes functionalized
with FRET donors, 4-(2-acryloyloxyethylamino)-7-nitro-2,1,3-benzoxadiazole (NBDAE), and
photoswitchable acceptors, 1’-(2-methacryloxyethyl)-3’,3’-dimethyl-6-nitro-spiro(2H-1-benzo-
pyran-2,2’-indoline) (SPMA). The UV radiation induces the change from colorless spiropyran
derivatives in the outer part of the coating (/) to the fluorescent merocyanine form (2). Thus, FRET
with the benzoxadiazole moieties in the inner part of the coating is enabled and the fluorescence
color changes from green to red. By variation of the temperature and induction of a collapse of the
PNIPAM chains (3), the FRET efficiency can be tuned (4). Reprinted, with permission, from [70],
Copyright (2009) American Chemical Society
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Fig. 6 Color change of a glucose-responsive colloidal crystal in dependence on the glucose
concentration. Adapted from [75] with kind permission of the authors (Prof. Sanford A. Asher)

hydrogel was in contact with deionized water, exposure to 1 mmol L™! glucose in
pH 9 buffer for 20 min shifted the diffraction to red. In an analogous manner, Asher
and coworkers [77] created inverse opals of poly(2-hydroxyethyl methacrylate) that
were sensitive to protons and ethanol.

Chemosensors of this type permit the simultaneous detection of chemically
similar species, which may be desirable in some situations, but do not allow an un-
ambiguous identification of the analyte. This is different for multispot sensor arrays,
such as described by Suslick and coworkers [78]. In this work, various nanoporous
pigment microspheres were spotted onto chromatography paper. Sixteen different
pigments (14 pH dyes and two solvatochromic dyes) were used and therefore each
type of microsphere exhibited a different color change upon exposure to amines. As
a consequence, each amine gave a specific response fingerprint, thus permitting the
unambiguous identification of a single compound (Fig. 7).

Apart from systems responding to exposure to low molar mass molecules, there
are also bioresponsive systems. These often react with a volume change upon ex-
posure to the trigger species. This was put into practice in several ways: Kokufata
et al. [79] described a crosslinked PNIPAM gel in which concanavalin A was im-
mobilized. When exposed to a solution of dextran sulfate at a temperature close
to the LCST, the gel swelled to a fivefold greater volume, because the hydrophilic
polysaccharide binds to the hydrogel and shifts its LCST. Miyata et al. prepared
an acrylamide-based gel, to which an antibody [goat anti-rabbit immunoglubulin
G (IgG)] and its antigen (rabbit IgG) were immobilized [80]. The specific binding
reaction between these two species caused additional crosslinking in the gel, and
these crosslinks were broken when it was brought into contact with rabbit IgG. As
a result, the gel swelled by about 15% in response to an aqueous solution of rabbit
IgG, which was, however, rather concentrated (8 mg mL_l). Lyon and coworkers
observed swelling of a biotinylated microgel upon exposure to antibiotin antibod-
ies or avidin [81]. They exploited the effect for biosensing by observing the effect
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Fig. 7 Multispot sensor arrays composed of nanoporous pigment microspheres, exhibiting
different responses to aliphatic amines. By combination of different pigment particles, fingerprint
patterns specific for each amine can be obtained. Reprinted, with permission, from [78]. Copyright
(2008) American Chemical Society

through an optical microscope. An example from 2008 based on MIPs demonstrated
that the inverse effect is also possible [82]. Using lysozyme or cytochrome ¢ as tem-
plates, MIPs were prepared of NIPAM, acrylamide and methacrylic acid. These
crosslinked gels shrank upon exposure to solutions of the template protein by up to
15% of their original size.

Volume changes are not the only parameter that can change in response to
exposure to biomolecules. A polynucleotide-responsive surface was reported to ex-
hibit variations in contact angle [83]. Copolymers of NIPAM and derivatives of
phenylboronic acid and phenylthiourea were immobilized on silicon using surface-
initiated ATRP. When in contact with nucleotides, these surfaces showed a decrease
in water contact angle. This decrease was demonstrated to be a function of the
logarithmic nucleotide concentration. As an explanation, the authors suggest the
breaking of intrapolymer hydrogen bonds when nucleotides are available. The
copolymer chains are supposed to become stretched, exposing more hydrophilic
groups to the environment (Fig. 8).

Bioresponsive surfaces can even exhibit logical functions. Katz and coworkers
described membranes with “and” or “or” functions [84]. An example of a mem-
brane with an “and” function involved glucose oxidase immobilized onto an alginate
membrane immersed in a solution of urea and O, at pH 6. The absence of both
invertase and sucrose or either corresponded to ““0,0”, “0,1”, and ““1,0” input signals,
respectively. For these input signals, the membrane remained in its closed status.
Adding both invertase and sucrose (“1,1” input signal) caused a decrease of the
local pH to 4 This in turn caused a collapse of the alginate gel, which ultimately
resulted in opening of the pores of the membrane.
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Fig. 8 Model for the response of polynucleotide-sensitive copolymers of NIPAM and derivatives
of phenylboronic acid and phenylthiourea on silicon surfaces. Interaction with the nucleotide is
supposed to result in unwinding of the polymer structure, causing decrease in contact angle by ex-
posure of hydrophilic moieties. Reprinted, with permission, from [83]. Copyright (2009) American
Chemical Society

3 Surfaces Chemistries

3.1 “Grafting onto” and “Grafting from” Approaches

When polymers are to be tethered to surfaces by covalent bonds, there are two
fundamental approaches for achieving this: “grafting from” and “grafting onto.”
“Grafting from” means surface-initiated polymerization, whereby the polymer
chains are created in situ. “Grafting onto” involves formation of covalent bonds
between previously formed polymer chains and reactive groups at a surface (Fig. 9).
Both methods have specific pros and cons.

To perform “grafting from” re actions, only relatively small molecules — the
monomers — need to reach the reactive sites located in the confined space at the sur-
face. As a consequence, higher grafting densities are possible with this approach,
compared to “grafting onto” reactions, in which rather bulky polymer chains need
to diffuse to the surface and find sufficient space to reach a reactive site, some
of which might already be shielded by previously tethered polymer chains. How-
ever, “grafting onto” processes are frequently more convenient and they permit a
sufficiently high grafting density for many purposes. Furthermore, the soluble poly-
mers can be characterized more easily in advance before they are immobilized.
Therefore, the approach to be chosen will depend on the specific question to be
addressed.

For “grafting onto”, a wide variety of surface chemistries is available (Table 1).
This makes it a versatile approach that can be applied on many different types of
surfaces. Frequently, polymers incorporating thiol [85] or disulfide groups [86]
are tethered to noble metal surfaces, but there are many other appropriate reac-
tive pairs, such as carboxy—amine [87], epoxide—hydroxy [88] or epoxide—amine
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Fig. 9 Representation of the “grafting from” (left) and the “grafting onto” approach (right)

[89], amine—anhydride and isocyanate—amine [90], aldehyde—amine [91], cyanuric
chloride—amine [92], alkyne—azide [93, 99, 100] thiol-ene [94], dienophile—diene
[95], hydroxy—silane [96], hydroxy—silanole [97], or hydrosylilation [98]. More-
over, the option of electrostatic adsorption exists [101].

“Grafting from” relies on the immobilization of initiator species on the surfaces.
To accomplish this, fundamentally the same options exist as for the immobilization
of polymer chains via the “grafting onto” approach. Furthermore, initiator molecules
can be immobilized by binding of phosphonic acid groups to metal oxide sur-
faces [102]. Alternatively, a UV-assisted tethering of initiating thioxanthone groups
on olefin polymer surfaces is possible [103]. Recently, conversion of low density
poly(ethylene) surfaces into ATRP initiators by exposure to elementary bromine
was reported [104]. “Grafting from” reactions can also be started from immobilized
macroinitiators. Even initiating multilayer systems were put into practice [105].

Although some work on the “grafting from” method employing anionic or ring-
opening polymerization exists, examples involving cationic polymerization are rare
[106, 107]. The vast majority of research was devoted to “grafting from” involving
radical polymerization. This concerned conventional free-radical polymerization in
many variations [101, 108], but also controlled variants such as ATRP [109, 110],
reversible addition-fragmentation chain transfer (RAFT) [111], nitroxide-mediated
polymerization (NMP) [112, 113] and the photoiniferter technique [114]. Creation
of smart surfaces involving “grafting onto” or “grafting from” approaches has
gained considerable attention in recent years. Some practical examples are described
in the following sections of this chapter.
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Table 1 Pairs of reactive groups for the immobilization of polymers on surfaces
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3.2 Adsorption of Block Copolymers

Adsorption of block copolymers onto a surface is another pathway for surface
functionalization. Block copolymers in solution of selective solvent afford the pos-
sibility to both self-assemble and adsorb onto a surface. The adsorption behavior is
governed mostly by the interaction between the polymers and the solvent, but also
by the size and the conformation of the polymer chains and by the interfacial contact
energy of the polymer chains with the substrate [115-119]. Indeed, in a selective
solvent, one of the blocks is in a good solvent; it swells and does not adsorb to
the surface while the other block, which is in a poor solvent, will adsorb strongly
to the surface to minimize its contact with the solvent. There have been a consid-
erable number of studies dedicated to the adsorption of block copolymers to flat
or curved surfaces, including adsorption of poly(tert-butylstyrene)-block-sodium
poly(styrenesulfonate) onto silica surfaces [120], polystyrene-block-poly(acrylic
acid) onto weak polyelectrolyte multilayer surfaces [121], polyethylene-block-
poly(ethylene oxide) on alkanethiol-patterned gold surfaces [122], or poly(ethylene
oxide)-block-poly(lactide) onto colloidal polystyrene particles [123].

So far, the most studied systems are polystyrene-based block copolymers or
are composed of pluronics [124, 125]. In a recent work, Hershkovits et al. stud-
ied the adsorption of asymmetric polystyrene-block-poly(methyl methacrylate)
(PS-b-PMMA) onto alumina particles having variable radii [126]. 2-Methoxyethanol
was used as a solvent in this study because it is a good solvent for the PMMA block
and a bad solvent for the PS. Nevertheless, in their systems the two polymer blocks
interacted competitively with the alumina substrates. The polystyrene block ad-
sorbed to the surface because of the presence of the bad solvent, and the PMMA
monomers were attracted to the metallic surface because of the strong interaction of
its segments with this kind of surface. Yokoyama et al. studied the coadsorption of
polystyrene homopolymers with polystyrene-block-poly[tri(ethylene glycol) methyl
ether methacrylate] (PS-b-PMEO3;MA) block copolymers on planar substrates
[127]. It was demonstrated that the hydrophilic PMEOsMA segments sponta-
neously cover the air—substrate or water—substrate interfaces (Fig. 10) [127, 128].
Interestingly, these modified surfaces have been studied as blood-compatible
materials [128].

The adsorption of block copolymers can be controlled by different stimuli, in
particular by the pH since most of the brushes formed by block copolymers ad-
sorption are polyelectrolyte brushes [129, 130]. The group of Armes, for instance,
studied the pH-controlled adsorption of a series of block copolymers [131, 132].
In the case of copolymers bearing hydrophobic 2-(diethylamino)ethyl methacrylate
groups (DEA) and a water-soluble zwiterionic poly(2-methacryloyl phosphoryl-
choline) (MPC) block, they showed that at low pH the cationic DEA flatted to the
anionic silicon surface while the MPC was in contact with the solution [132]. At
around neutral pH, micelles were formed in solution and adsorbed onto the surface
because the DEA core was still weakly cationic. The MPC block formed the mi-
celle coronas. Nevertheless, at higher pH the micelles became less cationic and the
adsorption rate decreased.



Smart Polymer Surfaces: Concepts and Applications in Biosciences 17
a b Hydrophobic Hydrophilic
environment environment
PS PME3MA (air/vacuum) (water)
Mn=10500 Mn=7 200
il
CH,—CH CH,—C
—{or—cH)—(cr
,C Surface
o/ \o \
<1
2 PME3MA
3 CH,
PS

Fig. 10 (a) Structure of PS-b-PMEO3MA. (b) Copolymer-modified surface in a hydrophobic
environment and (c) in a hydrophilic environment. Reprinted, with permission, from [128]. Copy-
right (2005) Wiley Interscience

3.3 Surface-Bounded Hydrogels

A hydrogel is a crosslinked polymer network composed of water-swellable or
water-soluble macromolecules. If the macromolecules are tethered to surfaces, the
surface as such can act as a crosslinker. Therefore, almost any surface decorated
with water-soluble or hydrophilic polymer chains may be regarded as a hydro-
gel [133]. There are many examples for such structures; some were created with
the goal of antifouling properties (see Sect.4.1) and others served as biocompat-
ible platforms for biosensing purposes (see Sect.4.5). This section will focus on
examples of stimuli-responsive hydrogel coatings. Such stimuli can be pH, light,
ionic strength, or temperature. pH-responsive hydrogels were used as valves in mi-
crofluidic channels [134]. Moore and Zhao described a similar approach, with the
goal of improved response times [135]. Light-responsive hydrogels were prepared
by Sumaru and coworkers [136]. They were used for the control of cell adhesion;
further details are given in Sect. 4.3.

Temperature as a stimulus has important advantages if biological systems need to
be handled. Whereas light is not a suitable stimulus for turbid biological fluids like
blood, and changes in ionic strength and/or pH require transport of matter and can
provoke sensitive reactions of biological systems, moderate temperature changes
can be applied to most specimens without an adverse effect. Although a wide vari-
ety of chemical structures can mediate thermoresponsive behavior [137], hydrogels
made of PNIPAM account for the vast majority of thermoresponsive examples.

For example, surfaces comprising PNIPAM microgels were utilized for drug de-
livery [138]. Electrostatic layer-by-layer assembly with poly(NIPAM-co-acrylic
acid) and poly(allylamine hydrochloride) on an amino-functionalized surface
yielded thermoresponsive thin films. These were capable of a thermally regulated
uptake and release of the chemotherapeutic drug doxorubicin. The films were loaded
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Fig. 11 Thermoresponsive ion storage behavior of immobilized noncrosslinked (fop) and
crosslinked PNIPAM (bottom). Reprinted, with permission, from [139]. Copyright (2007) Wiley
Interscience

with doxorubicin by cycling the temperature of the film in an aqueous doxorubicin
solution between 25 and 50°C. Release characteristics were then examined using
UV-vis spectroscopy, which revealed temperature-dependent release properties. In
another recent example [139], surfaces were modified with tethered linear PNIPAM
chains or with crosslinked porous PNTPAM hydrogels. With respect to [Fe(CN)g]*~
ion permeability and uptake, the tethered chains showed on/off switching behavior,
whereas the PNIPAM gel-modified interface exhibited a “breathing in” process
(Fig. 11).

This was evidenced by cyclovoltammetric measurements. In both linear and
crosslinked systems, there is a temperature-dependent switching of the [Fe(CN)g]>~
reduction peak current from high current at 25°C to low current at 45°C. However,
while the process is fully reversible in the linear system, the reduction peak current
values continuously increase cycle by cycle in the crosslinked system. This indicates
that ions becoming entrapped in the collapsed hydrogel at elevated temperature ac-
cumulate in the hydrogel.

In spite of the dominance of PNIPAM, there are examples of thermorespon-
sive hydrogels made of other compounds [140]. Here, tailoring of the LCST
was achieved by polymer-analogous acetylation or cinnamoylation of the water-
soluble precursor polymers, namely poly(N-2-hydroxypropylmethacrylamide),
poly[N,N-bis(hydroxyethyl)acrylamide] and poly{N-[tris(hydroxymethyl)-methyl]
acrylamide}. The LCST could be tailored easily by choice of the degree of acy-
lation. By polymerization using a disulfide-functionalized azo-initiator, it was
possible to prepare thin hydrogel films composed of the modified copolymers on
noble metal surfaces [26, 141]. Alternatively, non-PNIPAM hydrogels exhibiting
an LCST can be formed of poly[(diethylene glycol) methyl ether methacrylate)-co-
oligo(ethylene glycol) methyl ether methacrylate] POIMEO,;MA-co-OEGMA) [142].
The thermoresponsive hydrogels were prepared on planar silicon substrates by the
“grafting from” method, using surface-initiated ATRP. As a general tendency, the
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collapse temperatures of the surface-bound systems were reported to be higher than
those of the polymers in solution; however, with increasing OEGMA content, the
difference became increasingly smaller.

4 Bioapplications of Smart Polymer Surfaces

4.1 Antifouling Surfaces

The term “fouling” has been adapted from the research of Epstein, where this word
has been defined as the undesirable deposition of material on surfaces [143]. Non-
specific adsorption of proteins, cells, or bacteria on surfaces is known as biofouling
and is a major problem that can damage the function of medical devices or diag-
nostic systems and can lead to many diseases. For instance, keratitis can occur due
to bacterial colonization of contact lenses [144, 145], and one of the causes of the
failure of in vivo biosensors is protein accumulation on their surfaces [146]. In their
review, Wisniewski and Reichert reported some methods for minimizing biosen-
sor membrane biofouling, including hydrogel or biomimetic phospholipid coatings
and changes in surface topology [146]. Moreover, several other antifouling sur-
faces have been developed to overcome this phenomenon [147]. The (co)polymers
used to create the antifouling surfaces include poly(OEGMA) [148, 149], poly(2-
hydroxyethyl methacrylate) [150, 151], poly(acrylonitrile-co-maleic acid) [152],
poly(acrylamide) [153, 154], PEG-poly(propylene sulfide)-PEG triblock copoly-
mers [155], or poly(glycerol monomethacrylate) [156]. PEG and its derivatives
have been the most used antifouling systems. PEG is a nontoxic, nonimmuno-
genic, and biocompatible polymer that exhibits a good antifouling efficiency [147].
The group of Chilkoti, for instance, prepared surfaces coated with poly(OEGMA)
using surface-initiated ATRP from a self-assembled monolayer (SAM) on gold sur-
faces [148]. With this method, they obtained a high surface density of PEGylated
polymers, which conferred to the surface an excellent protein resistance. Indeed,
by surface plasmon resonance (SPR) spectroscopy, they showed that the resulting
brushes reduced the adsorption of proteins from 100% of serum or fibronectin solu-
tion to the detection limit of the technique. Moreover, the protein resistance seemed
to be dependent on surface thickness and density.

Although the field of antifouling surfaces is dominated by coatings based on
PEG [92, 157], polysaccharides [88, 158-160], or combinations [161] thereof
even in recent studies [162-168], there are many examples of the utilization
of other chemical structures. Recently, polymer surfaces presenting zwitterionic
groups have also gained considerable attention. Following some studies on SAMs
[169, 170], the effects of surface-tethered zwitterionic polymers were investigated
[171-173]. Jiang et al. observed low nonspecific adsorption of fibrinogen and
HRP-conjugated anti-fibrinogen antibodies on hydrogels prepared from equimolar
mixtures of monomers bearing a positive charge [aminoethyl methacrylate hy-
drochloride, 2-(dimethylamino)ethyl methacrylate (DMAEMA), 2-(diethylamino)
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ethyl methacrylate, 2-(methacryloyloxy) ethyl trimethylammonium chloride] and
monomers bearing a negative charge (2-carboxyethyl acrylate, 3-sulfopropyl
methacrylate potassium salt) [172]. Following a slightly different approach, Chen
and coworkers [173] and, recently, Kitano et al. [171] immobilized polymers bear-
ing sulfobetain groups via ATRP (“grafting from” method) and found very low
nonspecific adsorption of proteins such as fibrinogen, y-globulin, human serum al-
bumin [173] or bovine serum albumin and lysozyme [171]. In addition, Kitano et al.
covalently immobilized a sugar-binding protein (concanavalin A) onto the brushes
to create a scaffold for sugar sensing (Fig. 12). There are more similar examples
from the same and other groups [174], and even polyelectrolyte multilayer systems
topped with a phosphorylcholine-modified poly(acrylate) are effective in reduction
of nonspecific protein adsorption [175].

Another antifouling system using peptidomimetic polymers was presented by the
group of Messersmith [176]. Using solid-phase Rink amide resin, they synthesized
a polymer bearing a short peptide domain and an N-substituted glycine oligomer
of various lengths (peptoid). This new mimetic compound was found to provide
protein resistance, and the antifouling properties could be maintained for several
months. This last characteristic can be exploited for the design of long-term an-
tifouling surfaces in physiologic or marine environments.

The mechanisms that prevent nonspecific adsorption are still under debate, and
since there is no generally accepted, standardized testing method for nonspecific
adsorption, results are often hard to compare. Work from Whitesides and coworkers
suggested an important role of hydrogen bond acceptors [159, 177]. Many re-
ports on sufficient suppression of nonspecific adsorption by polysaccharide coatings
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Polymer

Dual-Function Surface

Fig. 12 Representation of the antibiofouling and sugar-specific recognition of a zwitterionic
polymer-brush-based surface containing concanavalin A. Reprinted, with permission, from [171].
Copyright (2010) American Chemical Society
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incorporating hydrogen bond donors raise doubts about the universal validity of
these statements; and more recent work by Unsworth et al. on end-tethered PEG
oligomers hints at an important influence of the polymer chain density [178]. Ac-
cording to this work, there is an optimum chain density for methoxy-terminated
PEGs and, if a threshold chain density is surpassed, then hydroxy groups as distal
PEG chain ends are superior to methoxy groups. However, at least for polymers
tethered by the “grafting from” method, there also seems to be a practical upper
limit for the grafting density, because otherwise the tendency of the polymer chains
to detach from the surface becomes too strong [179]. A publication by Fukuda and
coworkers suggests that high brush densities enhance suppression of nonspecific
protein adsorption by size-exclusion effects [180].

4.2 Control of Protein Adhesion

Fundamentally, surfaces can interact with proteins in a nonspecific or a specific way.
Although nonspecific interaction of proteins with surfaces is undesirable in most
cases, it can be of interest to switch the capability of adsorption using an external
stimulus. Alternatively, it might be advantageous to switch the specific interaction
of a surface with a distinct protein, while keeping it repellent for all other biological
species under all conditions. For either approach, polymers are important building
blocks that can mediate the stimuli-responsive properties.

There are several recent examples of the switching of nonspecific protein bind-
ing on polymer surfaces by application of an external stimulus. Alexander and
coworkers demonstrated that protein adhesion can be controlled on PNIPAM surface
brushes [14, 181]. For instance, it was reported that the adsorption of FITC-labeled
bovine serum albumin (FITC-BSA) on PNIPAM/hexadecanethiol micropatterned
surfaces could be tuned by LCST. However, this effect was found to be less pro-
nounced after prolonged incubation times or repeated heating/cooling cycles. The
authors suggested that this behavior could be due to unspecific PNIPAM—protein
interactions [14].

Sukhishvili and coworkers prepared hydrogels composed of PMAA using
layer-by-layer multilayer assembly of poly(N-vinylpyrrolidone) and PMAA,
crosslinking the layer by formation of amide bonds with ethylenediamine and
subsequently washing out the poly(N-vinylpyrrolidone) by exposing the surfaces
to a phosphate buffer solution at pH 7.5 [182]. The resulting PMAA hydrogel
was capable of reversible loading and release of dyes and proteins. For instance,
lysine and heparin were tested as model compounds. Lysine was retained at neutral
pH and released in acidic conditions, whereas the opposite was found for hep-
arin. Uhlmann and coworkers applied a polymer coating with combined pH- and
thermoresponsiveness to obtain controlled protein binding. They grafted poly(2-
vinylpyridine) and PNIPAM to silicon surfaces [183]. With this system, a switching
of human serum albumin adsorption by changing the temperature from 23 to 40°C
was observed.



22 E. Wischerhoff et al.

In contrast to these approaches based on nonspecific interactions, Zhang
and coworkers described a molecularly imprinted hydrogel based on the ther-
moresponsive PNIPAM [184]. This hydrogel was prepared by copolymerization
of a metal chelate monomer N-(4-vinyl)-benzyl iminodiacetic acid, which
formed a coordination complex with the template protein in the presence of Cu
ions, N-isopropylacrylamide, acrylamide, and N,N-methylenebisacrylamide as
crosslinker. The interaction of the imprinted thermoresponsive hydrogel with the
protein could be switched between coordination effects and electrostatic attraction
by addition or omission of Cu ions. Furthermore, this imprinted hydrogel allowed
switching of lysozyme adsorption by changing the temperature.

Another example of switching specific biomolecular interactions by a change in
temperature was reported by Bulmus and coworkers [185]. Using biotin and strepta-
vidin with a dissociation constant (Kp) of approximately 10~!5 mol L=, they chose
one of the strongest interacting biochemical systems known. Gold surfaces were
modified by coimmobilization of biotin and oligo(ethylene glycol) (OEG) chains
exhibiting a LCST behavior (Fig. 13). The OEG chains were long enough to shield
the surface-tethered biotin groups in the expanded state, while in the collapsed state,
access to biotin was free. The interaction of this system with streptavidin was mon-
itored by SPR in dependence of the temperature. At 23°C, there was almost no
streptavidin binding to the modified surface, whereas at 45°C the change in reso-
nance angle was quite substantial, indicating the binding of streptavidin to the now
freely accessible surface-tethered biotin groups. Taking into account the extremely
high affinity of the binding partners, the effectiveness of switching in this system is
interesting.

4.3 Control of Cell Adhesion

Culturing of eukaryotic cells is an important element of modern life science.
Although there are cells that can grow in free suspension, most cells derived from
solid tissues need to be cultured at surfaces and must subsequently be lifted off for
further use. Common protocols require the use of digesting enzymes like trypsin for
this step, which will destroy any features outside the cell membrane. Hence, with
these methods, harvesting of completely intact cells is impossible. Therefore, it was
an attractive idea to apply smart polymer surfaces for the control of cell adhesion.

There have been several approaches, utilizing stimuli such as electrochemistry,
light, or temperature. As a consequence of the large size of cells, even mechanical
deformation can be employed as switching stimulus.

Yousaf and coworkers used an OEG-based surface bearing hydroquinone groups
for electrochemical control of cell adhesion [186]. The hydroquinone groups
were electrochemically converted into quinones, to which a cyclopentadienyl-
modified RGD motif was then coupled via a Diels—Alder reaction. Although the
hydroquinone-bearing surface was cell-repellent, fibroblasts attached to the areas
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Fig. 13 SPR and AFM analyses of controlled streptavidin recognition on mixed oligo(ethylene
glycol) layers. (a) Chemical structure of the mixed layer components: linear oligo(ethylene gly-
col) (left) and biotinylated moiety (right). (b) Streptavidin binding at 23°C and (c) at 45°C. (d)
SPR sensogram of streptavidin adsorption at 23 and 45°C. Arrows show injections of (a) water;
(b) streptavidin solution and (c¢) subsequent water rinse at 23°C; and (d) streptavidin solution and
subsequent water rinse at 45°C. (e) Tapping mode AFM images in liquid phase after injection of
streptavidin solution at 23°C and (f) at 45°C. Reprinted, with permission, from [185]. Copyright
(2008) American Chemical Society

where RGD sequences were immobilized. The surface modification is electrochem-
ically reversible; therefore cells can ultimately be released by reconstitution of the
hydroquinone groups.

Kessler and coworkers immobilized RGD peptides to a PMMA surface via a
spacer incorporating an azobenzene unit [ 187]. The molecules were arranged in such
a way that the RGD motifs were accessible to cells approaching the surface when the
azo unit was in the E-form, and were hidden from the cells when the azo unit was in
the Z-form. This enabled the reversible modulation of mouse osteoblast adhesion by
irradiation with visible or UV light. However, the difference between “on” and “off”
states is not very pronounced. Possibly, the accessibility of the RGD motif is not
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changed substantially when switching from the E- to the Z-form. Yet, this interesting
concept was optimized in recent work by Shao, Jiang and coworkers [188]. They
tethered the azo dye to the surface utilizing an OEG spacer. When optimizing the
molar ratio of azo-motif-bearing RGD sequences to biorepellent unsubstituted OEG
chains, very pronounced differences in cell adhesion were achieved when switching
from the E- to the Z-form.

An alternative photoresponsive coating was proposed by Sumaru and coworkers
[136]. This approach did not employ any specific recognition groups, but was based
on change of the surface properties of a cell culture substrate modified with a
copolymer of NIPAM and a polymerizable spiropyran derivative, simultaneously
exhibiting thermo- and photoresponsive properties. Chinese hamster ovary cells ad-
hered to such a surface at 37°C, but were washed off with cold water. Only when the
surface was irradiated with UV light (A = 365 nm), causing the isomerization of the
spiropyran to a zwitterionic merocyanine form, did the cells remain at the surface.
Subsequent irradiation with visible light (A = 400 nm), reversing the isomerization,
and washing with cold water caused the cells to be lifted off. Further experiments
demonstrated the viability of cells after UV irradiation.

Nonetheless, at present, coatings made of exclusively thermoresponsive
polymers are the most frequently investigated and, probably because of their easy
handling, are the most promising systems practically. First and foremost, coatings
based on PNIPAM were investigated for this purpose. There are, for example,
a number of publications by the research groups of Okano [17, 23] and Duschl
[18, 189, 190] on this subject. Here, cells adhere to the more hydrophobic surfaces
at elevated temperature (37°C, as frequently used for eukaryotic cell culturing), and
minimize the contact with the more hydrophilic surfaces at ambient temperature. In
this state, cells can be removed from the surface for further use by mild rinsing.

Recently, coatings composed of thermoresponsive side chain OEGs were em-
ployed for this purpose (Fig. 14) [44, 45]. They offer the advantage of a better
inherent biocompatibility than PNIPAM, show reduction of nonspecific protein ad-
sorption even above the LCST, and exhibit effective control of cell adhesion by
reducing the temperature from 37 to 25°C [191].

Interestingly, there is yet another approach for the control of cell adhesion, which
relies on mechanical effects [192]. It was demonstrated that micron-sized model
particles with multiple recognition groups on their surface, and also yeast cells,
were detached from a macroporous hydrogel bearing the corresponding binding
groups upon mechanical deformation, whereas no release of an affinity-bound pro-
tein occurred when the same conditions were applied.

4.4 Bioseparation

Several thermoresponsive polymer coatings have been applied in the chromato-
graphic separation of biomolecules. The group of Okano has been active in the field
for some time. In recent work, silica beads modified with PNIPAM brushes prepared
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Fig. 14 Top: Representations of a PCOEGMA-co-MEO,MA) coating at 37°C (a) and 25°C (b),
and the corresponding cell response. Botfom: Phase-contrast microscopy images of L929 mouse
fibroblasts on P(OEGMA-co-MEO; MA)-modified gold substrates after 44 h of incubation at 37°C
(left), and 30 min after cooling the sample to 25°C (right). Scale bars: 100 um. Reprinted, with
permission, from [45]. Copyright (2008) Wiley Interscience

via ATRP were used as stationary phase in HPLC for the temperature-modulated
separation of steroids and peptides [21]. Using silica beads modified by terpolymer
brushes incorporating the monomers NIPAM, DMAEMA and butyl methacrylate,
capable of responding to temperature and pH, the separation of bioactive lysozyme
was possible in an aqueous mobile phase [20].

PNIPAM and its copolymers are not the only options for thermoresponsive
stationary HPLC phases. Poly(acrylates) and poly(methacrylates) bearing OEG
groups in the side chains are known as thermoresponsive polymers that offer some
advantages over PNIPAM [40]. Such polymers were recently employed for the mod-
ification of silica monoliths, which then served as stationary phase in the HPLC
separation of steroids [193]. Unsurprisingly, the results were qualitatively similar
to those obtained for PNIPAM-based systems, but the separation of relatively hy-
drophilic steroids was superior.

In the examples mentioned above, there is no specific interaction between the sta-
tionary phase and the molecules dissolved in the mobile phase, but Okano’s group
prepared thermoresponsive polymer coatings for affinity chromatography (Fig. 15)
[194]. Using PNIPAM as a scaffold for attachment of a hapten (lactose) and a
competing affinity ligand Ricinus communis agglutinin (RCA120), binding and re-
lease of the glycoprotein target, asialotransferrin, was controlled by changing the
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Fig. 15 Specific protein separation by a smart thermoresponsive polymer coating. Left: PNIPAM
with immobilized lactose and RCA120 is below the LCST. The moieties are separated and,
therefore, proteins from the mobile phase can bind to RCA120. Right: PNIPAM below LCST.
Polymer-bound lactose and RCA120 come into close contact and lactose displaces the protein.
Reprinted, with permission, from [194]. Copyright (2003) American Chemical Society

temperature. At 5°C, the column retained the glycoprotein, but 95% of the asialo-
transferrin were released upon warming to 30°C. The temperature-induced elution
was much greater than the temperature dependency of sugar recognition by RCA120
could explain. Most probably, thermally induced dehydration and collapse of the
PNIPAM chains brings the coimmobilized RCA120 ligands and lactose haptens
into close proximity to each other, enabling immobilized lactose to displace affinity-
bound asislotransferrin from the RCA120 lectin.

4.5 Bioassays

Smart polymer surfaces consisting of hydrogels with immobilized biorecognition
units such as DNA single strands, aptamers, or antibodies are particularly useful for
the performance of bioassays. As discussed above, hydrogel-decorated surfaces are
capable of suppressing nonspecific adsorption. This is particularly important if the
assay is in a label-free format (e.g., real-time biosensors based on quartz crystal mi-
crobalances, waveguides, grating couplers, reflectometric interference spectroscopy,
or SPR instruments), but is also beneficial for assays involving subsequent binding
of a labeled species to the bound analyte.

Aside from the issue of nonspecific adsorption, hydrogels serve as a 3D binding
matrix, thus increasing the number of specific binding sites per sensor area unit.
For any sensor, there will be a threshold value of bound analyte molecules per area,
which must be exceeded to read out a signal distinguishable from noise. Equation (1)
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Fig. 16 Response of a biosensor versus analyte concentration as described by (1). The signal
density (in arbitrary units) depends on the Kp value of the capture probes [dark curves (high capture
probe density) vs. light curves (low capture probe density)], and on the capture probe density [red
curves (low Kp) vs. blue curves (high Kp)]. The green horizontal line represents the threshold
signal density required to obtain a signal distinguishable from noise. High capture probe density
and high Kp (dark blue curve) can result in lower limits of detection than low capture probe density
and low Kp (light red curve)

describing the Langmuir adsorption isotherm, gives a good approximation for the
loading of a sensor surface in dependence of the analyte concentration (Fig. 16):

Omax - C
= 1
9 C+KD ( )

where 0 is loading of the sensor, 0y, the theoretical maximum loading, ¢ the ana-
Iyte concentration, and Kp the dissociation constant of the biochemical interaction.

According to this equation, the loading at given concentration and Kp values
is proportional to the theoretical maximum loading, which is determined by the
number of specific binding sites per area unit. Consequently, an increased 0 pax will
lower the limit of detection, at least as long as the analyte binding on the surface does
not evoke depletion of the analyte in solution [195]. The beneficial effects depend
on a sufficient permeability of the hydrogel. Taking into account that many bio-
logically relevant molecules are rather bulky macromolecules, this cannot be taken
for granted. Zacher and Wischerhoff [196] demonstrated by SPR experiments that
binding of biotinylated protein A to streptavidin immobilized in a 3D dextran matrix
remained restricted to an upper zone of the hydrogel.
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To date, many hydrogel systems for bioassays have been proposed and put into
practice, many of them based on polysaccharides or PEGs. In 1990, Lofas and
Johnsson introduced a method to modify noble metal surfaces for use in biosen-
sors [197]. A hydrogel matrix composed of dextran was utilized to immobilize
biomolecules, analogously to procedures in affinity chromatography. In order to
create a dense barrier between the original noble metal surface and the hydrogel
itself, they used a SAM of long-chain m-functionalized alkyl thiols for primary
surface functionalization. Such a layer is much less prone to defects than shorter
chain variants due to secondary valence interactions between the alkyl chains. The
combination of this dense SAM and the dextran layer on top is rather efficient and
became the “standard” sensor surface for the SPR-based biosensor system commer-
cialized by Biacore AB (Sweden). It still enjoys high popularity among the users of
such biosensors today.

In 1996, Gauglitz and coworkers coated surfaces with various amino- and
carboxy-substituted polymers [198]. The polymers tested were branched poly-
(ethyleneimine), o,m-amino-functionalized PEG, chitosan, poly(acrylamide-co-
acrylic acid) and an amino-modified dextran. The amino-substituted polymers
were immobilized on glass by first immobilizing an aminosilane, followed by
succinic anhydride/N-hydroxysuccinimide linker chemistry. Poly(acrylamide-co-
acrylic acid) was directly coupled to an aminosilanized surface. When probed with
1 mg mL~! ovalbumin solution, nonspecific adsorption was lowest for the dex-
tran derivative. Notably, nonspecific adsorption increased in most cases when a
hydrophobic hapten (atrazine) was coupled to the polymer-modified surface.

Arenkov et al. prepared poly(acrylamide) gel pads for use in protein micro-
arrays [199]. The gels were prepared by photopolymerization of acrylamide and
crosslinkers. Capture probes were immobilized, either by use of glutaraldehyde
or by converting some of the acrylamide groups into hydrazides and subsequent
coupling of aldehyde-modified antibodies to the pending hydrazide groups. Then,
immunoassays were performed on the pads, either assays with directly labeled ana-
lytes or sandwich assays. Furthermore, the gel pads were used for enzyme activity
studies.

With the application of protein microarrays in mind, Spencer and coworkers
immobilized poly(lysine) with grafted PEG side chains on various metal or semi-
conductor oxide surfaces via electrostatic adsorption [200]. Part of the PEG side
chain was functionalized with biotin at the distal end. Streptavidin was bound to the
surface-tethered biotin in a subsequent step, and the remaining unoccupied binding
pockets of streptavidin were then used to immobilize biotinylated capture anti-
bodies. As an example of an immunoassay, biotinylated goat anti-rabbit IgG was
immobilized, which then specifically bound rabbit IgG.

Recently, the Klok group also prepared side-chain PEG-coated surfaces
for protein immobilization [201]. They employed surface-initiated ATRP for
the synthesis. Terminal hydroxyl groups of the PEGs were activated with
p-nitrophenyl chloroformate, and subsequently Og-benzylguanine was bound. The
Og-benzylguanine-functionalized PEG brushes were used to chemoselectively im-
mobilize Og-alkylguanine-DNA-alkyltransferase fusion proteins with a defined
orientation and surface density.
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5 Conclusion and Outlook

As demonstrated in this chapter, stimuli-responsive polymer surfaces have gained a
central role in applied biosciences. Indeed, polymer-based dynamic surfaces allow
a broad range of interactions with biological objects (e.g., control of protein and
cell adhesion, antifouling behavior, or controlled permeation). Thus, this field of
research is currently still expanding. Yet, it should be specified that this success is
not only academic. Although not specifically discussed in the present chapter, a large
number of patents on smart polymer surfaces have been recently issued. Therefore,
many of the examples discussed herein have a real industrial relevance. For instance,
commercial products based on thermoresponsive polymers are already available on
the biotechnology market.

It should be also noted that the field of smart polymer surfaces is not limited to
the macromolecular structures presented in the first part of this chapter. Although
some “classic” stimuli-responsive polymers such as PNIPAM or poly(acrylic acid)
have been studied for several years, new exciting options are reported every week
in the polymer literature. For instance, the synthesis of chemo- and bioresponsive
polymers is a topic in full expansion [9]. Thus, new developments in the fields of
bioassays and biosensors may be expected in the near future. For instance, more
advanced surface concepts (e.g., multiresponsive behaviors, signal cascades) can be
anticipated with reasonable certainty.
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Hold on at the Right Spot: Bioactive Surfaces
for the Design of Live-Cell Micropatterns

S. Petersen, M. Gattermayer, and M. Biesalski

Abstract The merger of biology and modern microsystem technology bears
challenges literally at the interface. Precise control of the interaction between
an artificial surface and a biological environment is a prerequisite for a successful
interplay of the “living world” with man-made technology. Any design of a chip
for a spatially controlled attachment and outgrowth of living cells has to meet two
fundamental yet apparently opposing requirements: it has to divide the surface into
areas that favor cell adhesion and those that resist it. In the first part of this article,
we provide a basis for an understanding of how to achieve both tasks by discussing
basic considerations concerning cell adhesion to matrices in vivo and ways to con-
trol the interactions between biomacromolecules and surfaces. We also include an
overview of current strategies for the integration of living cells on planar devices
that aims to provide a starting point for the exploration of the emerging field of
cell-chip technology.

Keywords Assay - Bioactive surface - Cell adhesion - Cell chip - Hydrogel
- Microengineering - Micropattern - Peptide - Polymer brush - Protein adsorption
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1 Surface-Microengineering and Biology: A Challenge
at the Interface

The progress over the past decades in the field of surface science and the
development of several microengineering techniques for the precise deposition,
manipulation, and characterization of ultrathin films will open new avenues for
the design of novel types of medical devices [1-6]. The new devices will, for
example, monitor the health-status of a person for extended time-periods, detect
critical metabolic situations such as unusually elevated or strongly reduced levels
of blood sugar, or recognize an unexpected, serious immune reaction. Although the
two research areas (biomedicine and surface-microengineering) involved in these
developments, particularly in the tailoring of functional surfaces for specific needs,
are both at present highly advanced, the merger of both brings great challenges
literally at the interface.

In the field of medical diagnostics, surfaces are required that allow a specific in-
teraction with a particular environment (e.g., an analyte) and meanwhile suppress
unspecific reactions. A well-established implementation of this kind of a “smart”
biomaterial is the development of DNA-analyzing chips (also known as DNA-chips)
[7, 8]. This successful application of a biomedical microengineered system also in-
volves an important concept in microengineering in general — miniaturization. The
reduction of dimensions together with an increased sensitivity of the sensorial sites,
mainly achieved through a tailor-made bioactive surface, leads to a parallelization
of the analytic process that allows tremendous reductions in cost, time, and amount
of analyte necessary. In a next step, biochips for the analysis of proteins are of ut-
most interest in medical diagnostics and therapy. In contrast to DNA analysis, where
the “sensors” are single-stranded DNA fragments, the detection of proteins (e.g.,
disease markers) requires the immobilization of specific proteins (or parts of such
proteins), such as antibodies, on the artificial surface [9, 10]. With respect to suc-
cessful surface-immobilization, however, one has to deal with a number of hurdles
when using proteins: they have a complex structure and, hence are highly sensitive
to conformational changes (i.e., denaturation) that might be induced upon interac-
tion with a surface. Denaturation (i.e., any change of the natural protein structure)
can lead to a reduction or even loss of the functionality and, consequently, to an
altered, often poor and nonreproducible performance of the device. Looking at the
family of biofunctional analysis chips, one can state that DNA-chips are already well
established on the market, with protein-chips starting to follow in their footprints.
However, for biomedical diagnostics and research, it would be of great interest to
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use even more complex systems as sensorial devices, i.e., living cells. The abil-
ity of living organisms (i.e., cells) to react to various environmental changes with
a high specificity and sensitivity is as impressive as it is difficult to predict. There-
fore, the search for substances that induce a certain (desired) cellular response either
for medicinal purposes (drug-screening) or as coatings for medical implants (bio-
compatibility tests) is mainly done to date in extensive in vitro studies using cell
culture assays. These assays require comparatively large volumes of the often very
expensive substances to be tested. Here, the manipulation of living cells in mi-
croscale devices offers distinct advantages over conventional macroscale systems.
Microscale devices have the ability to process small sample volumes rapidly and
inexpensively, and thereby provide valuable information about important cell pa-
rameters such as gene expression and metabolic activity. Figure | hints at the vast
potential a cell chip could offer to a number of biomedical research areas. Thus,
an increasing amount of fundamental research in current bioengineering science is
dedicated to the development of such cell chips.

Any successful attempt to create a cell chip has to meet important requirements
with respect to the precise surface chemistry and physics that govern the interaction
of the substrate with the living cells. Therefore, the quest for the development of
a device for guided cell adhesion has to be preceeded by a study of the environ-
ment of living cells in vivo in order to understand the mechanisms and surrounding
cirumstances of “normal” cell behavior. The key challenge in the development of
such cell chips lies in the specific attachment of living cells in a spatially controlled
manner. For this, a surface has to be designed that, on the one hand, prevents
unspecific protein adsorption that can mediate cell adhesion and, on the other hand,
simultaneously promotes specific cell attachment in a spatially resolved way.

Tissue
Engineering

Biosensors

Pharmaceutical
Applications

Biological
Model-Systems

Fig. 1 Biochip for locally controlled cell adhesion, and possible examples of application of such
cell chips
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In this review, we focus on novel developments in the design of surfaces that guide a
locally controlled adhesion of living cells at desired surface areas. In order to present
related work in the context of modern bioengineering, we first review how cells ad-
here to their neighboring environment in nature (Sect. 2). Then, we briefly discuss
strategies for design of surfaces that resist nonspecific interactions with proteins
(Sect. 3). In Sect. 4, we then review the current state-of-the-art in confining cells to
distinct lateral spots on various artificial surfaces, including those surfaces where
surface-adsorbed proteins are used to mediate cell-adhesion, as well as surfaces that
have been designed to expose bioactive ligand-modules that promote the adhesion of
living cells.

2 Lessons for Surface Design: Cell Adhesion in Nature

Our understanding of the molecular mechanisms that underlie the adhesion of living
cells in nature has improved tremendously over the past decades. Cell—cell adhesion,
as well as the adhesion of living cells to an extracellular matrix (ECM), is gov-
erned by specific interactions between distinct “cell adhesion molecules” (CAMs)
localized in the plasma membrane as transmembrane proteins (i.e., receptors) and
their specific ligands in the ECM. Different major classes of such receptors have
been identified [9, 11, 12]. Immunoglobulins and cadherins interact with their coun-
terparts located in a neighboring cell membrane, and thus form cell-cell contacts.
Selectins bind to glycosylated mucins, and vice versa, as well as to distinct growth
factors. Finally, integrins comprise an important class of CAMs that mainly bind to
ECM proteins and also interact with immunoglobulins (Fig. 2).

F:Iracell'nlar Matrix

w-Actinin

Fig. 2 (a) The cell-membrane-ECM interface. Transmembrane integrins are composed of two
subunits, o and [, which anchor the cell to ECM molecules, e.g., fibronectin. The extracellular
binding of the integrins triggers the intercellular formation of the cytoskeleton through a highly
organized aggregate of proteins, such as actin filaments and others. (b) Specific binding of inte-
grins to recognition sites in the ECM proteins, here to fibronectin. (Figure reproduced in part with
permission from [132])
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Integrins consist of two noncovalently linked subunits (o~ and B-subunits), i.e.,
they comprise a heterodimeric structure [13—15]. There are more than 20 different
integrins known to date [12]. Most integrins are expressed on a variety of cells,
and most cells express several different integrins, enabling them to bind to var-
ious matrix molecules. The most important of these matrix molecules are ECM
proteins such as fibronectin, collagens, laminin, and vitronectin. The cell-ECM ad-
hesion comprises a cascade of different, mainly consecutively occurring events, and
is initiated by the interaction of the integrin receptors with small ligands (peptides)
present in ECM proteins [12]. Once the ligand interacts with its specific receptor,
the cell begins to flatten (i.e., it “spreads”) on the interface. The chemical informa-
tion is “transmitted” into the cell by conformational rearrangements of the receptor
at the cytosolic side, where it triggers the further organization of actin filaments,
which are often called “stress fibers.” Finally, integrin molecules that are attached
to both the peptide ligand outside of the cell and to the cytoskeleton inside (stress
fibers and a number of other cell proteins, such as focal adhesion kinase, vinculin,
talin, and tensin) cluster together in the plasma membrane, thereby forming “focal
adhesion contacts” [16—19]. At first view, this scenario seems to be simple; how-
ever, it is important to note that from a molecular view, many different steps
of the above-described cascade are not yet understood in detail. In addition, it
is important to recognize that the interaction of the peptide ligands with inte-
grins not only ensures the structural integrity of living cells, but also triggers a
number of different events inside the cell that finally influence the metabolism,
differentiation, and proliferation of the cell. The interaction also impacts the sys-
temic responses of the immune system, and is involved in wound-healing cascades
[20, 21].

A biomedical device that aims to provoke a normal cell behavior in vitro needs
to “mimic” the ECM in a way that allows the initiation of the cell adhesion process.
In principle, one can either modify a surface with ECM proteins that mediate the at-
tachment of living cells, or one can engineer cell-adhesion-mediating small ligands
into/onto appropriate surfaces. A well-known ligand is the minimal cell-recognition
peptide sequence RGD (R = arginine, G = glycine, and D = aspartic acid) [22-27],
which is found in many different ECM proteins. Although the RGD motif is by far
not the only recognition sequence known today, it is of special interest due to its
broad distribution and variability. The affinity to different integrins is mainly gov-
erned by its flanking amino acids, and a number of oligopeptides that include the
RGD sequence have been identified as binding to specific members of the integrin
family. For a more detailed overview on different bioactive peptide sequences that
interact with various CAMs, the reader is referred to two excellent review articles
[28, 29].

Note that the above-mentioned, rather simplified set of characteristics for a
biomimetic strategy of “guided cell adhesion” were first developed for planar sur-
faces. For many cell-types, this accounts for an interesting model system with a
sufficient relevance to the biological situation; however, there also exist a number of
cell types that might behave differently with respect to surface attachment, growth,
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and differentiation if cultured in 2D (as opposed to the 3D biological environment)
[30]. However, 3D artificial model systems are much more sophisticated with
respect to matrix preparation, as well as peptide-ligand (or protein-ligand) pre-
sentation, and therefore studies using such systems are so far very rare. Thus, we
restrict further discussions exclusively to planar surfaces.

3 Surfaces that Resist the Adsorption of Proteins and Cells

Throughout the last few decades, a number of interesting strategies have evolved
that address the construction of both surfaces that resist the adsorption of proteins
as well as surfaces that promote protein adsorption, and hence are either capable
of suppressing or supporting protein-mediated cell adhesion. Protein adsorption is a
crucial issue in the design and performance of materials in contact with living cells.
And, perhaps, it is the surface chemistry and physics that govern any successful
attempt to design a material that directs the controlled attachment and growth of
cells, rather than the bulk properties of the material itself. Both, surfaces that allow
the adsorption of proteins and surfaces that repel proteins are of the utmost interest
for guiding cells, particularly if a spatially controlled attachment of cells is targeted,
where these two properties have to be implemented onto the same substrate.

We will briefly outline the principle thermodynamic considerations that comprise
the underlying key issues of protein adsorption on surfaces. Subsequently, we will
describe strategies that have been followed for the design of protein-repellent sur-
face coatings. For details on protein adsorption, as well as further discussion on this
particular topic, the reader is referred to more comprehensive reviews [31, 32].

3.1 Thermodynamics

From a thermodynamic point of view, protein adsorption at a surface depends on the
Gibb’s free energy of adsorption (AGygs):

AGags = AHpgs — TASyqs.

Here AH,q; is the enthalpy of adsorption, 7 is the temperature, and AS,q; is the en-
tropy change associated with the adsorption of the protein onto the surface. Protein
adsorption will take place if AG,qs < 0. Considering a complex system, where pro-
teins are dissolved in an aqueous environment, and are brought into contact with
an artificial interface, there are a vast number of parameters that impact AG,qs: due
to their small size (i.e., large diffusion coefficient), water molecules are the first to
reach the surface when a solid substrate is placed in an aqueous biological environ-
ment. Hence, a hydrate layer is formed. With some delay, proteins diffuse to the
interface and competition for a suitable spot for adsorption starts. This competition
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Table 1 Phenomena occurring during protein adsorption and their influence on Gibb’s free energy
of adsorption

Interaction Influence on AH w4 Influence on AS,q Influence on AG
Tonic AH,gs < 0 AGygs <0
surfacedehydration AHygs >0 ASaas >0 AG,4s depends
Protein denaturation AHygs >0 ASygs <0 AGygs >0
Surface-layer compression  AH,gs > 0 ASags <0 AGags >0
Osmotic repulsion ASygs <0 AGygs >0

AH,4, enthalpy of adsorption, AS,¢s entropy change associated with the adsorption of the protein
onto the surface, AG,q4s Gibbs free energy of adsorption

is mainly governed by the surface properties of the material that influence the rate,
amount, and conformation of the adsorbed molecules. The surface charge, the de-
gree of swelling in water (if a water-swellable surface coating is considered), as well
as the surface energy of the material are thus important parameters, which influence
the kind and strength of interaction of proteins with the substrate. Table | summa-
rizes phenomena accompanying protein absorption as well as their influence on the
Gibb’s free energy.

Considering the polarity of a surface, water molecules will arrange themselves
on hydrophobic surfaces in a highly ordered fashion, which decreases the overall
entropy of the system (i.e., AS > 0). Adsorption of a protein replaces parts of the
ordered water layer at the surface and thus can increase the entropy of the system.
Because proteins carry both, hydrophobic as well as hydrophilic chemical groups,
adsorption itself relies on the free energy change of the protein molecule during the
surface attachment. If the loss in conformational entropy of the protein molecule due
to fixation of some parts of it at the surface is compensated by the gain in enthalpy
due to the interaction of distinct chemical groups with the hydrophobic surface, ad-
sorption will occur. Proteins will thus mainly attach to hydrophobic interfaces via
interactions between hydrophobic residues present in a number of different amino
acids and the respective surface chemical groups. The complex structure of soluble
proteins can be taken in a very simplified fashion as a “core—shell”-like object, i.e.,
hydrophobic parts are arranged “inside” the protein, and are covered by more hy-
drophilic modules that form a soft shell surrounding the hydrophobic core. If such
proteins adsorb to a hydrophobic surface, the core of the protein has to turn to-
wards the substrate. Simultaneously, the hydrophilic parts of proteins turn towards
the aqueous environment upon adsorption. By this mechanism, the surface energy of
the substrate may be significantly decreased. The process is often accompanied by
a restructuring of the protein molecule. This “denaturation,” which is entropically
unfavorable for the protein, is compensated by the gain of entropy of the system due
to the release of the water molecules from the surface, as well as the gain in enthalpy
of the protein molecule.

In contrast, protein adsorption to hydrophilic surfaces might be even more com-
plex, and is still not completely understood. As will be shown, there exist a number
of examples in which hydrophilic surfaces indeed successfully repel proteins; how-
ever, there also exist interesting examples in which attractive interactions between
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Fig. 3 Relationship between cell adhesion and water—air contact angle for a variety of polymer
surfaces. The data have been collected and plotted by Saltzman, and are summarized in a book by
Lanza et al. (Figure reproduced, with permission, from [33])

a strongly hydrophilic surface and proteins in solution can lead to an attachment
of the protein to the substrate. In a textbook by Lanza et al. [33], cell adhesion on
various polymeric substrates is discussed in the context of surface polarity, as mea-
sured by the water—air contact angle. Figure 3 shows the amount of adherent cells
as a function of the water contact angle for various polymeric surfaces. The data
were collected by Saltzman, and the reader is referred to the literature for details
of the polymeric substrates studied [33]. Saltzman claims that surfaces with more
hydrophobic properties (i.e., water contact angles greater than 60°) will probably
promote protein adsorption, and thus support protein-mediated cell adhesion. How-
ever, the guide to the eye, present as a solid line in the figure, is still questionable
because the data scattering is tremendous. In our opinion, water contact angle mea-
surements should not be taken as a measure for protein-repellent surface properties.
Despite the surface polarity, protein adsorption will also be largely affected by fur-
ther parameters such as surface charge, surface elasticity, and the morphological
composition of the surface.

Surface charge has been observed to impact protein adsorption significantly. The
net charge of most proteins is negative and adsorption to positively charged sur-
faces can take place, e.g., by electrostatic, attractive interactions [34]. Negatively
charged surfaces can still be subject to protein adsorption when a layer of coun-
terions reverses the effective surface charge. The attraction for protein adsorption
is furthermore influenced significantly by the degree of swelling of the surface-
confined layers or bulk material in water. Considering a surface layer such as
surface-confined hydrophilic polymer films, which are capable of swelling in an
aqueous environment, any adsorption of protein molecules leads to a compression
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of the surface layer. The latter is always accompanied by a reduction of the con-
formational entropy of the surface-attached molecules due to the loss in the degree
of conformational freedom and, as a result, elastic forces (i.e., excluded volume
effects) will act against this compression. As a result, proteins will be pushed away
from the surface, rendering water-swellable surface layers interesting candidates for
the implementation of protein-repellent properties.

Following the above-outlined phenomenological considerations, scientists have
studied various surfaces with respect to protein adsorption, and a number of different
surface chemistries have been successfully applied to the design of surfaces that
resist the adsorption of proteins.

3.2 Examples of Protein-Resistant Surface Coatings

Materials that have been used as surface-coatings for the design of protein-
resistant surfaces include natural polymers such as heparin [35] or dextran [36]
as well as synthetic polymers such as poly(ethyloxazoline) (PEtOx) [37, 38],
poly(dimethylacrylamide) (PDMAA) [39, 40], poly(glycerols) [41], and poly (ethy-
lene glycol) (PEG) [42]. Due to its availability, as well as biocompatible properties,
PEG is perhaps the most common example of a polymeric material used to pro-
duce surfaces that are inert to nonspecific protein adsorption [43—45]. Despite PEG
polymers, self-assembled monolayers (SAMs) presenting similar chemical surface-
functionalities [i.e., oligo(ethylene glycol) groups] have been successfully used as
protein-resistant surface-coating materials [46, 47]. Although PEG-based surface
coatings are widely used, these materials also exhibit some severe limitations with
respect to chemical and thermal stability. For example, Whitesides and coworkers
have shown that PEG-based films can undergo autooxidative degradation in the
presence of transition metals, or enzymatically in vivo [48]. In addition, from a
mechanistic point of view, the protein resistance of PEG coatings is still contro-
versially discussed in the literature. Nagaoke et al. proposed that the underlying
mechanism governing the protein resistance of PEG coatings is the restriction
of the mobility of PEG chains if protein molecules adhere to the surface. This
accounts for the loss in conformational entropy of the surface-confined chains
[49]. Other groups proposed the helical conformation of short PEG chains, as
well as tightly bound water molecules, to be crucial for protein-resistant proper-
ties [50-52]. Based on extensive studies using short PEG segments anchored to a
solid substrate via self-assembled monolayers (SAMs), Whitesides and cowork-
ers concluded that hydrophilic surface chemistries with hydrogen-bond accepting
rather than donating functionalities (i.e., acidic protons) exhibit protein-resistant
properties [53]. However, to date it is not clear whether this finding holds for all
kind of hydrophilic surface coatings. Mrksich and coworkers, for example, showed
that surface-adsorbed monolayers exposing mannitol-groups, which offer a moiety
with acidic protons, are inert to protein adsorption [54]. The latter finding is even
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Fig. 4 Examples (a) PEGylated monolayer; (b) Glucose-modified monolayer; (c) Surface-
attached hyper-branched polyethylene imine; and (d) Surface-attached hyperbranched
polyglycerols of surface-coatings that resist the nonspecific adsorption of proteins.
(Figure reproduced in part with permission from [41])

more interesting because films consisting of different sugar derivatives do not re-
sist the adsorption of proteins [48]. In addition to surface coatings consisting of
linear PEG polymers and oligomers, branched polymeric systems, such as surface-
attached PEG-derivatized poly(ethyleneimine) (PEI) [55], or dentritic polyglycerol
layers [41] have also been shown to resist the nonspecific adsorption of proteins.
Figure 4 schematically summarizes some of the hydrophilic surface coatings that
have been shown to prevent nonspecific protein adsorption.

An interesting class of surface coatings consists of so-called polymer brushes.
These are polymer monolayers that are end-attached to a surface with a high graft-
ing density, which leads to a stretching of the molecules normal to the surface
(Fig.5) due to strong excluded volume interactions. Polymer brushes can be pre-
pared by either growing macromolecules in situ using surface-immobilized initiator
groups (“grafting from”) or by grafting end-functional macromolecules onto a reac-
tive surface-site (“grafting to”’). Note that polymer brushes can also be prepared by
physisorption of block copolymers onto solid substrates from selective solvents, or
by using surface-immobilized monomers and a “grafting through” process, respec-
tively. The preparation of polymer brushes, characterization of the physicochemical
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B

Polymer Brush Surface-Attached Hydrogel Polymer Monolayer

Fig. 5 Surface-attached polymer brush (left); surface-attached hydrogel (center); and surface-
attached polymer monolayer (right)

properties (e.g., swelling in solvents), and initial studies on interesting applications
of such layers, including bioactive surfaces, are described in a comprehensive book
by Advincula et al. [56], as well as in a recent review by Klok and coworkers that
includes an impressive list of almost 1000 references [57].

Hydrophilic polymer brushes have been shown to resist the nonspecific adsorp-
tion of proteins. The underlying mechanism has been ascribed to a strong loss in
entropy of the surface-attached chains if a protein attaches to a polymer brush;
hence, protein attachment to a highly swollen polymer brush in an aqueous en-
vironment is thermodynamically unfavorable [57-59]. These brushes differ from
the oligo-PEG SAM coatings described above in the sense that protein-resistancy
might not be influenced by the chemistry of the surface-linked macromolecules as
long as neutral, water-swellable chains of sufficient molar masses and high grafting
densities are considered. Interestingly, attractive forces between a brush, swollen in
water, and a protein can lead to strong protein-adsorption. This was shown in studies
by Ballauff and coworkers in which charged polymer brushes (i.e., polyelectrolyte
brushes) were used to confine protein molecules into/onto the brush via electrostatic
interactions [34].

Similar to hydrophilic polymer brushes, surface-confined, cross-linked polymer
films (i.e., surface-attached hydrogels) (Fig. 5), can prevent a nonspecific adsorption
of proteins to the underlying substrate [60, 61]. The driving forces resisting protein-
adsorption are again of thermodynamic nature, provided that attractive forces (e.g.,
electrostatic interactions or hydrogen bonding) can be neglected. Protein attachment
onto the hydrogel leads to a decrease in the conformational entropy, and strong
osmotic forces retain water molecules inside the gel, thus repelling proteins from
the interface. Finally, hydrophilic polymer monolayers of just a few nanometers in
thickness have been proven to be suitable for implementation of protein-repellent
properties onto glass-substrates (Fig. 5 and Sect. 4.2) [40]. The underlying driving
forces for resisting the nonspecific adsorption of proteins are probably of thermody-
namic (i.e., entropic) nature, as for polymer brushes, and hydrogels.
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4 Directed Cell Adhesion to Engineered Surfaces

Several routes have been followed to create a local environment suitable for the
attachment of living cells on an artificial surface. On the basis of the insight that
cell adhesion in vivo is based on the interaction of CAMs and proteins found in the
ECM, an approach that utilizes locally deposited proteins from the ECM represents
a suitable starting point for “successful” cell attachment. A close control over the
local surface chemistry, on the other hand, is the decisive factor for a controlled
placement of proteins on a surface, because of its influence on the whole adsorption
process of the biomolecule. Although denaturation of the adsorbed proteins can sig-
nificantly alter the biological functions of the protein, the degree of biomimicry of
the ECM can be — in the best case — high, simply by employing the main building
blocks (i.e., proteins) that constitute the extracellular space in vivo for applications
in vitro. However, some restrictions apply for certain applications. The nonspecific
adsorption of proteins is based on physisorption and can be altered or reversed by
thermodynamic processes. For example, the cell-adhesion-mediating film can bleed
off or can be replaced over time by other molecules with a higher enthalpy of ad-
sorption. Consequently, the properties of the surface can be subject to a dynamic
change in a biological environment unless the bioactive film is covalently immo-
bilized on the surface. Furthermore, proteins are subject to proteolytic degradation
and need to be replaced continuously to ensure a sufficient longevity.

Despite the problems mentioned, the passive control of protein adsorption is
excellently suited for short-term applications and many situations in a controlled
environment ex vivo.

As described in Sect. 2, the binding of CAMs is highly specific to certain peptide
sequences present in the proteins of the ECM. The last few decades have seen a
number of interesting approaches that employ the mere minimum binding sites for
guided cell adhesion through surface modification, either by directly (e.g., through
short linker molecules) placing the peptides on the substrate or by incorporation of
the biomolecules into polymeric backgrounds. Although this strategy compromises
on the degree of biomimicry as compared to the protein-based approach, it is able
to offer unique advantages in terms of controllability of cell-substrate interactions.

In combination with the techniques for rendering a surface nonfouling (as dis-
cussed in Sect.3), a powerful “box of building blocks” arose for the design of
live-cell chips. The choice of cell- or protein-repellent components, in combina-
tion with a cell-adhesion-mediating entity, of course depends on the application.
Important parameters that have to be taken into account are:

Degree of biomimicry

Control over the specific cell-surface interaction

Stability and longevity of the surface coating under cell culture conditions
Ease of synthesis and availability of components

Microstructuring method (which also depends on the application)
Instruments required for production and experiment
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4.1 Protein-Decorated Surfaces for Spatially Guided
Cell Adhesion

The deposition of proteins onto surfaces for the purpose of a guided cell adhesion
requires two major prerequisites: first, the immobilized proteins have to exert their
native biofunctionality towards cell binding, i.e., the specific recognition sites have
to remain active and accessible for the cell. Second, the deposited protein layer
has to be sufficiently stable under cell culture conditions in order to provide a con-
trolled experimental setup. Both criteria have been the focus of extensive studies in
the last two decades. As discussed, the driving forces for protein adsorption onto
surfaces can be categorized into enthalpic (e.g., electrostatic interactions due to re-
distributions of charged groups at the interface, and hydrogen bonding, to name the
most prominent kind of interactions) and entropic contributions. The latter include
(partial) dehydration of the protein and/or the sorbent surface or a structural reorga-
nization of the protein molecule [62].

For the preservation of a protein’s cell-binding ability (also termed “molecu-
lar potency”), unfolding (denaturation) can be a prohibiting factor and leads to a
loss of the natural adhesion-mediating ability of the protein. Results by Norde and
Giacomelli, who investigated a number of proteins and surfaces, suggest that at
least some conformational changes occur with most protein adsorption processes
[63-65]. Although these studies indicate that adsorbed proteins retain a major part of
their secondary structure, other reports propose changes in protein folding as likely
causes for enhanced or impaired protein activity towards cell adhesion [66-71].
In fact, the actual role a biomolecule plays in the cell-surface interaction can be dra-
matically altered by the adsorption process and the resulting conformational changes
in the protein. Human albumin, the most abundant protein in blood, might serve as a
good example. Although it is conventionally considered nonadhesive to platelets and
therefore widely used as a surface-passivation against nonspecific platelet—surface
interactions in platelet adhesion studies, Sivaraman and Latour reported that platelet
adhesion can be substantially mediated by specific interactions with denaturated al-
bumin, if the protein is adsorbed from low concentrations and/or onto hydrophobic
surfaces [72]. Other examples for the close dependency of the biological function
of a protein and its conformation include the enhanced adhesion of pre-osteoblastic
cells on partially denaturated collagen type I as compared to its native form [70]; and
the activation of low levels of adhesion proteins (too low to promote cell adhesion
when deposited by themselves) for cell adhesion by co-adsorbtion with high con-
centrations of nonadhesion proteins (likely causes for enhanced or impaired protein
activity towards cell adhesion) [70]. For a more detailed discussion on the unfolding
of proteins on surfaces, the reader is referred to reviews by Horbett [73, 74].

Since the build-up of multilayers of proteins on a surface is thermodynamically
unfavorable (parts of the protein layer exposed towards the ambient solution may act
as a kind of a swollen hydrophilic layer, rendering the adsorption of other proteins
to the surface thermodynamically unfavorable), competitive adsorption becomes a
decisive factor in the cell’s response once the protein-coated surface is placed into
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contact with cell culture media, which is often enriched with a mixture of more
than 400 different proteins from the serum supplement [12]. The surface concentra-
tion of adsorbed proteins from plasma or model protein mixtures depends on their
relative abundance and affinity towards the surface [75-79]. Over time, the compo-
sition of the adsorbed protein layer is subject to a dynamic change. Initial coverage
is dominated by smaller proteins with a faster diffusion (e.g., albumin), which are
subsequently replaced by molecules with a higher affinity towards the surface (also
known as Vroman effect [§0—84]). On the other hand, cells actively remodel their
extracellular environment by expression of proteins or their removal by proteol-
ysis [85-88]. Although chemisorption of the proteins (e.g., through crosslinking
the biomolecules to the matrix [89, 90]), might stabilize the adsorbed layer against
competitive replacement in cell culture medium, proteolysis and a consequent
degradation of the biofunctional surface coating remains an issue in the control of
the cell-surface interaction.

For a more comprehensive treatment of the concepts discussed here, the reader
is referred to an excellent review by Wilson et al. [91]. In summary, one has to keep
in mind that the composition of a protein film interacting with cells in vitro (and
more so in vivo) generally differs from the initially deposited physisorbed proteins,
especially if long-term experiments are conducted. Nevertheless, protein-based sur-
face films have often been shown to provide an excellent platform for cell adhesion
experiments in which the precise control of the cell-surface interactions does not
play a key role.

Most reports on protein-mediated cell adhesion can be categorized into one of
two basic concepts for structuring the cell-adhesive islands:

1. Indirect patterning: A protein repellent background is locally “opened,” ren-
dering areas of the surface prone to protein adsorption. The patterning of cell-
attractive areas is indirectly achieved by a subsequent deposition of proteins
either by preincubation with a solution of proteins (most prominent are fi-
bronectin, vitronectin, and laminin) or by adsorption from serum-supplemented
cell culture media during cell seeding.

2. Direct patterning: Cell-adhesion-mediating proteins are directly placed on a sur-
face that is already protein-resistant or is later backfilled with a passivating film.

4.1.1 Indirect Patterning of Proteins

Whitesides and coworkers describe the use of an elastomeric membrane to pattern
proteins and cells on bacteriological polystyrene (PS), glass, and poly(dimethyl-
siloxane) (PDMS) substrates [92]. A patterned PDMS membrane was casted from
lithographically structured photoresists and brought into close contact with the sub-
strates (Fig. 6). When incubated with a solution of fibronectin (FN), adsorption of
the cell-adhesion-mediating protein to the surface was restricted to the exposed ar-
eas. The membrane was peeled off and cells were seeded from a serum-free medium.
Passivation to cell attachment of the untreated portions of the surface was achieved
by adding 1% bovine serum albumin (BSA) to the cell-seeding medium, which



Hold on at the Right Spot: Bioactive Surfaces for the Design of Live-Cell Micropatterns 49

a photoresist

4 features

| Si |4— silicon support

11 . spin coat PDMS

2. cure at60 °C
<€ cured PDMS

Si

1. peel membrane from support
2. bring into conformal contact :
with substrate e it

sz e s el o elastomeric
\ 4 membrane

I culture dish |
: FN
add FN solution
wl BSA—y Qr
culture dish | culture dish |

1. rinse with buffer ¢seed cells
2. peel off membrane

1-5nmI
culture dish —_— culture dish

Fig. 6 (a) Micropatterning through the use of a “lift-off membrane”: PDMS prepolymer is poured
on a silicon master featuring microstructures of photoresist, and then spin coated to produce a
silicone film thinner than the photoresist structures. Following a thermal curing process, the PDMS
membrane can be peeled off the silicon wafer and brought into conformal contact with a standard
culture plate. In the next step, the protected surface is exposed to a protein solution to allow proteins
to adsorb to the uncovered culture dish. After removal of the elastomeric membrane, the remaining
areas are rendered protein-repellent by a treatment with a BSA-containing solution. Cells can be
subsequently seeded on the chemically micropatterned surface. (b) Scanning electron micrograph
of a PDMS membrane used as a stencil for protein patterning. (Figure adapted from [92])

expose to BSA

can adsorb to areas not coated with FN. This easy-to-use strategy for passivating
the surface against cell adhesion proved to be sufficient to limit the attachment of
bovine adrenal capillary endothelial (BCE) cells selectively to the FN patterned
areas. However, this approach is limited to short-term experiments or the use of
serum-free medium because passivation with BSA is not stable in the presence of
other proteins (e.g., those present in serum supplements in cell culture medium).
In an interesting variation of this approach, the group seeded cells directly onto
the membrane—substrate assembly. When the PDMS membrane was passivated by
adsorption of BSA before cell seeding, BCE cell adhesion could be physically con-
strained to the patterned areas. Following the removal of the membrane after 7-24 h
in culture, spreading of the cells to the unprotected areas could be analyzed.
Protein adsorption onto intrinsically repellent materials is enhanced by a brief
plasma treatment that chemically and physically alters the surface properties.
Stencil-assisted plasma oxidation of inherently hydrophobic polymers (e.g., PDMS
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Fig. 7 (a) Micropatterning by local photo-ablation of protein-repellent polymer hydrogel:
A photo-crosslinkable prepolymer is coated onto a glass substrate bearing photoreactive groups.
Simultaneous crosslinking and binding of the polymer film is achieved by illumination with UV
light. The surface coating is subsequently micropatterned by UV ablation through a mask. Un-
coated areas of the substrate mediate cell adhesion through unspecific adsorbtion of serum proteins
from cell culture medium. (b) HUVEC growing on a glass surface coated with a cell-repellent
PDMAA film. Microstructuring was achieved by local ablation of the protein-resistant PDMAA
hydrogel. (Figure in part (b) Courtesy of Jiirgen Riihe, University of Freiburg, Germany)

or PS) increases the hydrophilicity of the surface and, more importantly, introduces
charged groups into the substrate and produces a pronounced roughening of PDMS
and PS, favoring the adsorption of proteins in their bioactive form [93-95]. As an al-
ternative to modification of the bulk material, a protein-repellent surface coating can
be selectively removed by plasma ablation, laying bare the protein-attractive bulk
substrate (Fig. 7) [93, 96-98]. Stencils for plasma treatment are commonly prepared
by molding of PDMS from photoresist masters using standard photolithography
methods.

Microcontact printing (UWCP, see Fig. 10 for an example) has been used for the
spatially resolved modification of gold, silver, or titanium surfaces with SAMs
of methyl-terminated alkanethiolates, which favor protein adsorption [99-101].
Backfilling around the patterned protein-attractive islands was performed by a
subsequent self-assembly of an ethylene-glycol-terminated alkanethiol. In a next
step, the hydrophobic methyl-terminated SAMs were covered by adsorbed FN or
other cell-adhesion-mediating proteins.
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Direct writing methods have also been proposed for the generation of high-
resolution cell patterns. In one example, UV laser ablation was used to locally
remove polyacrylamide and thus create areas for spatially controlled protein ad-
sorption [102]. Pesen et al. modified a layer of physisorbed BSA through electron
beam lithography (EBL), creating nanodots of fragmented BSA with radii as small
as 100nm (Fig.8) [103]. The dissociated protein acts as a template for a selec-
tive adsorption of FN, allowing precise modulation of the cell-surface contacts.
Robotically controlled pin-printing of diluted solutions of sodium hypochloride
on poly(vinylalcohol) films or commercially available ultralow attachment dishes
(from Corning) has been used to locally oxidize the surface, leaving it open for
protein adsorption and cell adhesion [98].
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Fig. 8 (a) Nanopatterning by EBL: A silcion substrate is functionalized with an amino-silane and
coated with BSA. A focused electron beam is employed to “write” nanopatterns into the BSA
film. Proteins from solution can selectively adsorb into the nanopatterns and guide the formation
of cell-substrate contacts. (b) Fibroblast on fibronectin 10 x 10 nanodot matrix created by electron
beam lithography. Cells spread, and fluorescent staining of intracellular proteins shows that focal
contacts are located on the nanodots: actin (green), fibronectin (red), and vinculin (blue). Areas a,
b, and ¢ are shown magnified. (Figure in part reproduced with permission from [103])
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In a different approach, Bouaidat et al. adapted the lift-off technique to pattern a
cell-repellent poly(ethyleneoxide)-like (PEO-like) coating on glass substrates [104].
In brief, a photoresist was microstructured using conventional photolithography, and
a plasma polymerized protein-repellent film (plasma-polymerized hexene as adhe-
sion layer and 1,4,7,10-tetraoxacyclododecane (12-crown-4)) was subsequently
deposited on the substrate. Lift-off of the photoresist opened the cell-repellent
PEO-like coating for a targeted adsorption of proteins (Fig. 9). The group of Chang
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Fig. 9 (a) Micropatterning through the use of the lift-off technique: A photoresist is coated onto
a glass substrate and patterned by illumination through a mask. In the case of a negative resist,
shaded areas remain soluble in the developer-solution and can be removed. The substrate surface
is then completely modified with a protein-repellent polymer. Using a good solvent for the pat-
terned photoresist, the polymer layer is locally removed together with the underlying photoresist
(“lift-off”’). (b) Optical microscope image of HeLa cells adherent on untreated glass surrounded
by a PEG-like film structured through a lift-off process. The surface was not rinsed to remove
unadherent (round) cells prior to inspection. (Figure in part reproduced with permission from
[104])
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and Sretavan also chose the lift-off technique to pattern the protein-attractive
areas rather than the protein-repellent patches [105]. Again, a plasma-polymerized
PEO-like film was grafted onto a surface and over-coated with a photoresist.
The latter was microstructured using photolithography, and the underlying PEO
activated for the adsorption of polylysine by a brief plasma treatment. After the
lift-off of the photoresist, the adsorbed polylysine remained on the patterned areas,
enabling a successful spatially resolved cultivation of mice embryonic hippocampus
neurons. Polylysine (positively charged) adsorbed to plasma-activated PEO-like
films can also be used as a template to selectively adsorb other molecules (e.g.,
laminin or immunoglobulin G) in order to make this approach compatible with other
cell types.

A way to pattern the protein-repellent background by lithography without the
need for an intermediate overcoat is to incorporate a photoinitiator into the precursor
solution of the polymer. For example, Revzin et al. used 1% 2,2'-dimethoxy-2-
phenylacetophenone (DMPA) in poly(ethylene glycol) diacrylate (PEG-DA) precur-
sor solution to create microwells for cell culturing that had a glass base and PEG-DA
side walls [106]. As an alternative to the widely used PEG as protein-resistant
background, Riihe and coworkers copolymerized hydrophilic dimethylacrylamide
(DMAA) and a photoreactive comonomer (benzophenone) to produce a directly
photo-patternable polymer system that showed excellent protein-repellent properties
[39, 107, 108]. In combination with photoreactive benzophenone-silane attached
to the underlying glass substrate, polymer coatings that allow protein adsorption
(e.g., PMMA) were copatterned with PDMAA hydrogel by standard mask lithogra-
phy [109]. This approach allowed fine tuning of the surface-bound film to meet the
specific requirements imposed by different cell types, e.g., human skin fibroblasts
(HSF) and human umbilical vein endothelial cells (HUVEC) attached nicely to
PMMA coating, whereas neuronal cells only adhered to PEI surfaces.

Similarly, Chien et al. used a poly(acrylic acid)/poly(acrylamide) (PAA/PAM)
multilayer system in which PAA was replaced by PAA conjugated with photoreac-
tive 4-azidoaniline (AZ) after several bilayers [110]. As a result, the polyelectrolyte
multilayer could be covalently crosslinked by UV irradiation through a mask. For
an enhanced cell repellence, poly(allylamine) was conjugated with poly(ethylene
glycol methyl ether) and incorporated into the top layers of the film.

4.1.2 Direct Patterning of Proteins

For the direct placement of adhesion-mediating proteins onto surfaces, UCP is
probably one of the most popular methods (Fig. 10). This technique offers great
flexibility with respect to the molecules patterned as well as to the choice of sub-
strate. Examples include the modification of glass, PS, BSA and biodegradable
polyurethane or hydrogel-coated surfaces with proteins, commonly FN, laminin,
or poly-L-lysine (PLL) [89, 111-117]. The transfer of the proteins in UCP is done
in the dry state, opening the opportunity to physisorb molecules even to substrates
that prevent the adsorption of material in the hydrated state (e.g., hydrogels). In this
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Fig. 10 (a) Microstructuring by LCP: PDMS prepolymer is poured on a silicon master featuring
microstructures of photoresist. After thermal curing, the PDMS stamp is peeled off the master
structure and stamped into a protein-containing solution. After drying of the “ink solution” on
the stamp, the attached proteins are transferred to another surface by placing the PDMS onto the
target substrate for a short time (minutes). Uncoated areas can be backfilled with BSA, and cells
are seeded onto the substrate. (b) Cell patterns produced by LCP on different surfaces (top row:
untreated glass, middle row: tissue culture polystyrene (TCPS), bottom row: ibidi plastic). Printing
efficiency was investigated using fibronectin-Cy3 (left column). Printing was followed by a back-
fill with PLL-g-PEG to prevent unspecific cell attachment. Cell patterns remain intact for 24 h in
culture. (Figure reproduced in part with permission from [89])

case, LCP allows single-step patterning of proteins on an otherwise protein-repellent
background (i.e., no backfill is needed). The stability of the printed protein films,
especially on protein-repellent backgrounds, has been assessed for different sur-
faces and the results indicate a more persistent protein immobilization with an
increasing ‘“softness” of the underlying substrate [89, 111, 113, 114]. Although
a sometimes reduced transfer efficiency and denaturation of the stamped (dry)
proteins causes a diminished protein activity towards cell binding on the surface,
WCP has been reported to be a very robust method for protein patterning and thus cell
patterning.
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Fig. 11 (a) Microstructuring by microfluidic printing (LFP): PDMS prepolymer is poured onto a
silicon master featuring connected microstructures of photoresist. After thermal curing, the PDMS
stencil is peeled off the master structure and brought into firm contact with a substrate (e.g., glass
or Petri dish). The recesses in the PDMS stencil form a microfluidic network on the substrate that
is subsequently filled with a protein-containing solution. After removal of the stencil, uncoated
areas are backfilled with BSA. To enhance selective cell attachment, cell seeding is performed
from serum-free medium. (b) Hepatocyte micropatterns on PS (a), and PMMA (b). Surfaces were
structured by microfluidic printing of ECM proteins. Substrates were backfilled with BSA, and
cells were seeded in serum-free culture medium to prevent unspecific adsorption of serum proteins
onto uncoated areas. (Figure in part reproduced with permission from [118])
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Microfluidic patterning (UWFP), a technique closely related to WCP, employs
microfluidic channels to selectively deliver molecules on a surface (Fig. 11). Iden-
tically flexible as LCP with respect to choice of patterning solution and substrate,
WUFP is capable of depositing proteins in the wet state, thus reducing problems re-
sulting from denaturation. Depending on the application, a subsequent backfill of
uncoated areas after removal of the stamp material is, in most cases, mandatory.
Another appealing property of UFP lies in its ability to pattern different binding
proteins in a single step using separated microchannels [119]. A drawback of this
technique is the geometric limitation to connected protein areas, although Folch
and Toner reported the implementation of cell-adhesive islands by filling the mi-
crochannels with hot agarose [120]. After solidification of the agarose inside the
channels, the PDMS stamp was removed from the support, turned upside-down
and used as substrate for cell cultivation, the PDMS representing the protein- and
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cell-attractive spots. A combination of WCP and UFP was reported by Cuvelier et
al. [121]. The group used a BSA-coated PDMS stamp to create the microchannels,
which were filled with a biotin-containing solution, creating protein-repellent and
protein-attractive areas simultaneously.

Direct printing techniques have become a standard tool in genomics and
proteomics, where large-scale and high-throughput microarrays allow fast and
easy detection of thousands of different elements in a single experiment. Among
other applicable molecules for printing, protein microarrays have been studied
for antibody—antigen, protein—protein, protein—nucleic acid, and protein—small-
molecule interactions [122, 123]. Apart from its use in proteomics, printing
of proteins has also been employed in cellomics, for example by printing cell-
adhesion-mediating proteins onto glass [124], and printing polymers that contain
photoreactive groups for subsequent covalent binding of proteins to the surface
[90]. Folch and Toner reported the preparation of cocultures of hepatocytes and
fibroblasts using printed collagen arrays with a preliminary backfill of BSA during
the first seeding step of hepatocytes, which was done from serum-free medium to
ensure a sufficient site-selectivity in cell attachment (Fig. 12) [120]. In a second
step, BSA-covered areas were populated by fibroblasts, presumably through re-
placement of BSA by a competitive adsorption of serum proteins contained in the
medium of the second seeding.

4.2 Peptide-Decorated Surfaces for Spatially Guided
Cell Adhesion

Another interesting way to guide the adhesion of living cells is to selectively
present the recognition sites on the surface instead of whole proteins. It is self-
evident that this “breaking-down” of ECM proteins into their functional components
will offer only a minimalistic, and therefore limited, reproduction of the natural
environment of cells in vivo. Nevertheless, the strategy to use distinct peptide moi-
eties for a direct mediation of cell attachment has the potential to create highly
defined model systems for cell adhesion that will, and indeed have already, ele-
vate our understanding of basic mechanisms involved in cell-substrate interaction.
Apart from the chemical identity (i.e., the amino acid sequence) of the peptide, the
presentation of the binding ligands to the cell is a key parameter for such inves-
tigations. In the last three decades, model surfaces have been created that allow
for different degrees of control over the presentation and surface density of the
functional moieties, progressing from randomly distributed peptides in polymer
matrices (e.g., hydrogels or monolayers) to highly ordered systems such as SAMs
of peptide—amphiphiles or star-PEG assemblies (Fig. 13). Depending on the applica-
tion, scientists can nowadays choose a system that meets their requirements in terms
of control of interaction, long-term stability of the cell guidance, ease of synthesis,
and coating technique.
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Fig. 12 (a) Microstructuring through contact printing: A robotic microarrayer is used to print a
protein-containing solution on an amino-silane functionalized substrate (e.g., glass). Surrounding
areas can be backfilled with BSA and cells are seeded from serum-free medium to enhance the
site-selective attachment. In a variation of this technique, cocultures of different cell types can be
achieved through addition of serum proteins to the culture medium and (using a short incubation
time for the first cell type) a subsequent seeding of a second cell type on the same surface. Attach-
ment of the first cell type is restricted to the protein-coated areas by the adsorbed BSA. Over time,
BSA is replaced by proteins from the culture medium, which provide adhesion sites for cells from
a second seeding. (b) Microstructured coculture of hepatocytes and fibroblasts. Hepatocytes adhere
to printed spots of collagen surrounded by BSA (top). After 24 h of incubation, a second cell type
(fibroblasts) was added and cells attached in the formerly BSA-coated areas (middle). Co-culture
after 5 days of incubation (bottom). (Figure in part reproduced with permission from [124])
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a b

e AN

Fig. 13 Different strategies for immobilizing peptide moieties on solid surfaces. (a) Peptide—
polymer hybrid copolymers are attached to the substrate, offering no direct control of the peptide
orientation (scheme refers to surfaces introduced by [40, 135]). The peptide moieties are statis-
tically distributed in the polymer film. (b) A polymerized monolayer of peptide—amphiphiles is
immobilized on a planar substrate, giving control over peptide orientation and concentration on
the surface through coattachment of a nonmodified polymerizable amphiphile (scheme refers to
surfaces introduced by [134]). (¢) Minimal integrin adhesion ligands (YGRGD) are attached to
surface-immobilized star PEO tethers to allow control over spatial distribution (through the for-
mation of clusters of more than one peptide per star molecule) and the total average concentration
(through blending with unmodified star polymers) (scheme refers to surfaces introduced by [146]).
(d) RGD moieties are attached to substrates using virtually no spacer, giving an excellent control
over peptide concentration at the cost of limited flexibility for peptide clustering (scheme refers to
surfaces introduced by [145])

Many approaches comprise some attractive features with respect to specific bind-
ing to certain integrins and long-term stability of the produced surface coatings.
In order to ensure the exclusive interaction of the cells with the recognition sites
presented (and not with unspecifically adsorbed proteins), the matrix (i.e., the back-
ground) must possess protein-repellent properties.

Moreover, a strong linkage of the adhesion moiety to the polymer matrix is the
perquisite to supply a mechanically and chemically stable support for cell adhe-
sion that withstands the considerable contractile forces exerted by many cell types
[125-127]. Furthermore, cells can actively remodel their extracellular environment
by redistribution or internalization of small and mobile ligands [68, 125, 127-131].
A number of chemistries are readily available for covalently attaching short peptide
sequences to a polymeric background. For an in-depth discussion of this topic, the
interested reader is referred to reviews by Tirrell et al. and by Hersel and Kessler
[29, 132]. Most commonly, the peptide is grafted to an already protein-repellent
surface in a postsynthetic modification step, either via its amine or carboxylic
acid end-group, by bioconjugate chemistry means or through photoreactive linkers
(e.g., benzophenone or aromatic azide functionalized peptides). The introduction
of suitable functional groups into the polymeric background can be achieved by
blending of polymers with functional groups with the base polymer, by copoly-
merization or through a chemical or physical treatment of the protein-repellent
background, such as alkaline hydrolysis, reduction or oxidation, track-etching,
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or plasma deposition. As an alternative to the postsynthetic modification of a
preformed polymeric background, the employment of so-called peptide—polymer
hybrid materials was suggested [133—135]. Hereby, solid-phase organic synthesis
is used to attach specific peptide moieties to synthetic polymers or amphiphiles, or
vice versa. The resulting peptide—polymer hybrids are then self-assembled (in the
case of peptide—amphiphiles) or chemically immobilized onto a surface.

The last three decades have seen great advances in the characterization of spe-
cific cell-substrate interactions through the use of peptide-containing surfaces [29].
Several parameters have been identified that influence the specificity and binding
efficacy of synthetically formed biomimetic films. Among these, the conformation
of the presented peptide ligand plays an important role. For example, if the RGD
peptide is isolated from the context of the protein, it loses some specificity as well
as binding affinity to integrins as compared to its native counterpart [24]. However,
if the RGD sequence is presented in a “looped” conformation resembling its natu-
ral structure in FN more closely, the adhesion and spreading of cells is enhanced,
as compared to the linear peptide, in a concentration-dependent manner [136,
137]. Cell attachment is also influenced by the presence of immediate side groups
and short peptide sequences in close proximity (so-called synergy sites) to the
integrin-binding motif RGD. Hirano et al. compared the binding affinity of different
tetra-peptides comprising the RGD sequence derived from the ECM proteins FN
(RGDS), vitronectin (RGDV), and collagen (RGDT) towards five cell types. They
found a strong influence of the residue amino acid X in RGDX on the cell-binding
activity [138]. The incorporation of the recognition site into its wider context in
nature — instead of using the minimal recognition sequences — was also found to im-
prove cell response. For example, in FN the peptide sequence PHSRN is found in the
ninth type III module (FNIII9) and therefore in close proximity to the recognition
motif RGD (FNIII10). When tested for its influence on cell attachment, the synergy
site PHSRN in a defined distance to RGD was found to lead to an overall strength-
ening of the cell-substrate binding as compared to the minimal recognition motif
RGD [139, 140]. However, whether PHSRN acts as a synergy site only, or binds to
the integrin receptor in a competitive fashion, is still controversially discussed [141].

Apart from a favorable conformation and context of the peptide, the accessibility
of the recognition motif for the integrin-binding site must be provided by the ar-
tificial synthetic background. A number of studies investigated the optimal spacer
length between recognition site and polymeric support. Through systematic intro-
duction of amino acids between the binding motif and the background, a spacer
length of 3—4 nm was identified by several groups as optimal with regard to cell ad-
hesion [142—-144]. In other experiments by Massia and Hubbell however, although
virtually no spacer between GRGDY and the anchoring group to a glass surface was
used, satisfying adhesion of human foreskin fibroblasts could be observed (Fig. 13d)
[145]. Although the question of whether a spacer is needed or not has not yet been
fully resolved, most systems incorporate some form of soft polymeric matrix (e.g.,
hydrogels, brushes, or SAMs, as outlined in Sect. 3) for protein-repellent purposes
as a background for peptide immobilization and thus provide at least some flexibility
and mobility to the recognition motifs.
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Another parameter that influences the ability of a bioactive surface coating to
mediate cell adhesion is the surface concentration of the binding recognition site.
Pioneer work on the question of minimal peptide concentrations for cell attach-
ment was reported by Massia and Hubbell in 1991 [145]. Here, a functionalized
peptide-ligand was directly immobilized onto glass substrates. The concentration
of the peptide was varied by coimmobilizing an inert compound that does not sup-
port cell attachment. Using these substrates, a minimum surface concentration of
GRGDY ligand of 1fmol/cm? was sufficient to promote fibroblast cell spreading
on an otherwise poorly adhesive glass substrate. However, a tenfold higher sur-
face concentration (i.e., 10fmol/ cm?) was needed to induce the formation of focal
contacts.

Besides the overall concentration of the recognition motif on the surface, the
lateral distribution of the presented peptides can also evoke different cellular re-
sponses, e.g., trigger the aggregation of integrins in the cell membrane to form
focal adhesions [146—148]. For the investigation of the effects of peptide cluster-
ing in a polymeric film, star-like polymers were functionalized with a recognition
motif (Fig. 13c) [146]. Nanoscale RGD clustering, for example, was found to re-
sult in a significantly higher stress resistance and in the formation of well-formed
stress fibers and focal contacts in fibroblasts. Using block copolymer micelle nano-
lithography, Spatz and coworkers were able to control the lateral spacing of single
integrin-receptor binding sites by a highly defined presentation of cyclic RGD pep-
tide on a rather rigid support [149]. Their studies emphasize the importance of
nanoscale integrin clustering over the macroscale peptide density for normal cell
adhesion and cytoskeleton development.

Although the RGD motif is by far the most studied cell-binding moiety, other
peptide sequences have been identified for specific cell binding [150, 151]. The ex-
act peptide sequence presented has a significant influence on the selectivity towards
certain integrins and thus different cell types [152—155]. This difference in affinity
has been exploited by Plouffe et al. for the design of an adhesion-based cell separat-
ing system, embedded in a microfluidic device [154, 155]. Using three successive
stages of different peptide coatings (REDV, VAPG, and RGDS) in a microchannel,
a heterogeneous cell suspension of endothelial cells, smooth muscle cells, and fi-
broblasts could be successfully depleted. This could open the door to an automated
cell-sorting device that selectively immobilizes cells on the basis of the expression
level of certain integrins.

The deciphering of the fundamental mechanisms involved in integrin-mediated
cell adhesion has come a long way since the discovery of the minimal recog-
nition motif RGD(S) by Pierschbacher and Ruoslahti in 1984 [24]. Synthetic
peptide—polymer model systems presenting biofunctional moieties in a highly
defined context contribute an important tool to this quest. Although precise control
over parameters such as peptide surface concentration and distribution (i.e., cluster-
ing), spacer length, and conformation of the binding motif often requires elaborate
synthesis and coating protocols for the biofunctional conjugate, alternative ap-
proaches exist that provide for a more simple, versatile and chemically stable
surface modification. Although compromising on the degree of control over the
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exact presentation of the peptide, these systems constitute an extremely defined
environment for cell-matrix interactions. Moreover, well-designed setups (e.g.,
based on postsynthetically peptide-modified hydrogels or surface-bound peptide—
polymer monolayers) often allow for long-term cell studies while preserving their
comparatively high inertness towards changes in the experimental conditions (e.g.,
induced by protein adsorption/desorption, or proteolytic degradation).

Compared to systems that rely on protein adsorption for spatially guided cell
adhesion, reports on cell chips based on peptide-mediated adhesion are less fre-
quent, but emerging. In principle, identical methods to those used for the mi-
crostructuring of proteins can be employed for peptides, although reports on direct
patterning (controlled deposition of peptides) prevail.

As for protein patterning, LCP of thiol-conjugated molecules onto gold surfaces
was among the first methods used for locally resolved deposition of peptides. Zhang
et al. used a combination of microcontact-printed ethylene glycol thiolate and self-
assembled oligopeptides containing the cell adhesion motif (RADS) and a cysteine
linker to guide the adhesion of cells onto gold substrates (Fig. 14) [156].

Grainger and coworkers used commercially available telechelic N-hydroxy suc-
cinimide (NHS)-terminated PEG to create a protein-resistant film containing reac-
tive groups [157]. Microstructuring was achieved through a conventional photolitho-
graphic process based on microstructuring of a photoresist film deposited onto the
hydrogel, which serves in a second step as a stencil for site-selective methoxylation
of exposed areas. Following removal of the photoresist, the remaining NHS-capped
regions were treated with a GRGDS peptide, allowing for covalent attachment of
the adhesion-mediating ligand. Fibroblasts (NIH-3T3) adhered exclusively to the
RGD-patterned areas and showed a “normal” behavior with respect to prolifer-
ation and spreading (Fig. 14). Our own group recently reported on the synthesis
and spatially resolved surface immobilization of a peptide—polymer hybrid for the
controlled adhesion of cells (Fig. 15) [40, 135]. The novel peptide—polymer hy-
brid was synthesized by a controlled radical polymerization of dimethylacrylamide
(DMAA) from an initiator-modified RGD peptide [135]. Monolayers of hydrophilic
peptide-PDMAA were shown to resist the unspecific adsorption of proteins and
can be covalently bound and microstructured by lithography on surfaces modified
with photoreactive benzophenone groups [40]. Peptide-PDMAA areas can be back-
filled with (chemically almost identical) PDMAA and shown to be able to locally
constrain the adhesion of human fibroblasts under serum conditions for more than
2 weeks.

Printing of peptides, either using a contact pin microarrayer [124, 159] or non-
contact printer (using ink-jet technology) [160, 161], was used as a versatile tool
for delivery of cell-adhesive ligands onto protein-repellent surfaces (Fig. 14). An
attractive property of this technique lies in the ability to simultaneously print differ-
ent peptides in one step. For example, Monchaux and Vermette used a noncontact
automatic dispensing robot to covalently graft three different bioactive peptides
in combination with RGD on a protein-repellent carboxy-methyl-dextran (CMD)
background [161]. Although RGD was necessary to initiate the adhesion of endothe-
lial and fibroblast cells, the coimmobilization of SVVYGLR or VEGF enhanced
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Fig. 14 (a) Photolithographic lift-off process has been used to selectively deactivate a commer-
cially available amine-reactive polymer coating (OptiChem, Accelr8 Technology, Denver, CO)
(please refer to Fig. 8 for a process description). After removal of the photoresist, RGD peptide was
immobilized in unreacted areas. NIH-3T3 fibroblasts follow the implemented structures for several
days. (Figure in part reproduced with permission from [159]). (b) Human epidermal carcinoma
cells on self-assembled monolayer of oligopeptides containing the cell-adhesion motif RADS.
Microstructures were transferred onto gold-coated silicon surfaces by microcontact printing of
ethylene glycol thiolate and a subsequent backfill with the thiolated oligopeptides (please refer to
Fig. 10 for a process description). Note that the unpatterned round cells are not adherent not the
surface, but free-floating. (Figure in part reproduced with permission from [156]). (¢) PS-binding
peptides were printed by an automated pin microarrayer on native PS (please refer to Fig. 12 for
a process description). A subsequent backfill with BSA renders the remaining PS surface suffi-
ciently protein repellent to confine HUVEC attachment to the peptide-coated areas. (Figure in part
reproduced with permission from [157]). Scale bars: 100pum

endothelial cell adhesion, and coimmobilization of SVVYGLR and REDV caused a
reduction of cell spreading. Combination of RGD with any of the three bioactive
molecules interfered with the formation of stress fibers and caused a rearrange-
ment of focal adhesions in endothelial cells. Interestingly, fibroblasts were not
affected by spot composition. EBL, another direct writing technique, was employed
in combination with block copolymer nanolithography of gold nanodots by Spatz
and coworkers for the implementation of micro-nanostructured interfaces of cyclic
RDGfK-thiols [149]. This approach allows a remarkable degree of control over
the integrin—receptor interaction because it combines a defined presentation of the
peptide (loop-type conformation), a precise control of the single peptide spacing
(through block copolymer nanolithography and short thiol anchors), as well as an
arbitrary distribution of the cell-adhesive spots on the surface (by electron beam
patterning of the gold nanodots).
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Fig. 15 (a) Microstructuring by photopatterning: A direct photoinduced structuring of surface
chemistry has been employed by our own group to guide human skin fibroblasts on peptide—
polymer monolayers. Here, we used a surface-bound photoreactive benzophenone-silane to
covalently attach monolayers of a cell-attractive, yet protein-repellent RGD—polymer (GRGDSP-
PDMAA) on glass using UV illumination through a mask. Polymer in the shaded areas can be
extracted, and the peptide—polymer microstructures are backfilled with a protein-repellent polymer
(PDMAA). (b) Human skin fibroblasts adhere to peptide—polymer spots implemented in a protein-
repellent environment through direct photopatterning. Cells follow the implemented structures for
more than 2 weeks in culture [40]

As reviewed in this chapter, surface chemistry plays a key role in the interaction
between living cells and artificial substrates. However, reducing this complex inter-
play solely to the underlying chemistry would draw a too-simplified picture. Cells
are also highly sensitive to other environmental cues such as surface topography
and elasticity, which can influence almost any aspect of a cell’s life, from cell
proliferation, contraction, migration, internal cytoskeleton organization, and even
cell death [162]. A thorough discussion of these influences lies far beyond the scope
of this article and the interested reader is referred to an interesting recent commen-
tary as well as references therein [162]. Tables 2 and 3 summarize recent examples
of bioactive, microengineered surfaces for the spatial control of the attachment and
outgrowth of living cells, using protein- or peptide-decorated surfaces. We hope
that they serve to outline recent trends and strategies in the implementation of cell
chips (Tables 2 and 3).
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5 Conclusions and Outlook

Precise control of the interaction between an artificial surface and the biological en-
vironment is the key challenge for any successful interplay of the biological world
with man-made technology. Live-cell biochips are increasingly attractive to both
academia and industry due to a large number of potentially interesting applications,
progressing from pharmaceutical sciences to biosensor development, and to bio-
physical model systems.

The demands that are posed on the surface coating are challenging. The coating
must provide areas that are inert to cell adhesion in the neighborhood of regions
that allow, promote, and sustain the adhesion of living cells, all this in the context
of a complex, changing and insufficiently defined environment, such as found in
modern cell culture. Derived from nature, proteins or even short peptide-ligands,
micropatterned on the surface, are used to guide cell adhesion in a spatially re-
solved manner. Both strategies, protein- and peptide-mediated cell adhesion, offer
distinct advantages in terms of a high biomimicry for cell-matrix adhesion (as for
proteins) or a precise control over integrin—ligand interactions (as for peptides). Re-
striction of cell adhesion to defined spots demands equally challenging properties,
especially with respect to the longevity of cell- and protein-repellence in vitro. Sci-
entists have gathered a toolbox of different surface-coating strategies that allow the
engineering of surfaces that resist nonspecific protein-adsorption and thus prevent
non-desired protein-mediated cell adhesion. Examples include polymer brushes,
surface-attached hydrogels, and hydrophilic, noncharged polymer monolayers.

Eventually, the optimal combination of cell-attractive and cell-repellent surface
modification depends on the application and, although we have witnessed a number
of very promising design strategies, successful integration into technological mi-
crodevices is still to come. With respect to the latter, persistency of the coating in
vitro, the exact control of the cell-surface interaction, and the ability to induce and
understand “normal” cell behavior on-chip, are of utmost importance and need to
be covered by extensive (comparative) studies in the future.
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Interfacing Cell Surface Receptors to Hybrid
Nanopatterned Surfaces: A Molecular Approach
for Dissecting the Adhesion Machinery

Julien Polleux

Abstract Over the last 20 years, integrins have proven to be key players in
connecting the internal cell machinery to the extracellular environment. Because the
properties of the extracellular milieu strongly influence developmental programs
triggered by integrin-mediated adhesion, the development of culture platforms with
tunable chemical and physical properties is important for further understanding
of the complexity of integrin functions. This chapter introduces biochemically
modified gold surface models that have been designed to investigate cell adhesion.
Specific emphasis is placed on micellar nanolithography, a technique enabling the
preparation of gold nanopatterns. Such substrates are used as an analytical tool
to control the activation of single-cell surface receptors for the study of integrin-
mediated adhesion and signalling in a quantitative manner.

Keywords Biofunctionalisation - Cell adhesion - Extracellular matrix - Gold
nanopatterns - Integrins

Contents
1 General Principles of Integrin-Mediated Cell-Matrix Interactions......................... 80
2 Toward the Emergence of Surface Models After a Century of Tissue Culture ............. 82

J. Polleux (=)

Max Planck Institute of Metals Research, Department of New Materials and Biosystems,
Heisenbergstraf3e 3, 70569 Stuttgart, Germany

and

Max Planck Institute of Biochemistry, Department of Molecular Medicine, Am Klopferspitz 18,
82152 Martinsried, Germany

e-mail: polleux@mf.mpg.de; www.mf.mpg.de/spatz/polleux


polleux@mf.mpg.de
www.mf.mpg.de/spatz/polleux

80 J. Polleux

3 At All Length Scales, Gold Remains “The Standard” for Studying Cell Adhesion........ 83
3.1  Self-Assembled Monolayers on Gold Thin Film: A Surface Model for

Protein Adsorption and Immobilisation...................oooo 83

3.2 Micropatterning: A Revolution for Cell-Adhesion-Based Assays................... 85

3.3 Nanogold: An “All-in-One” Model System...............coooiiiiiiiiiiiiiiinn... 86

4 Micellar Nanolithography: A Versatile Technique for Designing Nanopatterned Surfaces 88
5 Biofunctionalised Gold Nanopatterns: A Quantitative Tool for Dissecting the

Adhesion Machinery of Cells ............o.oiiiiiiii e 90
5.1 Nanopatterning Biocues ..............coooiiiiiiiiiiiiiiiiiii 90
5.2 Integrin Nanoclustering Mediates Cell Adhesion and Signalling.................... 91

5.3 Micro-nanopatterned Surfaces: A Deeper Structural Insight into
Integrin-Mediated Adhesion . ........cooiuuiiiiiiiiiiiii e 93
5.4 Nanoscale Gradient-Induced Cell Polarisation and Migration....................... 95
6 Outlook: Towards More ECM-Mimetic Systems and Cell Manipulation .................. 97
6.1  Designing Extracellular Environments with Nanostructured Soft Interfaces. ....... 97
6.2 Thermoplasmonic Nanoarray for Manipulating Cell Adhesion...................... 98
REferences ........ooviiui i 100

1 General Principles of Integrin-Mediated
Cell-Matrix Interactions

The cell, as the smallest structural and functional unit of all living organisms, is a
fascinating system in view of its highly complex and hierarchical machinery.

Cells build their own microenvironment by secreting and organising matrix
proteins into a supramolecular assembly, termed the extracellular matrix (ECM).
By shaping the molecular composition of ECM, cells tailor its properties through
the exposure of adhesion sites, the establishment of a structural mesh with a de-
fined elasticity, and the presentation of growth factors. Through a complex set of
physical and chemical interactions between the cells and the matrix, cells guide the
generation of tissues and organs exhibiting specific architectures and functions.

Over the last 20 years, integrins have proven to be key players in mediating
cell-ECM interactions and thereby directing tissue morphogenesis. Integrins are
cell surface receptors that physically connect the internal cell machinery to the ex-
tracellular environment. Integrins not only function as cell anchorage points, but
also manipulate and respond to a functional ECM. In doing so, these proteins reg-
ulate cell migration, survival, cell cycle progression and differentiation pathways
(Fig. 1) [1].

The integrin family in mammalian cells consists of 18 o- and eight B-subunits,
which associate into 24 distinct heterodimeric receptors with distinct ligand-binding
and signalling specificities. The heterodimers are characterised by a molecular mass
of 210-290 kDa, a length of approximately 28 nm, and a lateral diameter between
8 and 12 nm [2]. As displayed in Fig. 1, integrin heterodimers are composed of an
extracellular domain consisting of a ligand-binding head domain standing on two
long legs, a transmembrane domain, and short cytoplasmic tails forming a flexible
V-shaped structure (Fig. 1).
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Fig.1 Downstream effects of integrin activation during outside-in signalling. The ECM properties
and the growth factor environment regulate assembly of the ECM—integrin—adhesome—F-actin sys-
tem, which controls cell activity. The long-term effects of the outside-in signalling (10-60 min) are
indicated in italics

Integrins can be classified according to their extracellular ligands, which are
partly overlapping among distinct heterodimers [3-5]. For instance, arginine-
glycine-aspartate (RGD)-containing proteins, such as fibronectin, fibrinogen,
vitronectin, von Willenbrand factor and many other glycoproteins, exhibit a high
binding affinity for eight of the 24 integrins [4—6]. The specific binding of RGD
motifs by integrins involves salt-bridge formation to the aspartic acid residue (D)
and hydrogen bonding with the arginine residue (R) [7].

To bind their extracellular ligands, integrins undergo a conformational change
triggered by non-integrin signals. This leads to the recruitment of cytoplasmic pro-
teins such as talin to the cytoplasmic tail of the B-subunits, resulting in the exposure
of the ligand-binding head domain [8]. Upon binding to the ECM, integrins sub-
sequently cluster to increase their binding avidity, giving rise to unstable structures
called nascent adhesions [9]. Nascent adhesions recruit additional cytoplasmic adap-
tor proteins and develop into dot-like focal complexes, which eventually mature into
larger focal adhesions (FAs). FAs function as signalling platforms that are directly
connected to the actin cytoskeleton. A subset of FAs can also elongate into specific
matrix assembly sites, termed fibrillar adhesions [10].

Integrins are able to relay both chemical and physical stimuli from the exter-
nal milieu into the intracellular space and translate this stimulus into biochemical
signals [11]. On the one hand, the molecular composition of the ECM deter-
mines the set of integrin heterodimers engaged, leading to specific signalling
outputs. On the other hand, integrins, through their ability to directly couple
to the actin cytoskeleton, sense the physical properties of the matrix, such as
elasticity, and respond with specific signals through a process referred to as
mechanotransduction [12].
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However, unlike other cell surface receptors, integrin tails lack intrinsic catalytic
activity. Instead, the tails of integrins recruit a plethora of signalling and adaptor
molecules that assemble into FAs to relay intracellular signals, and to engage and
remodel the actin cytoskeleton. To date, more than 150 proteins have been identified
as being recruited to integrin adhesions and to constitute the “adhesome” [13-15].

A large proportion of the intracellular signals propagated by integrins occur in
co-operation with growth factor receptor (GFR) signalling. The cross-talk between
integrins and GFRs, which occurs both on the extracellular and intracellular level,
results in a cooperative stimulation or suppression of multiple signal transduction
pathways regulating fundamental cellular activities such as spreading, motility, dif-
ferentiation and survival [16, 17] (Fig. 1).

The dynamic connection between integrins and the actin cytoskeleton is a cen-
tral aspect of integrin signalling. The engagement and remodelling of the actin
cytoskeleton upon integrin adhesion orchestrate the regulation of the 3D architecture
of the cell as well as cell migration. In a migrating cell, actin polymerisation takes
place at the periphery of the cell in a structure called the lamellipodium, generating
mechanical forces that push the membrane forward. Simultaneously, the actin net-
work moves backward and undergoes a retrograde flow. Fibrillar (F-) actin couples
to integrins, allowing force transmission in respect to the substrate and facilitating
forward movement of the cell body as well as maturation of FAs. This structure is
called the lamella. Disassembly of adhesion sites at the cell rear then allows net
forward movement of the cell [15, 18, 19].

It is important to note that our understanding of events related to cell adhesion
and migration is mainly based on observations made on 2D substrates in vitro.
However, cell adhesion occurring in vivo and in 3D matrices was shown to be pro-
foundly different from 2D adhesion [20]. When cells are plated on rigid substrates
like polystyrene dishes, cell adhesion is stronger and leads to the formation of larger
FAs and thicker stress fibres in comparison to 3D matrices. Interestingly, the rigidity
of the extracellular milieu was shown to strongly influence developmental programs
triggered by integrin-mediated adhesion [12, 20-23], implying that it is crucial to
develop culture platforms with tunable chemical and physical properties. This re-
quires a multidisciplinary approach to merge knowledge and skills from materials
to biological sciences.

2 Toward the Emergence of Surface Models
After a Century of Tissue Culture

In 1907, Ross Granville Harrison introduced tissue culture as a new technique for
the study of nerve fibre outgrowth [24]. At that time, it was hardly envisioned
that cell culture would become the most widespread research tool in life sciences
and an important method for preparing antibodies, vaccines and drugs. During
the development of tissue culture, parameters such as sterility, temperature, gas
mixture, medium composition and substrate features were found to be critical for
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optimal culture conditions. Today, cell culture methods are widely based on the
use of serum-supplemented culture medium and on cultivating cell cultures at 37°C
in a humidified atmosphere containing 5% CO,. For several decades, cells were
typically seeded onto sterile, heat-resistant Pyrex glass, despite its poor efficacy for
cell growth. In 1956, George Gey overcame this limitation and reported the use of
rat-tail collagen for coating glass substrates, serving to mimic an in vivo environ-
ment [25]. This method is still used today.

Following this trend in optimisation, cell culture opened a great opportunity for
chemists and materials scientists to design substrates that would efficiently support
cell adhesion and growth. On the one hand, industry began with various shapes of
glassware, to finally manufacture a large number of polystyrene-based consumables.
On the other hand, academic scientists have developed various types of biocom-
patible substrate models to systematically study how the composition of surfaces
influences the behaviour of cells in vitro. However, tissue-engineering research has
not reached its full potential in providing deeper insights into the biology of cellular
interactions. A particular challenge is the molecular understanding of the cellular
machinery that orchestrates tissue regeneration in vivo. Therefore, further develop-
ment of tissue culture is essential in order to provide more tools for dissecting the
functions of the extracellular environment by integrating knowledge from chemistry,
physics and biology.

The next sections of this chapter introduce biochemically modified surface
models that have been designed to study integrin-mediated adhesion and signalling.
Specific emphasis will be placed on micellar nanolithography, a technique enabling
controlled activation of single-cell surface receptors such as integrins, for the study
of adhesion-mediated signalling.

3 At All Length Scales, Gold Remains ‘“The Standard”
for Studying Cell Adhesion

3.1 Self-Assembled Monolayers on Gold Thin Film: A Surface
Model for Protein Adsorption and Immobilisation

Bare surfaces of metals and metal oxides tend to spontaneously adsorb organic
molecules by lowering the free energy of the interface. This changes the surface
properties of the final system. However, the adsorption of organics and the presen-
tation of specific chemical groups are inhomogeneous, resulting in irreproducible
physical properties of the interface between the host surface and its environment.
Self-assembled monolayers (SAMs) provide a versatile system for control of the
interfacial properties of inorganic compounds. SAMs result from the spontaneous
adsorption and assembly of molecular compounds into crystalline structures. Com-
monly used molecules consist of a head group with a specific affinity for a particular
material, and a terminal group containing a chemical function that becomes exposed
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Fig. 2 An ideal, single crystalline self-assembled monolayer (SAM) of alkanethiolates supported
on a gold surface with a (111) texture. The anatomy and characteristics of the SAM are indicated.
From Love et al. [26], Copyright © 2005 American Chemical Society

at the interface (Fig. 2). SAMs derived from the adsorption of thiolates to gold is one
of the most studied systems in surface chemistry. There are several reasons for this:
(1) gold-based materials are easy to prepare, (2) gold is inert and non-toxic, (3) gold
binds thiols with high affinity, (4) gold allows the formation of highly organised
and stable SAMs, and (5) surfaces made of gold can be easily characterised [26].
Moreover, it is possible to design mixed SAMs from different thiolates in solution
as model surfaces for biochemistry and cell biology.

Control over the surface wettability can be adjusted by exposing one type of
thiolated molecule or by mixing thiolates that are differently terminated with alkyl
chains and hydrophilic chemical groups. Interestingly, Ratner and co-workers re-
ported that cells seeded onto substrates in serum-containing culture medium interact
with an absorbed layer of serum proteins rather than the surface [27]. The amount,
conformation and affinity of adsorbed serum proteins, such as albumin and fi-
bronectin, depend on the properties of the SAM. Recently, Valamehr et al. showed
that dodecyl-terminated hydrophobic surfaces, upon soaking in serum-containing
medium, could prevent the adhesion of embryonic stem cells and favour their
differentiation in suspension [28]. Thus, one can influence cell attachment [28],
spreading and growth onto the adsorbed protein layer by adjusting the properties
of the SAM [27].

Many receptor-binding ligands act at interfaces in vivo. To match this scenario in
vitro, it is of relevance to study cells cultured on immobilised functional molecules.
SAMs can be tailored to meet this experimental setup [29-31]. Mixed SAMs,
composed of protein-resistant functionalities like poly(ethylene glycol) (PEG) and
reactive chemical groups that are suitable for bioconjugation, offer the possibility to
covalently immobilise receptor-binding ligands. Importantly, orientation, stability
and density are essential parameters of ligand activity. However, standard protocols
related to SAMs still face difficulties in controlling these parameters to study cell
responses via a defined “outside-in” signalling.
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From a more practical standpoint, repairing, replacing or regenerating tissues or
organs remain the central goals in tissue engineering research. Modifying surfaces
with cell-adhesion proteins, growth factors or cytokines is a promising strategy for
the design of implants. This setup has the potential to regulate the cellular response
by preventing lateral diffusion or the internalisation of the targeted receptors [30].
For instance, sustained activation of cell receptors has been observed in cells seeded
onto immobilised epidermal growth factor (EGF) or insulin, in comparison to the
activation obtained with the soluble form of these hormones [32-34]. In another
report, immobilised leukaemia inhibitory factor (LIF) was found to conserve the
pluripotency of mouse embryonic stem cells for more than 2 weeks in the absence
of soluble LIF [35].

With a wide substrate application, SAMs have pioneered the development of new
techniques for conjugation of biomolecules. Although the covalent attachment of
ligands onto scaffolds appears promising, new conjugation techniques need to be en-
gineered in order to fully mimic the physiological function of signal-transducing lig-
ands. In addition, some substrates could also be designed to spontaneously direct the
distribution of single ligands at the nanoscale resolution. This would allow quanti-
tative analysis of the effect of ligand density and clustering of cell surface receptors.

3.2 Micropatterning: A Revolution for Cell-Adhesion-Based
Assays

The precise engineering of cell culture substrates at the microscale (from 100 um
to 100 nm) has undergone extensive development within the last 20 years. The abil-
ity to organise living cellular systems and to produce micropatterns of single or
co-cultured cells has led to the emergence of bioassays to monitor cellular activ-
ity [36-42]. Furthermore, cell patterning remains an important experimental tool
for tissue engineering, as well as for cell-based sensing and drug discovery con-
cepts [43].

By combining SAMs on gold with a variety of microlithographic tools such
as photolithography [44] and microcontact-printing (LCP) [36, 39], it is possible
to produce adhesion microassays based on an array of ECM proteins or peptides
surrounded by protein-resistant molecules. By culturing single cells on islands of
adhesive protein of decreasing size, Chen et al. showed that the restriction in spread-
ing area controls cell fate, independently of the molecular composition of the ECM
(Fig.3). The long-term effect of cell patterning on growth and survival is due to
changes in cell tension and architecture, but is not a consequence of the total cell
adhesion area [36]. A few years later, Bastmeyer and co-workers used WCP com-
bined with mixed SAMs to study adhesion of single cells on arrays made of smaller
islands (<1 pwm). Based on these experiments, they could identify three important
parameters that affect cell spreading: the density of adhesive molecules per island,
a maximal interdistance of 25 um, and a total surface coverage with ECM proteins
above 15% [38].
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Fig. 3 (a) Spreading confinement as a regulator of cell growth and apoptosis. Adapted from Chen
etal. [36]. (b) Cell spreading in relation to substratum geometry: cell growth on patterned substrata
of 9 um? (3 x 3 um) squares separated by different distances, as indicated in the bottom right
corner. With distances of 5-20 um between dots, cells spread and actin cytoskeleton formed stress
fibres between adjacent dots. At a distance of 25 pum, spreading was limited and cells became
triangular, ellipsoid or round. From Lenhert et al. [38], reproduced with permission of the Company
of Biologists

Although micropatterning has revolutionised cell-adhesion-based microassays,
it does not allow one to investigate signal transduction of nanolocalised signals.
Current preparation methods are also not suitable for immobilising different pro-
teins on the same substrate. Such advances will be crucial to gain more insight into
cell surface receptor clustering and cross-talk mechanisms. Alternatively, the design
of nanoarrays that direct the immobilisation of biosignals into specific patterns of-
fer a more appropriate tool for studying nanoscale events triggered by cell-ECM
interactions.

3.3 Nanogold: An “All-in-One” Model System

Irrespective of the system, nanoscience always deals with size effects at the
nanoscale. What makes nanoscale materials so interesting is the fact that many
of their properties are different from bulk properties and that they depend on parti-
cle size. Two major effects are responsible for these differences: (1) the number of
surface atoms in nanocrystals is a large fraction of the total (a 3 nm spherical iron
particle has 50% of its atoms on the surface, whereas a 10 nm particle has just 20%,
and a 30 nm particle only 5%); and (2) the quantum size effects, i.e. changes in the
density of electronic energy levels depending on the size of the interior. Therefore,
a nanocrystal is an intermediary state of matter lying between atoms and molecules,
and exhibits discrete density of electronic states and macroscopic crystals with
continuous bands [45]. Additionally, nanoparticle properties are sensitive, not only
to the size, but also to the composition and shape [46]. Over several decades, the
understanding of quantum size effects has led to many applications in most research
fields, like electronics [47], optics [48], catalysis [49], ceramics [50], magnetic data
storage [51] and biology [52].
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Within the last century, gold has become the most studied nanosystem. Because
of their surface plasmon resonance (SPR), gold nanoparticles inspire an ever-
growing number of scientists and remain in the core of modern technologies
[53, 54]. SPR results from the interaction between an electromagnetic wave and
conduction electrons in a metal. During illumination, these electrons are influenced
by the electric field to collectively oscillate at a resonant frequency, for which the
gold nanoparticles absorb the incident light. These photons will be scattered, i.e.
released in all directions with the same energy, or absorbed and thus converted into
crystal lattice vibrations [55]. More practically, the SPR band of gold nanoparti-
cle dispersion is centred at around 520 nm, responsible for the ruby red colour. SPR
properties are dependent on the shape of nanoparticles, and they can be tuned across
the light spectrum by adjusting their aspect ratio. For instance, elongated gold parti-
cles exhibit two SPR bands, one corresponding to the transverse electron oscillations
positioned at 520 nm and the other one due to the longitudinal plasmon resonance
localised between 600 nm and infrared wavelengths.

From a surface chemistry standpoint, thiolates also form SAMs onto gold
nanoparticles [56] (Fig.4a). This property makes them an excellent platform for
bioconjugation because of their similar size to large biomolecules [57, 58]. Because
the SPR band is very sensitive to environmental changes, gold nanoparticles are a
suitable tool for a broad range of applications in biology and life sciences. The use
of biofunctionalised gold colloids has resulted in the emergence of new methods
in delivery, targeting, imaging and sensing [52] (Fig. 4b). Moreover, gold nanopar-
ticles are promising for photothermal cancer therapy because of their ability to
efficiently generate heat through crystal lattice vibration under laser irradiation [59]
(Fig. 4c).

It is possible to prepare optically active substrates by immobilising nanoparti-
cles. Nanostructured surfaces have proven to be effective in biosensing [61], but
are incompatible with other applications like tissue culture. Because the preparation
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Fig. 4 (a) 3D rendering of the scanning tunnelling microscopy height image of a gold nanopar-
ticle functionalised with a mixed SAM made of mercaptopropionic acid and dodecanethiol. From
Jackson et al. [56], Copyright (© 2004 Nature Publishing Group. (b) The wide range of biological
applications involving the use of nanoparticles. From De et al. [52], Copyright © 2008 Wiley-
VCH. (c) Calculated spectra of the heat generated in four different colloidal gold nanoparticles
of the same volume, where the wavelength of maximal heat power corresponds to the one where
the longitudinal plasmon resonance band is centred. From Baffou et al. [60], Copyright © 2009
American Institute of Physics
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of these substrates is based on the assembly and the attachment of gold colloids
onto a chemically modified surface [62], the nanoparticles are weakly bound and
easily released by buffered environments or ligand exchange. To overcome this
limitation, it is crucial to design a strategy to physically (and not chemically) im-
mobilise nanoparticles onto a substrate that resists various chemical conditions and
mechanical forces generated by adherent cells. Moreover, the production of a highly
organised monolayer of gold nanoparticles would allow the engineering of surface
models to perform experiments in a more quantitative manner.

4 Micellar Nanolithography: A Versatile Technique
for Designing Nanopatterned Surfaces

In addition to the design of nanoparticles exhibiting specific properties, nanosciences
focus more and more on the use of these nanoparticles as building blocks for the
fabrication of 1-, 2- and 3D superstructures [63—-66]. The ability to guide these
nanometre-scale building blocks into complex functional architectures would offer
great opportunities for construction of nanodevices and for exploration of their
novel collective properties [67]. One of the most promising strategies for the fabri-
cation of such materials is the use of self-assembly processes [66]. The organisation
is determined by the interactions between the primary building blocks. The inter-
faces between organics and inorganics are controlled synthetically at the molecular
level to produce composite materials with a structure defined from angstrém to
centimetre length scales [68].

Particularly in 2D systems, control over the self-assembly of colloidal templates
has offered a versatile way to produce patterned surfaces or arrays with a preci-
sion of few nanometres. Diblock copolymer micellar nanolithography ({BCML) is
a versatile method that uses homopolymers or block copolymers for the production
of complex surface structures with nanosized features [69]. In contrast to other ap-
proaches like electron-beam lithography (EBL) and photolithography, dBCML does
not require extensive equipment. In fact, it is commonly used in the fabrication of
data storage devices and photonic crystals, in catalyses [70], and for the design of
mesoporous films and nanoparticle arrays [71].

Diblock copolymers are large linear molecules composed of two blocks of dif-
ferent repeated units called monomers (A and B). The two blocks (block A and
block B) are covalently linked and differ in their chemical composition and the num-
ber of monomers. After solubilisation in a solvent that selectively dissolves one of
the blocks, and upon exceeding a critical concentration of the polymer [known as the
critical micellar concentration, (CMC)], single diblock copolymer molecules tend to
minimise their energy by forming micelles [72]. The assembly of the soluble blocks
forms a shell around the less soluble ones, preventing energetically unfavourable
interactions. The micelle morphology and the overall CMC are usually dependent
on the characteristics of the polymer, e.g. the number of repeating units for each
block, the molecular interaction strength of the respective blocks, the solvent and
the temperature [73].
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Fig. 5 (a) Molecular structure of the amphiphilic block copolymer PS-b-P2VP, and loading of the
micellar core with an inorganic salt. Upon uptake of hydrochloroauric acid, the P2VP core becomes
protonated, which results in an increased hydrophilicity. (b) Different steps for the preparation
of gold nanopatterned surfaces. A glass slide is dipped into a micellar solution and withdrawn
at a defined speed. Physical forces, such as capillary forces, are responsible for the formation
of a hexagonal pattern during the evaporation of the solvent. The obtained micellar monolayer
loaded with inorganic precursors is then treated with oxygen plasma. (¢) SEM images of gold
nanopatterns with four different interparticle distances, as indicated. Lower panel: Transmission
electron micrograph displaying the profile of embedded particles in the substrate

As depicted in Fig.5a, the diblock copolymer polystyrene-block-poly
(2-vinylpyridine) (PS-b-P2VP), consisting of a hydrophobic apolar PS block at-
tached to a hydrophilic polar P2VP domain, is widely used to prepare ordered
monolayers of inorganic nano-objects. The solubilisation of PS-5-P2VP in toluene
leads to the formation of homodisperse reverse micelles made of a hydrophilic
P2VP core and a hydrophobic PS outer shell interacting with the solvent molecules.

The micellar core is used as a nanocontainer for inorganic precursors like
HAuCly, HyPtClg and ZnCl, because of the high binding affinity of P2VP to
metallic cations. These ions interact with P2VP through the formation of com-
plexes, acid— base reactions or hydrogen bridges, which allow the loading of the
micellar core. The uptake of an acidic salt, like hydrochloroauric acid, results in
the protonation of the P2VP core and the binding of AuCl, as a counterion. In
thermodynamic equilibrium, the metal ions are distributed homogeneously over the
micellar core. Moreover, the incorporation of inorganic precursors leads the am-
phiphilic micelles to be more hydrophilic, which strengthens micelle formation.
The loaded micelles are then utilised as nanoreactors to synthesise particles. Metal
and metal oxide nanoparticles are obtained chemically by reducing the precursor
with reducing agents, or physically by plasma treatment [74]. Interestingly, several
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recent studies have shown that not only molecular precursors but also preformed
nanoparticles were successfully incorporated into micellar systems to organise a
wide range of nano-objects into hexagonal nanopatterns or arrays of nanowires [75].

To transfer and organise loaded micelles onto various types of substrates, dip
coating remains a method of choice. This technique is based on immersing and
withdrawing a substrate into a micellar solution at a defined speed. The withdraw-
ing step initiates solvent evaporation from the film surface and induces convective
transfer of micelles from the bulk of the solution to the thin wetting film. The for-
mation of a close-packed micellar monolayer is driven by attractive capillary forces,
which are in equilibrium with repulsive electrostatic and steric forces. The mono-
layer features mainly depend on the molecular weight of the diblock copolymer,
its concentration and the withdrawal speed of the substrate [76, 77] (Fig. 5b). Upon
solvent evaporation, the micellar monolayer is treated with oxygen, hydrogen or
argon plasma, resulting in the formation of an inorganic nanopattern with geome-
try similar to that of the assembled micelles. Plasma treatment allows etching the
organic part of the micelles to deposit the clustered metal ions onto the substrate
and reduces them into atoms to finally form inorganic nanoparticles. Importantly,
during plasma treatment, the electric field generated in this process induces heating
of the nanoparticles, which consequently causes them to partially diffuse into the
underlying substrate. This partial embedding enhances the effective adhesion be-
tween the substrate and the nanoparticles. This important effect inhibits the lateral
displacement of the particles when exposed to various environments and forces.

In the case of hydrochloroauric acid as a metal precursor to load PS-b-P2VP,
spherical micelles are usually obtained and self-assemble spontaneously into a
hexagonally ordered monolayer upon dip coating. It is then possible to prepare
patterns of immobilised spherical gold particles with diameters below 10 nm and
variable interparticle distances ranging from 25 to 200 nm. Figure 5 illustrates the
theoretical and experimental aspects of preparing gold nanoarrays that exhibit suit-
able features for cell culture.

5 Biofunctionalised Gold Nanopatterns: A Quantitative
Tool for Dissecting the Adhesion Machinery of Cells

5.1 Nanopatterning Biocues

Cell surface receptors collect information by sensing the extracellular environ-
ment and coordinating intracellular responses. Many receptors are not functional
as single molecules, but rather as oligomeric complexes. Controlled assembly of
these signalling complexes is a mechanism by which the cell can achieve spatio-
temporal control of its activity. Clustered receptors constitute the main signalling
unit in both neural and immune systems, and represent a central activation step
of integrin signalling in all cell types [78]. In this context, the nanopatterning of
receptor-binding ligands appears to be a promising strategy for studying and quan-
tifying activation and clustering of surface receptors.
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As described in the Sect. 3, gold remains the standard over all length scales
as a biocompatible platform for the study of cellular systems. Gold nanopatterns
utilize the same surface chemistry as extended SAMs and, in addition, allow the
control of ligand density at a single protein or macromolecular length scale [79].
Upon functionalising the glass background that surrounds the nanoparticles with
silane-modified PEG molecules, it is possible to conjugate nanolocally various
types of biomolecules specifically to the gold particles. The orientation of immo-
bilised peptides or proteins at interfaces is crucial to preserve their activity [80].
Cysteine-terminated peptides [81] and histidine-tagged proteins [79] are conven-
tional and compatible ligands for the generation of gold-based bioactive surfaces.
Since the nanoparticles are partially embedded in the substrate, the even and immo-
bile distribution of active ligands makes gold nanopatterns an ideal analytical tool
for modelling protein—protein interaction at the cell membrane [82].

5.2 Integrin Nanoclustering Mediates Cell Adhesion
and Signalling

As described in Sect. 5.1, integrin-mediated adhesion is essential for bidirectional
signalling between the cell and the ECM. ECM proteins are large and complex
molecules that, through their multiple ligand-binding motifs, initiate various sig-
nalling cascades. However, the RGD motif constitutes one of the most elementary
ECM adhesion sites to several central integrin heterodimers such as o, 3; and osf3;,
and is thus a useful tool for biofunctionalisation. RGD inhibits cell adhesion in a sol-
uble form, but promotes cell adhesion when properly immobilised onto a surface. In
addition, modifications of the RGD peptide can confer additional specificity. For in-
stance, cyclic-RGD molecules bind specifically to the a,3; integrin in both soluble
and immobilised forms [83].

Surface functionalisation must fulfil several crucial criteria in order to remain
effective and stable in cell culture conditions. Immobilised biomolecules must be
accessible to the cells and covalently anchored to the substrate to withstand cell
contractility and internalisation. In the case of gold substrates, the design of RGD-
based ligands is optimal when composed of (1) an N-terminal group with a high
affinity for gold, such as thiol or cysteine; (2) a C-terminal binding sequence like
RGD; and (3) in between, a spacer made of glycine or PEG to expose the functional
motif in an oriented fashion [80].

By fulfilling these criteria for surface modification, several groups aimed at
developing in vitro strategies to elucidate how ECM components influence cell
activity. A body of evidence implies that density and distribution of adhesive
molecules affect cell adhesion, morphology and gene expression [38, 84—86]. How-
ever, all of these studies were experimentally limited by the random distribution
of the immobilised biomolecules or by a low patterning resolution of >30 nm
[84]. Since integrins are about 8—12 nm wide, the spatial investigation of inte-
grin clustering could not be conclusively analysed. Therefore, gold templates made
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of 6 nm particles functionalised with RGD represent a relevant surface model for
investigation of integrin activation functions and to quantify integrin clustering.

Professor Joachim Spatz and his group have developed various technologies,
such as micellar nanolithography and glass passivation, in order to prepare such
nanopatterned surface models [82]. Nanoarrays with an interparticle distance rang-
ing from 28 to 108 nm and functionalised with thiolated cyclic-RGD were tested
with different cell lines. They observed that fibroblasts, osteoblasts and melanocytes
remain spread and viable after 24 h on patterns with an interdistance of 58 nm. Sur-
prisingly, cells lose the ability to form stable FAs when interfacing 73-nm arrays.
They also tend to minimise their surface area and finally enter apoptosis [82, 83].
This points out the existence of a narrow range of interparticle distance, between 58
and 73 nm, that constitutes a universal length scale for o, 3; integrins to cluster and
activate cell functions.

Further studies were done on rat embryonic fibroblasts (REFs) to identify how
cell morphology and molecular composition of FAs are regulated by nanostruc-
tured surfaces. In comparison to a gold thin film and a 58-nm-spaced pattern,
cells cultured on 108-nm arrays display a delayed spreading followed by repeated
protrusion—retraction cycles over several hours (Fig. 6b). The data suggest that cell

vinculin
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Fig. 6 (a) Biofunctionalised gold nanopattern in contact with a cell membrane. From Geiger et al.
[15], Copyright © 2009 Macmillan. (b) Phase contrast images of a cell spreading on surfaces
homogeneously presenting RGD peptides, and 58-nm- or 108-nm-spaced RGD patterns. Adapted
from Cavalcanti-Adam et al. [87], Copyright (©) 2007 by the Biophysical Society. (¢) Immunofluo-
rescence of the periphery of REF cells adhered on 58-nm- and 108-nm-spaced RGD patterns, and
stained for actin, vinculin and zyxin. Vinculin and zyxin are proteins involved in FA formation.
Adapted from Cavalcanti-Adam et al. [83], Copyright (©) 2005 Elsevier
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attachment and early spreading are not sensitive to RGD density, whereas the
formation of stable FAs necessary for long term spreading is. Moreover, the size
and density of FAs decrease when the density of RGD is reduced. It is obvious that
cellular contacts do not remain stable above a certain threshold in spacing RGD
peptides, which induces major changes in cell shape and polarity controlled by dis-
tinct signalling pathways. Indeed, the molecular composition of FAs was found to
be different on both nanopatterns. Zyxin and vinculin, two proteins involved in FA
formation and their association with actin stress fibres, were only observed as co-
localised clusters on denser RGD nanopatterns [87] (Fig. 6¢). Thus, the spacing of
integrins at the nanoscale strongly influences the recruitment of adhesion proteins
that have central functions in regulating FA assembly and maturation, thereby influ-
encing cell adhesion and migration.

5.3 Micro-nanopatterned Surfaces: A Deeper Structural Insight
into Integrin-Mediated Adhesion

Although micropatterning has revolutionised cell-adhesion-based assays, its length
scale does not allow investigation of the activation of single surface receptors. How-
ever, the combination of both nanolithography and micropatterning techniques has
proven to be an interesting tool for gaining more insight into integrin clustering and
FA assembly.

To address these fundamental processes, the group of Professor Joachim Spatz
established two strategies for generating micro-nanostructured arrays. Conventional
methods such as EBL and photolithography are compatible for generating sub-
strates made of a gold-loaded micellar monolayer [88, 89]. Before plasma treatment,
squared islands with sizes ranging from 3 to 0.1 um and composed of a 58-nm ar-
ray were routinely produced by EBL for cell experiments. These features provide
defined numbers of nanoparticles per micropattern ranging from ~3000 £ 200 to
6 + 1. To keep the nanoparticle density constant, each island was separated by its
respective size in each pattern field.

In a first experiment with fibroblasts in culture, an extended 73-nm-spaced
pattern was compared with a 2-um-patterned 58-nm array. Although the total
nanoparticle density of the micropatterned surface was considerably lower than that
of the homogeneously coated one, the cells could only form FAs on 58-nm-spaced
RGD motives. It is thus obvious that integrin function critically depends on the
spatial confinement of integrins to favour clustering but not on the total number of
bound integrins [82].

In an effort to identify the number of integrins required to trigger the forma-
tion of a stable FA, Spatz and co-workers studied a REF cell line on smaller
nanostructured micropatterns. These experiments revealed that a minimum of six
integrins per adhesive micropatterns were necessary to observe persistent cell ad-
hesion. Adhesive islands with a side length larger than 1 pm induce the formation
of FAs rich in paxillin, an integrin adaptor protein associated to actin fibres. These
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FAs display a comparable size and shape to classical FAs observed in conventional
culture dishes. Interestingly, adhesive patches with side lengths of 500 and 100 nm,
containing 83 + 11 and 6 & 1 gold nanoparticles, respectively, display a significant
increase in the length of paxillin-positive adhesions, which bridge across the non-
adhesive area on elongated actin bundles. The bridging of actin fibres allows
mechanical cross-linking of multiple adhesive sites to stabilise adhesion. In com-
parison to nanostructured substrates made of 100 nm islands, cells adhering onto
extended nanopatterns form interconnected paxillin-positive adhesions of similar
length, about 4 um. However, a larger number of actin bundles associated with
paxillin appear more defined and thinner on 100 nm islands, probably because of
the homogeneous distribution of intracellular tensions applied to the micropatterned
substrate (Fig.7a). Upon critical-point drying of cells, it is possible to appreciate
how a FA or a cell adhesion site binds tightly to both kinds of nanostructured
surfaces, where nanoscopic protrusions specifically target the gold particles [90]
(Fig. 7b, c).

Fig. 7 (a) Typical design of hierarchically patterned substrates. Phase-contrast micrographs of
REEF cells plated for 3 h on differently spaced patterns (/eft). SEM images of the different pattern
fields: high magnification micrographs of FAs fixed and fluorescently stained against actin (centre)
and paxillin (right). (b) SEM image of a cellular protrusion on an extended patterned surface
(indicated in magnified image by arrows). (¢) Filopodial structure on a micro-nanopattern. Arrows
point to adhesion sites. Adapted from Arnold et al. [90], reproduced with permission of The Royal
Society of Chemistry
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5.4 Nanoscale Gradient-Induced Cell Polarisation and Migration

Cell polarisation and migration are crucial for embryogenesis, tissue morphogenesis,
wound healing and immune responses. Dysregulation of these processes lead to se-
vere developmental disorders, and are frequently associated with pathological
conditions such as cancer. Although cell adhesion and migration are usually consid-
ered as interdependent phenomena, a recent work demonstrated that adhesive and
migratory machineries are uncoupled in leukocytes, which need to migrate rapidly
through various different extracellular compartments [18, 91]. In contrast to leuko-
cytes, mesenchymal and epithelial cells migrate through integrin-mediated coupling
of the ECM to the cytoskeleton. This migration mode is defined as haptic, and the
term “haptotaxis” refers to directed cell motility along gradients of immobilised
signals [92].

To mimic in vitro haptotactic gradients of adhesive epitopes, various tech-
nologies have been developed to control the presentation of surface-immobilised
gradients using techniques such as microfluidics, photolithography or dip-pen
lithography [93-97]. Using these approaches, it was observed that ECM protein
gradients induce morphological polarisation and haptotaxis towards higher con-
centrated regions. The net movement (i.e. distance between the start point and
the end point) correlates with an increase in the slope of the gradient, whereas
the overall migration rate does not [94]. However, control over surface-bound
gradients remains difficult to generate. So far, the different methods do not al-
low positioning receptor-binding ligands with a nanoscale precision and avoiding
protein aggregation. In order to investigate the cooperative effects of integrin clus-
tering involved in migration and to gain more insight into the cellular sensitivity to
nanoscale variations in lateral spacing, it is important to overcome these preparation
limitations.

Since it is possible to trigger cell responses by controlling the precise position-
ing of biocues, the sensitivity of cells to RGD nanogradients would be interesting
to test along such a surface model. Arnold et al. developed a different approach
based on dBCML. They slightly modified the dipping step in gold-loaded micel-
lar dispersions by gradually decreasing the withdrawal speed of the substrate [98].
This simple method leads to the formation of a linear decrease of 30 nm between
RGD-functionalised nanoparticles over a 2-mm thick band [99] (Fig. 8a,b). Cells
respond to this linear variation with a tendency to elongate (or polarise) and migrate
along the gradient direction (Fig. 8b,c). The weakest gradient guiding the cells was
about 15 nm over 1 mm on the surface, offering interdistances ranging from 58 to
73 nm, critical for integrin signalling. Considering an average cell size of 60 pum,
this experiment demonstrates the ability of a cell to sense a spacing variation of
1 nm. The migration mediated through the integration of different integrin-clustering
states localised at the front and the rear of the cell appears quite striking, and its
mechanism remains unclear. One possible explanation involves contraction of stress
fibres coupling opposite FAs. These contractions might allow integrating the me-
chanical stability on both cell extremities to finally migrate towards the denser RGD
area of stronger tension.
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Fig. 8 (a) Schematic and SEM images describing the structure of a glass coverslip coated with
a nanoscale gradient of gold particles. (b) Projected cell area along a 2-mm RGD patch spacing
gradient on a sample covering a spacing from 50 to 80 nm after 23 h in culture. Insets: Mc3t3
osteoblasts on a homogeneously nanopatterned area with 50 nm patch spacing (left image), and
along the spacing gradient (right image). The latter displays a section of the gradient, which rep-
resents approximately 70 nm patch spacing. Cells were immunostained for vinculin (green), and
actin was visualised using TRITC-phalloidin (red). Adapted from Hirschfeld-Warneken et al. [99],
Copyright (©) 2008 Elsevier. (¢) REF cell migration paths over 12 h on areas presenting a constant
ligand patch spacing of 60 nm and a ligand patch gradient with a strength of 25 nm/mm covering
60-110 nm spacing. From Arnold et al. [98], Copyright (©2008 American Chemical Society

This section has attempted to present dIBCML as a versatile method for designing
nanopatterned substrates. With such a defined platform, it becomes possible to in-
vestigate and quantify, in a molecular approach, the role of integrin clustering in
cell adhesion. The advantage of such a system, in comparison to previous methods,
is that it demonstrated for the first time (1) the existence of a threshold spacing of
about 70 nm between integrins to favour effective clustering and persistent cell ad-
hesion, and (2) the outstanding feature of cells to sense variations in ligand spacing
as small as 1 nm, inducing cell polarisation and initiating cell migration.

However, it would be interesting to further develop nanopatterned substrates as
an analytical platform, taking into account other essential features of the ECM, and
as a manipulating tool for dynamic control of the binding states of cell surface
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receptors. The next section discusses attempts to address these issues by devel-
opment of novel strategies based on more sophisticated nanostructured surface
models.

6 Outlook: Towards More ECM-Mimetic Systems
and Cell Manipulation

6.1 Designing Extracellular Environments with Nanostructured
Soft Interfaces

Cells generate forces by protruding through actin polymerisation and pulling
through integrin-coupled actomyosin contractility. Moreover, cells produce and
remodel their own extracellular microenvironment. They secrete and organise ECM
proteins to build supramolecular structures exhibiting both chemical and physical
properties, which regulate cell activity [100]. When biologists attempt to under-
stand a specific signalling pathway, they investigate genes, proteins and signalling
molecules, but they often underestimate the mechanical signals provided by the
tissue.

The development of more sophisticated tools (such as atomic force microscopy)
and the design of softer interfaces now allow more precise monitoring and manip-
ulation of the extracellular environment. This has facilitated more advanced studies
related to the biophysical aspects of cell signalling. For instance, Engler et al.
demonstrated that substrate elasticity has a profound effect on stem cell differentia-
tion. This group could induce neurogenic differentiation on soft matrices, myogenic
differentiation on stiffer surfaces, and osteogenic differentiation on rigid substrates
[21]. Therefore, it has become evident that softer substrates would be a more phys-
iological environment for cell biological studies, and that matrix stiffness plays a
central role in regulating cell behaviour.

In an earlier study, Engler et al. demonstrated how matrix rigidity and ligand
density influence spreading and cytoskeleton organisation in smooth muscle cells.
They observed that these cells, when cultured on soft hydrogels, exhibit a limited
spreading that was independent of collagen density. In response to softer interfaces,
cells upregulate actin dynamics, enabling spreading and cytoskeleton organisation,
whereas integrins play a major role in strengthening and sustaining spreading.

To further understand the cooperation between these two orthogonal biocues and
to overcome functionalisation issues, Graeter et al. developed a technique to trans-
fer gold nanopatterns onto soft interfaces such as PEG hydrogels [101]. Taking
advantage of the dBCML approach, they designed soft interfaces decorated with
ordered nanoparticles, allowing a more reliable control over ligand density [102].
PEG hydrogels remain a system of choice for building 2D and 3D matrices. Their
mechanical properties can be controlled within a stiffness range similar to that found
in vivo, i.e. with an elastic modulus Ey between 0.6 kPa and 6 MPa. Besides planar
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Fig. 9 Formation of nanostructured hydrogel microtubes. (a) Transfer lithography technique
applied to curved surfaces. (b) SEM image of a glass fibre decorated with gold nanoparticles
by means of dBCML. (¢, d) Cryo-SEM images of PEG hydrogel channel decorated with gold
nanoparticles. (e, f) HeLa cells cultured in PEG hydrogel, where the inside of the tube is cov-
ered with RGD-functionalised gold nanoparticles. From Graeter et al. [101], Copyright (©) 2007
American Chemical Society

substrates, gold nanopatterns were embedded in curved surfaces to engineer bio-
functionalised channels within a PEG block, potentially mimicking blood vessels
(Fig.9). By combining lateral spacing of adhesive ligands, substrate rigidity and
surface curvature, this transfer technique represents a promising tool for systemati-
cally studying the adhesion of various cell types in a more physiological manner.

6.2 Thermoplasmonic Nanoarray for Manipulating Cell Adhesion

Organising, guiding, releasing and transporting entities of various dimensions over
different scales are central goals for further development of lab-on-chip systems
and high throughput biological devices. From a material engineering standpoint,
patterning approaches have greatly profited from microfabrication technologies and
dynamic stimulus-responsive surface chemistries. Stimulus-responsive surfaces,
known as smart materials, have attracted the interest of many bioengineers aiming
at co-culturing and detaching cells. Temperature-sensitive polymers like poly-N-
isopropylacrylamide, UV-switchable and cleavable molecules like azo-dyes, and
electro-active SAMs remain today the most popular systems in this field [ 103, 104].

Nanosized gold is also an ideal system for engineering devices with a wide range
of potential biological applications. Its ability to strongly absorb laser irradiation
allows transforming part of this energy into heat through crystal lattice vibration,
the so-called photothermal effect, or thermoplasmonics [60]. Recently, this effect
has proven to be a promising tool for the selective destruction of cancerous cells
[105] and for the design of nanoparticle-assisted polymerase chain reaction (PCR)
[106]. However, thermoplasmonics has been limited to the use of gold nanoparti-
cles typically dispersed in aqueous media, polymer matrices and cellular systems,
but never immobilised as a nanoarray to fabricate a light-responsive substrate for
bio-applications.

Because integrins bind extracellular ligands like RGD with the help of divalent
cations and hydrogen bonds, it would be interesting to develop a laser-based tech-



Interfacing Cell Surface Receptors to Hybrid Nanopatterned Surfaces 99

-, 3 5

N7 Y by ¥
MoMoMOME M s’.....é
Wwwmy |

cold #hot gold nanoparticles
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nique to control spatio-temporal detachment of integrins from RGD-functionalised
gold nanopatterns via thermoplasmonics (Fig. 10). In addition to allowing targeted
detachment of single cells using a microscope-based setup, it could provide the
means to study the kinetics of synchronised cell release and re-spreading as well
as reorganisation of the adhesion machinery. This could be achieved by nanoscopic
thermal exposure of selected FAs.

For almost 20 years, SAMs on gold have offered concrete opportunities to bridge
surface chemistry to cell biology. Biofunctionalised gold nanopatterns have proven
to be a superior surface model for dissection of the cell adhesion machinery. Their
ability to “hexagonally map” the engagement of individual integrins at the nanoscale
have clearly revealed the importance of clustering in the regulation of adhesion-
mediated signalling. The nanopatterning of RGD motifs has demonstrated that cells
read, process and respond in a stereotypical manner when interfacing a material
with defined properties. Together, a spacing threshold of about 70 nm to activate
integrin functions, a number of six integrins per adhesive patch to allow stable FA
formation, and a sensitivity of 1 nm variation in RGD gradients over the length of
a single cell, point out the mechanistic precision of the integrin ligation and sig-
nalling. The analysis of genetically modified cell lines that lack key components
of the adhesion signalling machinery cultured on biofunctionalised nanopatterns is
an important approach for gaining more mechanistic insights into this process. In
addition to this, the development of new synthetic substrates offering possibilities
for multiparameter modification of the extracellular environment would ultimately
be the most appropriate strategy for the study of cellular systems in a more physio-
logical manner. Therefore, it is essential to continue merging knowledge and skills
from chemistry, physics and engineering with cell biology to shed new light on the
complexity of integrin-mediated cell adhesion.
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Self-Assembled Monolayers as Dynamic Model
Substrates for Cell Biology

Abigail Pulsipher and Muhammad N. Yousaf

Abstract In recent years, the surface chemistry community has actively pursued
the design and generation of stimuli-responsive platforms or dynamic surfaces to
control the interface between cells and a solid support. Surface properties can be
manipulated through photoactivation, electrochemical potential, pH change, and the
addition of a biochemical signal, with the aim of mimicking the extracellular ma-
trix and inducing cellular behavior. This chapter describes recent advances in the
development and utility of self-assembled monolayers (SAMs) as dynamic, model
substrates for cell biology.

Keywords Biological interface - Cell migration - Cellular adhesion - Dynamic
substrates - Immobilization - Self-assembled monolayers
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1 Introduction

The development and integration of strategies to control the interface between
biomolecules and a solid support is crucial to a number of research areas including
drug discovery [1], biomedical engineering [2-5], and the design of tissue engi-
neering scaffolds [6, 7]. Such studies require the use of a model substrate in which
chemical and physical parameters can be tailored to modulate the desired behav-
ior of biological ligands. Self-assembled monolayers (SAMs) of alkanethiolates on
gold have proven to be an ideal class of model substrates [8—10]. In the past few
years, the surface chemistry community has actively pursued the design and gener-
ation of stimuli-responsive platforms or dynamic surfaces for bioanalysis [11, 12].
The ability to manipulate surface properties through the application of an external
stimulus, such as photoactivation, electrochemical potential, pH change, or the ad-
dition of a biochemical signal to induce biomolecular behavior, will help provide
great insight into a number of fundamental cellular interactions and processes and
enable new biotechnologies.

Different materials have been exploited for use as dynamic substrates; however,
SAMs of alkanethiolates on gold represents the most studied system due to the syn-
thetic flexibility in tailoring terminal functional groups, large number of patterning
and analytical characterization techniques available, and the nonfouling proper-
ties of oligo(ethylene glycol)-alkanethiols to create complexly patterned and mixed
SAMs [8-10]. There are also a variety of chemoselective ligand immobilization
strategies that aim to present a range of specific ligands from the surface for further
manipulation. SAMs have been used in many biological studies, including the inter-
rogation of protein—protein, protein—cell, carbohydrate—protein, lipid—carbohydrate,
and cell—cell interactions. Of particular interest, dynamic SAMs may be tailored
to mimic the natural, in vivo dynamic extracellular matrix (ECM) environment
[13, 14]. Many cell types adhere to the underlying dynamic matrix and then respond
in numerous ways to the various complex physio-mechanical, hydrodynamic, and
soluble and insoluble stimuli they receive. Proper cell adhesion and migration are
important to tissue repair, inflammation response, wound healing, angiogenesis, and
tumor invasion in cancer metastasis [15-26]. Therefore, several reports have ex-
plored the integration of SAMs and switchable properties to modulate studies of
cell adhesion, polarization, and migration. Technologies to create dynamic SAM
gradients with immobilized adhesion molecules and other chemoattractants have
also been developed to aid in the elucidation of the mechanism of cell behavior and,
in particular, cell migration [27-31].
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This chapter describes the design and utility of dynamic surfaces for biological
analysis. The structure, physical properties, and advantages of SAMs of alkanethi-
olates on gold are first summarized. Specific examples demonstrating the use of
SAMs to create stimuli-controlled dynamic surfaces are then listed. Finally, other
works illustrating SAMs as model substrates for cell biology studies are reported.

2 Self-Assembled Monolayers

SAMs are highly ordered, monomolecular films formed by the spontaneous ad-
sorption of surfactant molecules on a solid support [8—10]. This phenomenon of
self-assembly was first reported in 1983 by Nuzzo and Allara, who described and
characterized the organization of bifunctional, dialkyl disulfides on gold substrates
[32]. Since then, extensive research has been conducted to elucidate the structure,
physical properties, and potential use of SAMs on a number of different materi-
als ranging from planar substrates (glass or silicon, single crystals, metal films or
foils) to curved nanostructures (colloids, nanorods, nanospheres) [8—10]. As a re-
sult, SAMs have been employed in several basic research areas to serve as a platform
for applications ranging from optoelectronics and environmental monitoring tech-
nology to the design of tissue engineering scaffolds and mechanistic cell biology
studies [2—7]. Possessing many advantages over the other platforms (siloxanes on
glass, phosphonates on metal oxides, alkanethiolates on silver, palladium, platinum,
or copper), SAMs of alkanethiolates on gold have been widely investigated as a po-
tential model system for biological study. This chapter describes the development,
utility, and challenges of dynamic SAMs as a platform to study cell behavior [33].

2.1 SAMs of Alkanethiolates on Gold

It has been shown that long-chain alkanethiolates will rapidly and spontaneously
form densely packed, well-ordered, and trans-extended monolayers on gold (111)
surfaces [8—10, 33]. A scheme representing the structure of an ideal SAM is dis-
played in Fig. 1. The thiol head-group has a high affinity for transition metals and
binds the gold through a Langmuir adsorption process. The sulfur atoms and, in turn,
the alkyl chain spacer promote stabilization and regular packing through dipolar and
van der Waals intermolecular forces, respectively. Therefore, the alkyl chains adopt
the optimum distance between one another to maximize interchain interactions.

In addition to the well-defined physical properties previously listed, SAMs of
alkanethiolates on gold offer attractive advantages to serve as model substrates for
biological applications. The preparation of the gold films is inexpensive and sub-
strates can be routinely customized according to the appropriate thickness desired.
Thiol chemistry is amenable to several different functional groups through standard
organic chemistry. Therefore, the synthetically flexible terminal group provides the
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means for specific tailoring with the presentation of a variety of ligands from the sur-
face. Another benefit to using gold is its inherent conductivity and, therefore, gold
is compatible with several analytical techniques for characterization (electrochem-
istry, surface plasmon resonance, scanning electron microscopy, tunneling electron
microscopy, etc.), that are unavailable to other SAM systems [8—10, 33]. Similarly,
there are many patterning methodologies amenable to SAMs on gold, enabling the
opportunity to create complex substrates for the interrogation of biomolecular in-
teractions. For example, microcontact printing (LCP) and dip-pen nanolithography
(DPN) have been used to pattern gold, forming micro- and nanofeatured SAMs
[34-38]. Other techniques, such as photolithography, microfluidics, and electron-
beam lithography have been employed to activate a particular terminal group for
the subsequent tethering of molecules within a spatial confinement. Finally, planar
gold is nontoxic to cells and compatible with cell culture. Furthermore, assembled
monolayers of oligo(ethylene glycol)-alkanethiols are known to resist nonspecific
adsorption of proteins and cells and, therefore, often serve as the background mono-
layer for cell biology experiments [39, 40].

2.2 Immobilization Strategies for Surface Tailoring

An advantage of using SAMs of alkethiolates on gold as a model system is that
thiol chemistry is compatible with a variety of functional groups. As such, alka-
nethiols are commercially available or routinely synthesized [41-45]. However,
even for simple molecules, synthesis may become laborious and time-consuming
endeavors, and obtaining alkanethiols tethered to a peptide, carbohydrate, or de-
sired biomolecule may become a major challenge. To circumvent these difficulties,
a number of interfacial coupling strategies that aim to modify preassembled mono-
layers have been developed. Some of these organic reactions include Diels—Alder
conjugation [46, 47], Click chemistry [48, 49], quinone and aldehyde coupling
with oxyamines [50-52], Staudinger ligation [53], olefin cross-metathesis [54],
Michael addition [55], and maleimide [56] (Table 1). Under the appropriately
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Table 1 Interfacial SAM coupling strategies to immobilize
and present ligands from the surface
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designed reaction conditions, these methodologies offer a direct route to genera-
tion of a covalent linkage between the terminal SAM group and the functionalized
ligand. The Mrksich group has shown the use of maleimide-terminated SAMs
for the coupling of thiol-containing peptides and carbohydrates to observe and
quantify the effects and products of enzymatic glycosylation [56]. This same
group developed the rapid reaction between hydroquinone-presenting SAMs and
cyclopentadiene-functionalized peptides to perform cell adhesion studies [57]. To
generate quantitative and chemoselective immobilization of ligands to surfaces,
Chan and colleagues in the Yousaf group explored the reaction between quinone-
terminated SAMs and soluble oxyamine-tethered peptides for protein and cell
adhesion studies [58]. It is also possible to alter the terminal group functionality after
SAM formation by applying an external stimulus to selectively activate the mono-
layer for ligand immobilization. For example the quinone-presenting SAMs used
by Mrksich and Yousaf assemble, presenting the hydroquinone form, and must be
electrochemically oxidized to the quinone before coupling with cyclopentadiene- or
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oxyamine-containing ligands. Another report used microfluidics to selectively
convert tetra(ethylene glycol)- and hydroxyl-terminated SAMs to aldehyde
groups by chemical oxidation for subsequent reaction with oxyamine-containing
molecules [59].

2.3 Patterning Methods

There has been much interest in developing strategies to spatially control the in-
terface between biomolecules on a solid support for a number of applications
ranging from the design of drug-delivery vectors and gene microarray technology
to conducting mechanistic studies in cell motility. In combination with the syn-
thetic advantages listed above, several patterning techniques have been adapted
with SAMs on gold to enable the selective positioning and manipulation of lig-
ands. The most common method of patterning SAMs, developed by Whitesides, is
microcontact printing (WCP) (Fig.2a) [8-10, 34]. This technique makes use of an
elastomeric poly(dimethylsiloxane) (PDMS) stamp (with preformed microfeatures
by soft lithography) to ink and transfer hydrophobic alkanethiols onto a gold surface.
The surfactant molecules self-assemble instantly upon contact with the substrate,
leaving a replica of the features. This method is inexpensive and easily reproducible
and, therefore, LCP has been employed in numerous applications, such as pattern-
ing SAMs for cell adhesion studies, as well as printing functionalized biomolecules

Microcontact Printing Atomic Force Microscopy

a

{ciesH

[ i i

y
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Fig. 2 Methods for patterning alkanethiolates on gold: (a) microcontact printing, (b) atomic force
microscopy, (¢) photo-deprotection, and (d) microfluidic lithography
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for ligand immobilization. A similar SAM patterning technique was later developed
in which microfluidics was used to form two dimensional SAM features on gold
(Fig. 2d). This strategy, microfluidic lithography (UFL), first requires a PDMS mi-
crofluidic cassette to be sealed on the surface [29]. A solution of alkanethiol is then
flowed through the channels, resulting in the rapid formation of patterned SAMs.
Thus far, UFL has been employed to create dynamic SAM gradients for cell polar-
ization, directed migration, and contiguous cell co-cultures studies. Other methods
to pattern SAMs include several lithographic techniques such as photo- (Fig. 2¢),
electron-beam, X-ray, and dip-pen nano- (Fig. 2b) lithography [60-65]. Although
most of these surface manipulations require expensive or custom instrumentation,
patterns are able to be transferred and formed with high fidelity and resolution
(10-30nm) and only require extremely low sample volumes (nL).

2.4 Analytical Techniques for SAM Characterization

Planar SAM systems are compatible with a number of surface characterization
and spectroscopic techniques. Methods such as ellipsometry, near-edge X-ray ab-
sorption fine structure spectroscopy (NEXAFS), reflectance absorption infrared
spectroscopy (RAIRS), Raman spectroscopy, X-ray diffraction, and contact angle
measurement have all been used to elucidate physical properties about the SAM
thickness, tilt angle from the surface, and packing density. Other techniques aim
to characterize terminal group transformations including X-ray photoelectron spec-
troscopy (XPS), infrared spectroscopy (IR), cyclic voltammetry (CV), and mass
spectroscopy (MS) [66-73]. Since gold is conductive, electrochemistry has been
used to activate SAMs for ligand immobilization, as well as monitor the reaction
and calculate ligand density. Similarly, surface plasmon resonance (SPR) has been
employed to monitor and calculate binding affinity for the biomolecular interaction
between SAM-supported carbohydrates and soluble proteins on gold [58, 74, 75].
There are also several microscopic techniques available to SAMs on gold to aid
in imaging and the observation of cell behavior and biomolecular interactions.
Atomic force microscopy (AFM) has been employed to pattern SAMs, as well as to
image adhered bacteria and cells [37, 38]. Other microscopy methods include total
internal reflection fluorescence microscopy (TIRFM) [76], phase contrast and fluo-
rescence microscopy, tunneling electron microscopy (TEM), and scanning electron
microscopy (SEM) [77, 78].

3 Modulating Dynamic SAMs for Biological Applications

In recent years, there has been tremendous effort to develop materials that are
dynamic, offering active control over presented ligands in situ [11-14]. Usually, the
chemical and physical properties of the surface or molecules bound are changed by
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applying an external stimulus. Some of the earliest studies reported the use of ther-
mally responsive or photoactive hydrogels that were fine-tuned to promote specific
cellular interactions while simultaneously discouraging other interactions during
cell culture [79]. Other work that has attempted to mimic the dynamic environ-
ment of natural biological systems has demonstrated the use of electrochemical, pH,
solvent, chemical, and biochemical control to regulate the activity and function of
biomolecules. Stimuli-responsive materials are also important for the fabrication of
sensitive and reusable biosensors with applications extending to clinical diagnostics,
environmental monitoring [80], and DNA analysis [81-87]. SAMs of alkanethio-
lates on gold have naturally been integrated with this idea of dynamic modulation,
due to their extensive characterization and known advantages, to serve as a model
substrate for biological investigations. With the number of analytical tools, pattern-
ing techniques, and surface-coupling strategies compatible with SAMs on gold, as
well as the nonfouling properties of oligo(ethylene glycol)-alkanethiol, SAM sub-
strates provide a strong platform for the simulation and regulation of bioactivity
and function. Therefore, SAMs have been implicated in several studies involving
the molecular recognition and interactions between antigen—antibody [58], protein—
protein, carbohydrate—lectin, cell-peptide, lipid—carbohydrate, and DNA—enzyme.
Unlike the highly evolving environment of natural biological surfaces, SAMs are es-
sentially static systems. Therefore, the development of dynamic substrates is crucial
for understanding the mechanistic properties of fundamental biological processes
and interactions.

3.1 Stimuli-Controlled Dynamic Surfaces

3.1.1 Electrochemical, Biochemical, and pH Control

Gold is conductive, and therefore serves as a useful platform for the design of
sensitive, reusable, and real-time electrochemically-based biosensors for environ-
mental monitoring, forensics analysis, and biochemical signal detection. There are
a large number of electroactive molecules available to the SAM surface commu-
nity that have displayed in situ, on and off switching capability when subject to
a particular oxidation or reduction (redox) potential. In a set of experiments con-
ducted by Rant and coworkers, DNA was assembled on gold substrates from an
electrolyte solution [81-83]. Upon the application of alternating electrical poten-
tials, the authors were able to induce the switching of the DNA conformation from
a “lying” state at the surface of the electrode and a “standing” state perpendicular
to the substrate. These reversible conformations were monitored by fluorescence in
real-time. Plaxco and colleagues introduced a small biochemical signal to stimulate
DNA hybridization and recorded the response by electrochemistry [84, 85]. The
group created a specialized biosensor using a redox-tagged DNA aptamer for DNA
hybridization experiments (Fig. 3). In developing the sensor, the authors first assem-
bled a stem-loop oligonucleotide, possessing terminal thiol and ferrocene groups
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Fig. 3 Electrochemical aptamer-based sensor of redox-tagged DNA against specific targets.
(a) When the aptamer comes in contact with a small molecule, in this case cocaine, it folds, and the
redox tag is brought closer to the electrode, increasing the current. (b) When the aptamer comes
in contact with thrombin, the tag moves away from the surface, decreasing the electrochemical
signal. Reproduced from [85] with permission. Copyright: Langmuir, 2007

on gold. Without the addition of separate DNA sequence-target, the ferrocene is
located close to the gold, resulting in a large current signal and efficient electron
transfer upon a redox potential. However, when the target DNA sequence is added,
it hybridizes with the stem loop, causing the ferrocene tag to move away from the
surface resulting in a decrease in redox current. A similar system was later created
to induce DNA folding, detected electrochemically after the addition of a protein,
thrombin, and a small molecule, cocaine. A redox tag, methylene blue (MB) was
conjugated to the DNA aptamer, which was then assembled on a gold electrode.
After the addition of soluble cocaine, the electrochemical current increased, indi-
cating that the interaction between DNA and cocaine caused the redox tag to come
in close proximity with the surface. On the other hand, when thrombin was al-
lowed to react with the DNA aptamer, there was a decrease in signal, indicating
that MB moved further from the surface. Kong et al. reported fabrication of a sim-
ilar biosensor design to modulate the adsorption and release of the proteins avidin
and streptavidin by electrochemical stimulus [86, 87]. SAM conformations, with a
terminal carboxylic acid or amino group, could be controlled by applying electric
potential. When the terminal groups were forced to align “straight” from the sur-
face, proteins adsorbed. However, reversing the potential caused SAMs to “bend”
toward the electrode, resulting in the detachment of protein.
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Fig. 4 The pH-controlled switching of photocurrent direction in SAMs composed of helical pep-
tides with a carboxylic acid terminal group. Reproduced from [91] with permission. Copyright:
The American Chemical Society, 2005

The above-mentioned examples involved the combination of biochemical stim-
ulus and electrochemical output to modulate and detect biomolecular responses.
Changing the pH of the electrolyte solution in conjunction with electrochemistry
can also be employed to promote and control biological behavior as well [88-90].
Yasutomi and coworkers reported being able to reversibly switch the photocurrent
direction of helical peptides from anodic to cathodic by controlling the pH of the
solution (Fig. 4) [91, 92]. Peptides were functionalized with a thiol side-chain car-
boxylic acid terminal group and were assembled on gold. The terminal group exists
either as an acid at low pH or as carboxylate anion at high pH. It was found that
an anodic photocurrent was generated at low pH, and a cathodic photocurrent was
observed in a deprotonating pH, affecting the rates of electron transfer. A recent
study by Angelos et al. reported the fabrication of a pH-responsive supramolecu-
lar nanovalve, based on a pseudo-rotaxane compound, for the controlled adsorption
and release of luminescent molecules [93]. This system was created for testing the
healthy and diseased states of cells in vivo.

There have also been a number of reports on the use of redox chemistry in
situ, catalyzed by a chemical oxidant on or by applying electrical potential to
the gold electrode, to activate a SAM functional group for the chemoselective
coupling of ligands [28-30, 58, 59]. For example, Mendes et al. described the se-
lective electrochemical conversion of NO;-terminated SAMs to NH, groups for
subsequent immobilization of primary antibodies to observe the biospecific bind-
ing of proteins [94]. In a different series of experiments, Mrksich and coworkers
demonstrated the novel utility of several redox-active SAM terminal groups, includ-
ing quinone propionic ester [95], catechol orthoformate [96], and hydroquinone
[57, 97, 98]. These molecules were turned on through electrochemical oxidation
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Fig. 5 Reversible oxidation and reduction of electroactive SAMs to generate renewable microar-
ray surfaces for bioanalysis (left). Corresponding fluorescent micrographs (right) depicting three
cycles of carbohydrate and protein immobilization and release on the same substrate

to react with hydroxyl- and cyclopentadiene-conjugated ligands, and a variety of
peptides and carbohydrates were presented from the surface and used for investiga-
tion into the mechanisms of cell adhesion, glycosylation, and protein binding. The
Yousaf group further adapted the hydroquinone-based platform for reaction with
oxyamine-functionalized biomolecules and added a ligand-release component, in-
duced by applying reduction potential under physiological conditions (pH 7) [99].
With the release element, surfaces become reusable for multiple cycles of lig-
and immobilization, investigation, and release. One study demonstrated the use of
hydroquinone-terminated SAMs to create a renewable microarray for the tether-
ing of different carbohydrates and subsequent protein binding assay (Fig. 5). Sugars
were released by applying a reductive potential, revealing the original SAM. Other
reports have described the same system for generating complex, patterned substrates
for studies in cell adhesion, polarization, and migration, which will be discussed in
the Sect. 3.1.2 [28].

3.1.2 Photochemical Control

Dynamic SAM substrates can be engineered to respond to a light stimulus
[27, 28, 31]. For example, photodeprotection strategies to reveal a key functional
group in patterns for subsequent ligand coupling have been explored. A photomask
of prefabricated features is placed on a surface with assembled mixed monolayers.
[lumination with UV light at a particular wavelength catalyzes removal of a pro-
tecting group, exposing the desired functional group for bioconjugation [8§—10]. This
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Fig. 6 Design of a photoswitchable GOx electrode with electron transfer mediator (a) fer-
rocenecarboxylic acid and (b) rotaxane-based molecule. (a) Reproduced from [100, 101] with
permission. Copyright: The American Chemical Society, 1998. (b) Reproduced from [102] with
permission. Copyright: Wiley-VCH, 2009

method is very useful for the generation of complex patterns and gradients for the
study of cellular behavior in response to an adhesion molecule or chemoattractant
and will be discussed further in the Sect. 3.1.3. Another use of light to modulate or
turn on and off certain biointeractions was demonstrated by Blonder and colleagues
with the design of a photoswitchable glucose oxidase (GOx) gold electrode for the
bioelectrocatalytic oxidation of glucose to gluconic acid (Fig. 6a) [100, 101]. The
photoisomerizable enzyme was assembled by reconstituting apo-glucose oxidase
with semi-synthetic nitrospiropyran-FAD cofactor. Ferrocenecarboxylic acid acted
as an electron-transfer mediator to aid in the biocatalysis of glucose oxidation.
This same system was later tuned and made more efficient in carrying out the bio-
electrocatalytic oxidation of glucose by threading the carbon-chain linker between
the electrode and FAD through a rotaxane-based molecule (RBM) (Fig. 6b) [102].
Ferrocenecarboxylic acid was no longer needed due to the rapid catalyzed electron
transfer mediated by the RBM around the reconstituted GOx sensor.

Sortino et al. reported the use of light irradiation on SAMs supporting the an-
ticancer drug flutamide to study its photoreactivity and product release of nitric
oxide. The authors were able to conduct studies in the absence of noxious side
effects such as singlet-oxygen photosensitization and observed that nitric oxide pro-
duction halted when the light was turned off [103]. Another photoactive molecule,
azobenzene, has recently been exploited in the SAM community to aid in studies
on cell adhesion and enzyme inhibition [104]. Pearson and coworkers described the
use of photoisomerizable SAMs of azobenzene to conduct a series of serine and
cysteine protease inhibition experiments. When light of 340-380nm is used, the
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Z or cis conformation is adopted, burying the tethered-inhibitor within the mono-
layer and leaving it inaccessible to the serine protease, oi-chymotrypsin. However,
when the wavelength is changed to 450-490nm, the E or trans configuration is
induced, exposing the inhibitor, which then facilitates binding of the protein. This
general application can be further extended to small-molecule drug discovery for the
synthesis and development of pro- and anti-drugs. Porphyrin monolayer-modified
surfaces have potential utility in the development of artificial photosynthetic materi-
als, photocatalysts, and chemical and biochemical sensors [105]. Rather than being
activated by light to induce biological interaction or behavior, porphyrins serve as
the photoactive molecule, overcoming the efficient photoquenching problem that
gold creates when fluorophores come close to the surface, and may be used to fluo-
rescently label proteins and cells.

3.1.3 Thermal Control

Applying the external stimulus of temperature is another method for modulating
the biological activity on materials [106, 107]. Grunze and Jiang and colleagues
conducted numerous studies to explore the physical assembly and nonfouling prop-
erties of SAMs of oligo(ethylene glycol) alkanethiol and their resistance to protein
adsorption [108, 109]. They characterized the tilt angles and packing density of sev-
eral differently numbered units of ethylene-glycol-containing compounds and then
measured the effects of resistance to fibrinogen and lysozyme. It was concluded
that surfaces remained inert, even with only two ethylene glycol units present.
A separate study conducted by the Grunze group determined that there was
a temperature dependence associated with protein and bacterial adhesion to
oligo(ethylene glycol)-terminated SAMs [110]. The authors observed that SAMs
no longer resisted pyruvate kinase, lysozyme, fibrinogen, and bacterial attach-
ment when the temperature was increased to 37 °C. However, when surfaces were
cooled down to room temperature, these biomolecules detached from the sub-
strate. Similarly, Okano and coworkers described that cell adhesion occurred at
surfaces presenting the peptide Arg-Gly-Asp (RGD) at culturing conditions (37 °C)
[111]. However, when substrates were cooled to lower temperatures, cells sponta-
neously detached. More recent work used the temperature-switchable functionality
of oligo(ethylene glycol)-containing SAMs to control the affinity binding of strep-
tavidin to biotin-tethered surfaces. The interaction between strepatavidin and biotin
was turned on and off by changing the temperature of surface incubation.
Thermally responsive polymers, such as poly(N—isopropyl acrylamide) (NI-
PAm), have also been studied extensively for applications related to those previously
discussed [112]. De las Heras et al. described the synthesis and patterning of NIPAm
brushes on SAMs and their subsequent performance during temperature-dependent
adhesion assays of BSA and Streptococcus mutans (Fig. 7). The authors employed
UCP to pattern features of hydrophobic hexadecanethiol and backfilled the sur-
face with an initiator-functionalized alkanethiol. Polymer brushes were grown via
surface-initiated atom transfer radical polymerization (ATRP). FITC-BSA was then
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Fig. 7 (a) Growth of temperature-dependent, patterned polymer brushes on SAMs on gold sur-
faces. Images show adhesion of (b) FITC-BSA after incubation at 37°C and rinse at 12°C;
(¢) S. mutans after incubation at 4°C for 1h; and (d) S. mutans after incubation at 37°C for 1 h.
Reproduced from [112] with permission. Copyright: The Royal Society of Chemistry, 2005

incubated with the substrates for 1 h at 37°C and rinsed at either 12° or 40°C. Little
to no BSA adsorption was observed on the polymer brushes after washing surfaces
at 40°C, as opposed substrates washed at 12°C (Fig. 7b). Temperature had a greater
effect on S. mutans adhesion studies. Bacteria had no preference for attachment
(polymer brushes or hydrophobic SAM) when cultured at 4°C for 1h (Fig.7c¢).
However, when incubated at 37°C for 1 h, S. mutans adhered only to the NIPAm-
presenting patterns (Fig. 7d). Ultimately, it was demonstrated that biomolecular
adhesion could be thermally switched on and off when the same surface, con-
taining patterned bacteria, was again incubated at 4°C, followed by incubation
at 37°C, resulting in detachment from and readsorption to the polymer brushes,
respectively.

4 Dynamic Surfaces for Cell Biology

Cells exist in a complex, dynamic, and highly evolving environment, a key compo-
nent of which is the ECM [113-115]. The ECM provides structural support for
the cell, and also contains a host of supramolecular assemblies of proteins and
glycosaminoglycans, which play a vital role in cell development. In order to undergo
a fundamental biological process, cells must adhere to the underlying ECM. Cells
then migrate from the various epithelial layers to target locations, where they then
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differentiate to form specialized cells that make up different tissues and organs. As
a result, cell adhesion and migration are important to processes such as embryo-
genesis [116], normal tissue repair [15] and the immune response [16, 17], wound
healing [18, 19], and angiogenesis [20, 21]. Moreover, improper cell adhesion and
migration has been implicated in disease states such as tumor invasion in cancer
cell metastasis [22-26]. Depending on the processed signal, the cell will reorient its
machinery toward a specific direction and begin migration by forming extensions
of the leading edge of the cell membrane while releasing contacts in the rear of
the cell body [117, 118]. The complexity and highly evolving nature of biological
surfaces make it difficult to study these fundamental processes. Understanding the
mechanism of cell adhesion, polarization, and migration will have broad impacts
for many research communities, such as medicine and developmental biology. With
the ability to model and dynamically modulate the cellular environment and having
a well-defined composition, SAMs on gold surfaces represent an ideal platform for
conducting detailed mechanistic studies of biomolecular recognition in cell adhe-
sion, polarization, and migration [8—14]. The organic coupling strategies amenable
to thiol chemistry permit a vast variety of biomolecules to be tethered to the surface,
as well as to be confined to selective regions so that the specific interaction can be
observed. In addition to creating protein- and cell-resistant SAMs, gold is compat-
ible with cell culture. Another advantage to this model system is the wide range of
analytical techniques available to characterize the cellular behavior.

4.1 Integrins, Signaling, and ECM Interactions

In order for cells to migrate in vivo, they must first adhere to the ECM through
ligand—cell interactions [119]. Although there are many proteins that facilitate this
process, integrins represent a family of cell-surface receptors that specifically me-
diate the attachment of a cell to another cell or to the ECM. Structurally, integrins
are heterodimeric, transmembrane glycoproteins that consist of o and 3 subunits.
There are 18 - and nine B-subunits and a total of 24 integrin heterodimers known.
This chemical diversity gives rise to biological complexity, and thus integrins have
been implicated in numerous functions including cell-ECM and cell—cell adhesion,
organization of actin filaments, signal transduction, cell survival, cell growth and
differentiation, and unique roles in developmental processes [120, 121].

Despite this complexity, most integrins share two, key interrelated functions:
first, to promote the assembly and organization of the actin cytoskeleton [122, 123];
and second, to regulate signal transduction cascades [124—-126]. Spanning the cell
membrane, these subunits serve as a communication pathway, linking the actin
cytoskeleton and intracellular cytoplasmic proteins involved in focal adhesion com-
plexes (FACs) with the cell’s dynamic extracellular environment (Fig. 8) [127-130].
There are at least 50 distinct proteins known to be involved in FACs. Actin [131],
vinculin, talin, tensin, o-actinin, and filamin provide a structural role, while focal
adhesion kinase [132], integrin-linked kinase, Src-family kinase, PINCH, paxillin
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Fig. 8 Simplified schematic of cell adhesion through integrin-mediated communication with the
ECM, cytoplasmic proteins, and the actin cytoskeleton in formation of a focal adhesion complex

[132, 133], and G-proteins have been identified as serving regulatory roles in sig-
naling cascades. As mentioned, integrins serve as the link between these internal
proteins and enzymes and the outside environment of the cell. Depending on the
strength of the ECM interaction, integrins may be loosely connected through a
meshwork of filaments at the leading edge or strongly adhered by robust actin
fibers or fibrillar adhesions. These interactions affect the rate of cell motility. The
short peptide sequence RGD was identified as a binding motif in several ECM
components including fibronectin (Fn), fibrinogen, vitronectin, laminin, and some
collagens [134—136]. Most of the known integrin receptors recognize the RGD se-
quence when binding to ECM ligands. With the advent of live-cell imaging, the
temporal distribution of integrin complexes could begin to be addressed [137]. It
is now clear that the various adhesive structures dynamically mature from nascent
structures at the edge of the cell to the larger interior structures, such as FACs.
In a migrating cell, there is also loss of adhesion at the trailing edge that in-
volves a combination of regulated proteolysis of integrins and associated proteins,
as well as physical tearing. Although previous studies have provided a great deal of
information about how cells dynamically control the cytoskeleton—integrin linkages
in space and time, new methodologies will be needed to advance our understanding
of this process.
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4.1.1 Cell Polarization and Reorganization

The ability to polarize has been shown to be important in a wide range of cell types,
from simple budding yeasts to specialized eukaryotic cells [138—140]. As such, po-
larization is fundamental to a number of cellular processes and an essential step in
directional migration. In vitro wound healing assays demonstrate that after manual
disruption of the cell monolayer, the microtubule-organizing center (MTOC), nu-
cleus, and the Golgi apparatus reorient toward the direction of the artificial wound
[141]. It has also been shown that when treated with microtubule-depolymerizing
drugs, these key organelles are inhibited from reorganization and, subsequently,
migration is halted. During most migration processes, the MTOC and Golgi re-
orient toward the leading edge of the cell, in front of the nucleus, in response to
received and integrated intracellular signals [142, 143]. The leading edge of the cell
is characterized by the presence of protrusions of the plasma membrane; flattened,
wide projections known as lamellipodia, and the smaller, spike-like filopodia. These
membrane extensions and leading-edge dynamics are driven primarily by actin poly-
merization, which in turn is dependent on a variety of signaling pathways.

4.2 SAMs as Dynamic, Model Substrates for Cell Biology

In order to study the mechanism of cell adhesion, polarization, and migration, we
must choose a model platform. For some time, SAMs of alkanethiolates on gold
have served as such a model due to a number of factors [8—14]. For one, gold is com-
patible with cell culture and is nontoxic to cells. The inherent conductivity of gold
permits compatibility with a number of characterization and analytical tools (SPR,
ellipsometry, electrochemistry, MS), providing a wide range of methods to study
cell behavior, as well as the kinetics and thermodynamics of binding events. In ad-
dition to the well-defined structure of SAMs, thiol chemistry is synthetically flexible
for the specific tailoring of biological ligands through chemoselective conjugation.
There are several known patterning techniques to probe the effects of ligand affinity
and density on cellular behavior. Also, tetra(ethylene glycol) alkanethiol is known to
resist nonspecific adsorption of proteins and cells in order to isolate selective bioin-
teractions on the surface. In fact, early work has shown that mixed monolayers of
1% functionalized alkanethiol and 99% tetra(ethylene glycol) alkanethiol is able to
resist protein adsorption until its key biological ligand is tethered from the surface
[8-10, 13, 14]. Westcott and coworkers demonstrated that through the controlled
oxidation of a tetra(ethylene glycol)-terminated SAM, approximately 1% aldehyde
groups were generated and able to resist cell adhesion until cell-adhesive peptide
RGD was immobilized to the surface [59]. One limitation to this system is that the
gold-thiol bond becomes unstable and can oxidize under cell culture and ambient at-
mosphere after several days, making it difficult to conduct longer biological studies
[144]. Also, the structure of the SAM is essentially static, rather than fluid like the
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cell membrane. Addressing this issue, there have been many reports of patterning
lipid bilayers to support a more fluid and dynamic surface for cell attachment [145—
147].

The term “dynamic surface” refers to the ability to modulate and control bio-
logical interaction and cell behavior in response to an applied stimulus that aids in
mimicking the dynamic properties of a biological system. For example, a change
in pH, temperature, or biochemical signal may affect the cells’ ability to adhere to
the surface. Lee and colleagues showed healthily growing cells, confined to mi-
crocontact printed regions of Fn (unpublished results from this laboratory). The
remaining SAM was backfilled with quinone- and tetra(ethylene glycol)-terminated
alkanethiol (1:99) to resist cell adhesion until oxyamine-conjugated RGD peptide
was added to the culture. The RGD reacted with quinone molecules on the surface,
and within hours of immobilization, cells began to migrate out of the patterns and
spread. Similarly, Liu and colleagues demonstrated that cell adhesion can be modu-
lated by photochemical control of azobenzene SAMs on gold (Fig.9) [148]. When
SAMs adopt the E configuration at 450-490nm, RGD is displayed, and cells ad-
here and grow. Under illumination with light at 340-380nm, azobenzene converts
to the Z conformation, masking RGD, and cells are prevented from attaching to the
surface.

Extensive work has shown that, through control of electrochemical potential,
a monolayer presenting electroactive molecules can undergo reversible oxidation

Fig. 9 Reversible cell adhesion by photochemical control of azobenzene SAMs on gold. Inter-
conversion of Z and E configurations (top). Cell adhesive peptide, RGD, is displayed when SAMs
adopt the E configuration at 450-490 nm, and cells adhere and grow (bottom left and right). At
340-380 nm, azobenzene converts to the Z conformation, masking RGD, and cell adhesion is pre-
vented (center bottom). Reproduced from [148] with permission. Copyright: Wiley, 2009
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and reduction to modulate their ability to react with other biomolecules, thus
dynamically modulating cell adhesion and migration [27-29, 37, 38, 50-52]. It
was shown that biotin could be released by an electrochemical reduction of a
quinone propionic ester moiety to result in a lactonization reaction [95]. Another
study used mixed SAMs of penta(ethylene glycol)- and hydroquinone-terminated
SAMs that, when oxidized with an electrochemical potential, converted SAMs to
the quinone to permit a Diels—Alder-mediated cycloaddition of cyclopentadiene-
conjugated RGD to turn on cell adhesion, spreading, and migration [57]. Other
reports have demonstrated the electrochemical release of ligands to turn off cell
adhesion [13, 14, 50-52]. Chan and Yousaf also utilized the electroactive behavior
of hydroquinone-terminated SAMs to immobilize and pattern oxyamine-containing
RGD for the adhesion of fibroblast cells. After the substrate was subject to electro-
chemical reduction under physiological conditions, the RGD ligand was released,
and the cells detached from the surface. Moreover, the ability to create and tailor
dynamic surfaces for control of the complex cellular microenvironment has proven
important for a range of scientific disciplines, such as biomedical and tissue engi-
neering and cell biology [27, 28, 30, 31, 39]. The multitude of literature devoted to
the use of SAMs of alkanethiolates on gold to research key biological problems in-
dicates its broad applicability and proven performance to serve as a model platform
for such studies.

4.2.1 Microscopy Techniques to Study Cell Biology

There are several available microscopy techniques to investigate cellular behavior,
which have been used to image organelles, protein—cell and protein—protein inter-
actions, as well as cellular and protein dynamics [149-151]. SEM and TEM have
been used to observe cellular structure on SAMs; however, in order to image, cells
must be cryogenically frozen and fixed [152]. Mirkin had great success in demon-
strating that, through the use of an AFM tip, nanofeatures of alkanethiols can be
patterned to form a SAM on bare gold for the immobilization of biomolecules
and cells [153, 154]. This technique was later employed to provide lateral force
images of the newly patterned surface [37, 38]. In addition to imaging cells un-
der culture conditions, phase contrast microscopy has proven to be invaluable for
recording movies of cellular behavior [30, 149]. During the 1990s, Yamada, Grant,
and Bowditch and colleagues conducted a series of experiments and reported that,
along with the known cell-binding site that displays the RGD sequence found in
tenth type III domain of Fn, there exists a synergistic site in the ninth type III do-
main necessary for obtaining maximal cell-binding activity [155-157]. The signal
peptide to induce such behavior was isolated and determined to be Phe-His-Ser-Arg-
Asn (PHSRN) and, although it is incapable of supporting adhesion on its own, it has
been seen to enhance cell attachment and spreading in combination with RGD. In-
terrogation of this relationship has since been adapted with SAMs of alkanethiolates
on gold to study and image the differences in cell protrusions and migration rates
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when cultured on surfaces presenting RGD and PHSRN, alone or in different ratios.
Phase contrast imaging was able to determine that, on RGD, cells produced focal
adhesions at the end and periphery of stress fiber bundles, leading to a rigid body
and slower migration rate. On the other hand, cells on PHSRN alone, formed less
stress fiber bundles and had longer and thicker adhesion structures at protrusion tips
with faster migration rates.

In particular, fluorescence microscopy serves as a major research tool for study-
ing cell biology [137, 150]. However, gold substrates absorb the low-intensity
fluorescence within the cells’ excitation wavelength used for live-cell fluorescence
imaging, causing efficient quenching of the fluorescent molecules [8—10]. There-
fore, its integration with SAMs on gold remains difficult, and specific measures must
be taken to ensure circumvention of this technical obstacle. It has been reported that
a thin layer of gold (< 10nm) produces optically semitransparent substrates compat-
ible with immunofluorescence staining [8—10]. Hahn and Yousaf and coworkers also
overcame the fluorescence quenching limitation by applying a substrate-inversion
technique to observe protein—cell dynamics and image cellular organelles [158]. By
combining surface chemistry with a fluorescence resonance energy transfer (FRET)-
based biosensor, the dynamics of RhoA (a small GTPase protein known to regulate
the actin cytoskeleton in the formation of stress fibers) activation and inactivation
in cell protrusions were observed (Fig. 10a—c). Through measuring the FRET signal
intensity, it was found that RhoA activity is much higher at the periphery of the cell
relative to within the cell body.

A similar study was performed in which microcontact printed regions supported
Fn-mediated cell adhesion, and focal adhesion contacts between the cell and its
matrix were imaged by total internal reflection fluorescence microscopy (TIRFM)
(Fig. 10d) [159]. This technique is generally employed to study events at the cell
plasma membrane on quartz and is based on the principle of total internal reflection;
it has also been interfaced with other microscopy methods. It was recently reported,
however, that TIRFM can be integrated with SAMs on gold when the surfaces are
inverted. A thin layer of gold was evaporated onto a quartz substrate, and fibroblast
cells were patterned and allowed to spread, followed by fixing, staining, and imaging
for focal adhesions between the cell and its Fn matrix. This initial study may further
be explored in order to interface TIRFM with material science for studies in cell
signaling and more complex cellular behavior.

4.3 Applications of Dynamic Surfaces

4.3.1 Cell Adhesion

In order for cells to receive directional cues for migration, they must first adhere
to the underlying matrix through ligand—integrin recognition [119]. Whether the
integrins connect loosely through a meshwork of filaments at the leading edge or ad-
here strongly, forming fibrillar adhesions, is highly influenced by the ligand-binding
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Fig. 10 Examining RhoA activation using a FRET biosensor in cells on patterned hydrophobic
SAMs after microcontact printing: (a) FRET biosensor with RhoA-citrine conjugated to yellow and
cyan fluorescent protein (YFP and CFP, respectively) and a small binding domain derived from the
RhoA effector protein Rhotekin. (b) Differential interference contrast image of cells expressing the
RhoA biosensor. (¢) Ratiometric image of FRET emission over CFP emission. Reproduced from
[158] with permission. Copyright: The American Chemical Society, 2007. (d) Separate study using
TIRFM to examine the nanoarchitecture of cell adhesion on SAMs on a gold-coated quartz surface.
Reproduced from [159] with permission. Copyright: Langmuir, 2009

affinity. Much research has been devoted to the elucidation of focal contact structure,
strength, and phenotypic response to different ligands and environmental cues
[127-130]. Since this is the first step in cellular migration, understanding the mech-
anism of adhesion is important for a number of fields in biotechnology and develop-
mental biology. In order to study specific biomolecular recognition events between
ligands and cells on SAM substrates, a number of organic coupling reactions and
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patterning techniques have been developed to immobilize the molecule of interest
and observe the cells’ biochemical response to that particular stimulus. The use of
oligo(ethylene glycol)-containing alkanethiols to serve as an inert background to
nonspecific protein and cell adsorption is also of advantage to this platform. The
combination of a nonfouling background and the spatial and geometric confinement
the cell-ligand interaction influence cell shape and morphology, and thus provide a
sound basis for the design of cell structural, differentiation, and motility assays.

UCP is often used to print a SAM on gold that can support protein or ligand-
mediated cell adhesion [160]. The substrate is then immersed in a solution con-
taining oligo(ethylene glycol)-terminated alkanethiol to backfill and render the
remaining surface biologically inert [161]. Hydrophobic alkanethiols support the ad-
sorption of Fn and other ECM proteins, which induce cell binding through integrin
recognition and, therefore, many studies involving WCP as a patterning technique
use hexadecane or dodecane alkanethiols. In a recent publication, Xia and col-
leagues used LCP to create a variety of Fn nanoarrays with differently sized and
spaced features to direct NIH cell motility through focal adhesion positioning and
spatial control of Rac (a Rho-family GTPase) activation [162]. Immunofluorescence
microscopy confirmed that focal adhesion sites were concentrated along the cell pe-
riphery and that Rac was activated shortly after peripheral membrane extensions
spread to new Fn islands. Mrksich’s group employed LWCP to survey lamellipo-
dial response and distribution of B16F10 cells to local and global geometric cues,
demonstrated by cortactin heat maps from cell populations. They found that local
cell curvature influenced directed migration, as well as polarity [163—165].

Photodeprotection strategies have also proven useful for patterning cell-binding
areas and gradients in which an alkanethiol is functionalized with a protecting group
that is photolabile at a certain wavelength (e.g. o-nitroveratryloxycarbonyl, NVOC).
Park et al. reported the synthesis and application of a photodeprotection method to
reveal oxyamine-terminated groups in different geometric patterns and gradients by
UV irradiation at 365 nm (Fig. 11) [31]. RGD-ketone was immobilized, followed
by ligand-mediated cell adhesion. Phase contrast images displayed cell spreading
within the confines of each shape, as well as the formation of thin appendages of
the periphery of the pattern. Similarly, Kaji et al. used a microelectrochemical ap-
proach to reveal and pattern binding sites, inducing the local adhesion and growth
of HeLa cells [166]. Using substrates coated with bovine serum albumin (BSA),
known to resist cell adhesion, a quick oxidation pulse of a scanning microelectrode
dosed with HBrO was applied to create a range of microfeatures that turned on cell-
binding events [167]. A unique combination of both LCP and photoillumination
was demonstrated by Maeda’s group to stimulate adhesion and directed migration
(Fig. 12) [168, 169]. Single cells were first patterned on [LCP islands supporting Fn.
The underlying SAM in a narrow and wide path was then desorbed by UV irra-
diation at 365 nm, and Fn was added to the surface. The Fn adhered only to the
specific pattern illuminated by light, and cell polarization and directed migration
was observed.
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Fig. 11 Mixed SAMs of NVOC-protected oxyamine- and methyl-terminated alkanethiolates (left)
are selectively photodeprotected after shining light (365 nm) through a photomask of prepatterned
microfeatures (center), and the oxyamine terminal groups are reacted with ketone-conjugated pep-
tide (RGD) for cell adhesion studies. Phase contrast images (right) show cell spreading within each
shape. Reproduced from [31] with permission. Copyright: Langmuir, 2008
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Fig. 12 Photostimulated cell migration on a SAM substrate: (a) cells adhere, and illumination
with light at 365 nm creates either a wide or narrow path. (b) Cells are allowed to migrate along
the wide or narrow pathway (for 6 h) and then imaged by fluorescence microscopy. Scale bars
represent 25 um. Reproduced from [168] with permission. Copyright: The American Chemical

Society, 2007
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4.3.2 Cell Polarization and Cell Migration

After a cell adheres to either another cell or the underlying matrix, it communicates
with and integrates signals from its surrounding environment before it migrates
toward a particular stimulus. After the cell receives a directional cue, it must po-
larize and reorient its machinery toward the direction of migration [138—143].
The simplest definition of cell polarization is the establishment of morphologi-
cally and functionally distinguishable regions of the internal structures of the cell.
Several studies have been aimed at creating biospecific gradients of ECM pro-
teins, other cells, or other cell-surface receptor-type molecules on SAMs on gold
[27-31]. Thus, polarization is fundamental to a number of cellular processes, yet
the mechanism is not fully understood and SAMs have been integrated to address
this phenomenon. Until recently, many of the fundamental studies of cell polar-
ization have been performed using wound-healing assays, as previously described.
Hoover and colleagues adapted Mirkin’s dip-pen nanolithography (DPN) technique
to pattern hydroquinone-terminated alkanethiol on bare gold using an AFM tip
[37, 38]. Electrochemistry was then used to activate arrays for ligand immobi-
lization. In the first study, the authors patterned cells to symmetric nanoarrays to
observe the differences in focal adhesion contacts of adhered cells to linear-RGD
and cyclic-RGD. Cells on cyclic-RGD demonstrated more spreading and focal adhe-
sion formation throughout, whereas on linear-RGD, cells made focal contacts only
the periphery due to the higher affinity of cells for cyclic-RGD (nM) as opposed
to linear-RGD (uUM). A diffusive Golgi apparatus for both substrates was also seen.
The authors then looked further into the mechanism of polarization by patterning
asymmetric nanoarrays of immobilized linear-RGD (Fig. 13). After fluorescently
labeling and imaging the MTOC, Golgi apparatus, and actin cytoskeleton, it was
concluded that there was a distinct polarization vector formed toward the higher
density regions containing the cell-adhesive peptide signal. This was indicated by
the reorganization of actin cytoskeleton and positioning of the Golgi apparatus in
front of the nucleus toward the higher density ligand, which is hypothesized to oc-
cur during polarization.

4.3.3 Molecular Surface Gradients and Cell Behavior

In vivo, cell outgrowth and directional migration usually occur up a concentration
gradient of soluble adhesion sites (chemotaxis) or surface-bound chemoattractants
(haptotaxis) [170, 171]. These biomolecular gradients are naturally present in the
ECM and are critical during early and subsequent developmental stages of a cell’s
life, as well as during tumor invasion and metastasis. When subject to these gra-
dients of extracellular signals, ligand- and receptor-mediated interactions cause
the cell to polarize, resulting in activation and reorganization of organelles and
cytoskeletal components. This process then initiates a specific cellular behavioral
response. There has been some research toward the creation of artificial gradients
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Fig. 13 Comparative study of symmetric and asymmetric electroactive nanoarrays for the study
of cell adhesion and polarization: (a) DPN was used to pattern a SAM nanospot of hydroquinone-
terminated alkanethiolates for subsequent RGD immobilization and cell adhesion. (b) Lateral force
microscopy image of a symmetric nanoarray (left) and fluorescent cell having a diffusive nucleus-
centrosome-Golgi vector that indicates no preferential migratory direction (right). (c) Cell polarity
vectors orient toward the direction of higher RDG density on asymmetric nanoarrays. (d) Higher
magnification of the cell polarization vector (above) and its schematic (below). Reproduced from
[37, 38] with permission. Copyright: The American Chemical Society, 2008

on biomaterials. For example, McCarthy and coworkers showed that altering the
concentration of substrate-bound laminin, an ECM protein that interacts with inte-
grin receptors and promotes cell adhesion, induced directed RN22F cell migration
toward the higher amounts of laminin [170]. They also observed that flowing sol-
uble laminin over attached cells had no effect on the motility rate and that the
magnitude of cellular response could be altered by changing the relative density of
bound laminin. A similar study using a concentration-dependent gradient of surface-
bound proteoglycans (PG) that promote polyvalent interaction of the cell with other
ECM components and neighboring cells was conducted by Cattaruzza and Perris
[171]. It was found that in contrast to the response to Laminin, cells migrated away
from areas of immobilized PG if they sensed a higher density of bound or solu-
ble chemoattractant nearby. Although these studies provided invaluable information
into the mechanism of directed-cell mobility, the gradients were not well-defined or
quantitatively characterized.

To address this issue, several experiments generating dynamic gradients of SAMs
or biomolecules with spatial and temporal control on surfaces supporting SAMs
have been reported in studies on cell polarization and migration [27-31]. Chan
and coworkers published a series of studies that used a combined photodeprotec-
tion and electrochemical methodology to probe the interplay between cell—cell and
cell-matrix interactions and the effects on polarization and migration [27]. In the
first report, the authors patterned ligands and single and multiple cells on com-
plex geometries, gradients, and overlapping patterns using a number of fabricated
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Fig. 14 Photochemical and electroactive SAM-based strategy to study the polarization of cells
on different (a) geometries and (b) spatially controlled gradient patterning. Reproduced from [27]
with permission. Copyright: The Royal Society of Chemistry, 2008

photomasks that reveal hydroquinone-terminated alkanethiols after irradiation at
365 nm (Fig. 14a). It was observed that a single cell adhered to a symmetric pattern
has no net polarity, and reorganization of the nucleus, Golgi apparatus, MTOC, and
actin cytoskeleton does not occur. However, when a second cell was introduced on
the same pattern, cells polarized in opposite directions, away from one another. This
was also seen on a different geometric pattern with four cells, displaying four net
polarity vectors pointing in opposite corners, away from one another. It was also
concluded that with a high cell density on patterned gradients of substrate-bound
RGD, the cell—cell contacts override cell-matrix interactions, and directed cell mi-
gration was not observed (Fig. 14b). A further study performed by the same authors
demonstrated the use of WCP and photodeprotection to pattern and reveal gradients
for the investigation of cellular behavior of co-cultures (Fig. 15¢) [28]. Transfected
mouse fibroblasts expressing Green Fluorescent Protein (GFP)—actin were first pat-
terned on Fn-containing patterns. A photomask was then used to reveal a gradient of
hydroquinone-terminated alkanethiol that was subsequently conjugated with RGD-
oxyamine. A nonfluorescent fibroblast cell line was then cultured on and adhered
to the gradient of RGD, most densely populating the higher concentrated areas of
the pattern, rather than coinhabiting the fluorescent population. Electrochemical-
induced release of RGD forced detachment of the cells adhered to the gradient,
leaving the population interacting with Fn attachment.

Another strategy that has proven to be powerful in the creation of gradients
is microfluidic lithography (UFL), described by Lamb and coworkers [29, 30].
In a series of publications, these authors conveyed the fabrication and use of
PDMS elastomeric microfluidic cassettes to generate chemoselective SAM patterns
and gradients. In the initial report, a solution of hydroquinone-containing alka-
nethiol was flowed through the microchannels in a controlled manner, forming a
SAM gradient, and RGD was immobilized (Fig. 16b). uCP of circular patterns and
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Fig. 15 Photochemical and electroactive SAM-based strategy to generate a cell co-culture plat-
form with spatially controlled gradient patterning: (a) Activation of hydroquinone-terminated
SAMs by photodeprotection of NVOC (365 nm) for subsequent tailoring of oxyamine-containing
ligands that can be immobilized and released to reuse the surface. (b) Photomask used to cre-
ate hydroquinone-SAM gradients for fluorescent dye conjugation and cell adhesion and migration
studies. (c) Patterned cells on surfaces that can be released and re-adhered through electrochemical
and pH stimuli. Reproduced from [28] with permission. Copyright: Wiley-, 2009

subsequent Fn adsorption was then conducted, followed by cell culture on the sur-
face. Through phase contrast imaging, cells were observed migrating up the Fn
gradient, toward the region containing densest Fn (their natural adhesion substrate)
and, after some time, were seen to spread out and grow on the pattern. Microflu-
idics was then employed by the same group to partially etch away the SAM and
gold in different patterns and to test the effects of cell-migration in response to the
substrate disruption (Fig. 16a). Fluorescence live-cell imaging recorded transfected
Rat2 fibroblasts during migration and showed a polarized Golgi and nucleus toward
the direction of movement.
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Fig. 16 (a) Strategy for the complete spatial and visual control of directed cell polarity and migra-
tion using partially etched SAMs on gold by microfluidic activation (above), as shown by live-cell
fluorescent image of a polarized Golgi (below). (b) Separate study in which microfluidic lithogra-
phy was used to create gradients of SAMs for studies in cell adhesion and migration. Reproduced
from [29, 30] with permission. Copyright: Wiley-VCH, 2008

5 Conclusion and Outlook

SAMs offer attractive physical properties that allow fundamental studies of biointer-
facial chemistry. The synthetic flexibility in tailoring terminal functional groups and
the large number of patterning and analytical characterization techniques compati-
ble with SAMs make them a model platform for a wide range of research disciplines.
With the combination of available ligand immobilization strategies and the non-
fouling properties of oligo(ethylene glycol)-alkanethiol, complexly patterned and
mixed-SAM surfaces can be generated. Due to these advantages, SAMs serve as
an ideal substrate in mimicking the natural, dynamic environment of cells. As a re-
sult, this system has found great success in conducting cell adhesion, polarization,
and migration studies. Attempts to modify planar SAM surfaces for observation of
cells sampling their three-dimensional environment have been reported with varying
success [172]. Future directions aim to integrate several of the dynamic substrate
aspects discussed in this chapter with high-resolution live-cell/tissue imaging to
generate platforms that conduct complete analysis and quantization of cell behav-
ior in vivo and in real-time. This endeavor requires a coordinated multidisciplinary
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effort. Overall, there has been much success with the use of SAMs of alkanethi-
olates on gold in biological investigations; however, a few disadvantages of the
system still remain. Limitations include fluorescence quenching and long-term in-
stability of the gold-thiol bond. As a result, alternative model systems (siloxanes
on glass, phosphonates on metal oxides) have been explored for use in cell-based
assays and biosensors [173, 174]. Thus, extending the surface chemistries and de-
sign principles for SAMs on gold to other materials could provide opportunities to
conduct novel experiments for cell biology studies and for developing new platform
biotechnologies.
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LbL Films as Reservoirs for Bioactive Molecules

D. Volodkin, A. Skirtach, and H. Mohwald

Abstract This review presents recent progress in utilizing polymeric films made by
the layer-by-layer (LbL) technique (so-called multilayered films) as reservoirs for
hosting and releasing bioactive molecules. This relatively new technique is distin-
guished by its high modularity and structural control at the nanometer level, giving
polymeric surface films with tuneable physicochemical properties. A significant in-
crease in research activities regarding the bioapplications of the multilayered films
has taken place over the last decade. In this review, we address the bioapplica-
tions of LbL films and will focus on the loading and release of the film-embedded
bioactive compounds and their bioactivity. Planar and free-standing 3D multilay-
ered polyelectrolyte films (microcapsules) are considered. Special attention is paid
to light-stimulated release, interaction of cells with the LbL films, and intracellular
light-triggered delivery.

Keywords Bioactive - Layer-by-layer - Multilayered films - Polyelectrolyte
self-assembly - Remote release
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1 Introduction

Layer-by-layer (LbL) polyelectrolyte self-assembly [1, 2], which is based on con-
secutive adsorption of polymers that have affinity to each other (Fig. 1), has emerged
as a powerful and versatile strategy for engineering surface films aiming bio-
functionalization. Not only electrostatic interactions, but also hydrogen bonding
[3-5], host—guest interactions [6—11], and hydrophobic interactions [12] can be the
main driving forces for assembly of the films. The fundamental physical mech-
anisms behind the LbL technique have been extensively studied [13-19] but are
not fully understood so far. This relatively new technique possesses excellent char-
acteristics such as fine film tuning in terms of thickness (nano- and microscale),
stiffness, chemistry, stability, biofunctionality, and dynamics [20-22]. LbL films
can be distinguished by the type of film growth: (1) linear with stratified struc-
ture interpenetration by each polyelectrolyte only into neighboring layers, or (2)
exponential with free diffusion of at least one polyelectrolyte. The poly(styrene
sulfonate)/poly(allylamine hydrochloride) (PSS/PAH) film is the most prominent
example of the first category, and typical examples of exponentially growing films
are films made with polyaminoacids and polysaccharides [23—-26]. The nature of the
polymer strongly affects the growth regime but is not the dominating factor; linearly
growing films can switch their growth regime if interpolymer interaction is weak-
ened by an increase of salt concentration (charge screening) or temperature [17, 27].
LbL films, especially exponentially growing ones, potentially have a high capability

Fig. 1 LbL film deposition on a planar support. Immersion in polymer solutions of polycation
(a) and polyanion (c). (b, d) Washing steps to remove nonadsorbed polymer molecules. (e) Struc-
ture of the LbL-assembled film
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of loading (during LbL assembly or by postmodification) a variety of biomolecules
in a controlled way, as well as controlled release characteristics. The physicochem-
ical characteristics of the films, which are tuneable to a large extent, are the key to
modulating the interaction with cells [28, 29].

The universal character of the LbL. method has catalyzed the introduction of the
method for a wide range of bioapplications. Proteins (enzymes) [30-33], polypep-
tides [34], polysaccharides [35], lipids [36, 37], nucleic acids [38—42], viruses [43],
inorganic particles, and crystals [44] have been embedded in the films. Use of these
compounds makes the films attractive for biorelated applications such as biosensors,
drug delivery, tissue engineering, and biocoatings. Biological [45, 46] and nonbio-
logical [21, 47—49] applications of LbL films are reviewed in the literature.

One of the main challenges in biotechnology and medicine is to develop a system
able to provide a controlled release of bioactive compounds. This is attractive in
view of the obvious advantages of controlled release, such as high efficiency and
lower toxicity. LbL films containing bioactive molecules offer the ability to vary
not only the amount of the molecules but also to trigger the release and thus enable
control “on demand” with external and noninvasive stimuli such as a light. In this
review, we aim to summarize the progress in applications of the polyelectrolyte
LbL films as reservoirs and release carriers, highlighting planar and free-standing
films and the mechanisms of loading and release, including release stimulated by
irradiation with near-IR light.

2 Planar LbL Films

2.1 Loading of Free and Encapsulated Biomolecules

Bioactive films made by the LbL technique have been extensively studied by many
scientific groups worldwide. The films can host not only bioactive molecules intro-
duced as constituents of the film, but also carriers with encapsulated biomolecules,
for instance liposomes (Lip) and polymeric capsules (Fig.2). Stimuli-sensitive

Carriers
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Gold nanoparticles

Biomacromolecules / I { ficht sativati
! . xternal light activation)
(DNA. proteins. peptides) o & =
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Fig. 2 LbL-assembled polymeric film, which can host different species and interact with cells
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material can be immobilized in the film, giving the option to remotely activate
the film to result in the release of active molecules. In this review, we focus on
loading of the LbL films with biomolecules, release of the biomolecules (including
light-stimulated release), and cell interaction with the film, which is an important
issue in biomaterial science.

Bioactive macromolecules like peptides, proteins, and nucleic acids have been
successfully embedded in planar LbL films. An important question is the retention
of the bioactivity of the film-embedded biomolecules. The structural properties and
stability of the LbL films formed from synthesized polypeptides of various amino
acid sequences were recently reported [50]. The authors showed that control over the
amino acid sequence enables control over non-covalent interpolypeptide interaction
in the film, which determines the film properties. Haynie and coworkers showed
by circular dichroism spectroscopy that the extent of adsorption of poly(L-glutamic
acid) (PGA) and poly(L-lysine) (PLL) in the LbL films scales with the extent of
secondary structure of the polypeptides in solution [51]. Boulmedais demonstrated
that the secondary structure of the film composed of these polypeptides is the same
as the peptide structure in the complex formed in solution [52], as found by Fourier
transform IR spectroscopy (FTIR).

The properties of protein- and enzyme-containing films were reported by Ai
[45]. The film-incorporated enzymes keep their catalytic activity and, moreover,
have high tolerance to harsh conditions [45, 53-55]. Adsorption and embedding
of fibrinogen in the multilayers from PSS and PAH preserve the secondary struc-
ture of the protein [55]; however, these polyelectrolytes can change the structure
of bovine serum albumin and hen egg white lysozyme in the multilayers, and this
effect is more pronounced for opposite charges of the last polymer layer and the
protein. Proteins can strongly interact with the PSS/PAH film whatever the sign of
the charge of both the multilayer and the protein [33], forming a monolayer in the
case of the same charge sign and a thick layer for opposite charges, which suggests
protein diffusion into the film.

Some controversies on the structural properties of the film-embedded polypep-
tides are revealed and also highlighted by Tang [46], which reflects the complex
nature of the polypeptide interaction in the LbL films and could be also the case for
the protein-containing films. An increased number of studies on this topic suggests
means of developing polypeptide- and protein-based LbL films, despite the fact that
interactions in these films are complex and involve multimode interactions such as
electrostatics, hydrogen bonding, and hydrophobic interactions.

DNA has been embedded in LbL films by assembling with polycations like PLL,
polyethyleneimine (PEI), and poly(dimethyldiallylammonium chloride) (PDAD)
[38—42]. Zhang showed that the DNA released from the film with synthetic degrad-
able polyamine is transcriptionally viable [41]. DNA molecules can keep their
structure when incorporated in the film with synthetic polymers [39], making films
with DNA suitable candidates for gene delivery.

Small drugs, as are most pharmaceuticals, can be directly loaded in the preformed
films [56-58]. Schneider demonstrated that chitosan/hyaluronic acid (CHI/HA)
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films have high capacity for the drugs diclofenac and paclitaxel. The drug loading
can be modulated by varying the number of layers in the film, yielding a diclofenac
concentration in the film of the order of 0.1-0.3 mg/mL.

One of the main challenges in the field of biocoating engineering by the LbL
method is to increase the load of the films with biomolecules and, at the same time,
shield the biomolecules from the surrounding medium. The strategy is the incor-
poration of reservoirs filled with biomolecules into the film architecture. Recently,
phospholipid vesicles were used as such reservoirs due to their low permeability
for even small species, biocompatibility, and controlled chemistry and size, which
promises liposome utilization in both medical and nonmedical fields [59]. Surface
immobilization of liposomes [60] was comprehensively studied, mainly on the ba-
sis of biospecific [61-63] and covalent bonding to the surface [64, 65]. However,
liposomes are rather unstable and, in general, they undergo collapse or/and fusion
when coming into contact with solid surfaces or polyelectrolyte films [36, 66—68].
Many strategies have been proposed in order to overcome liposome instability [69].
They include surface polymerization [70, 71], polymer coating [36, 66—68, 72-75],
and LbL coating [76].

Stabilization by polypeptide (PLL) coating has been demonstrated [77-81] and
the stabilized vesicles were successfully embedded in the LbL films in an intact
state [77, 82-84]. Liposome stabilization by polyelectrolyte coating is attractive
due to simplicity, noncovalent surface modification, and because a wide range
of polyelectrolytes can provide the vesicles with versatile properties like target-
ing and stimuli-induced release. Figure3 shows the vesicle-embedding process.
Vesicles, composed of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), the
sodium salt of 1,2-dipalmitoyl-sn-glycero-3-[phospho-rac-(1 glycerol)] (DPPG),
and cholesterol (CL), with a diameter of around 130nm were used. Unstabilized
vesicles (i.e., without PLL coating) were fused onto HA/PLL films (Fig.3a,d),
but covered vesicles (Fig.3c) were entrapped in the film by the LbL procedure
(Fig.3c,f) after removal of excess PLL, which adsorbs better than the coated
vesicles (Fig.3b,e). The study was aimed at optimization of liposome coverage
with PLL [79, 80] and revealed an influence of many factors (polymer molecu-
lar mass, component ratio, mixing rate and order, temperature) on PLL-liposome
complexation. Mixing of PLL and liposomes leads to formation of either single
PLL-covered vesicles or aggregates. Differential scanning calorimetry experi-
ments suggest that the adsorption of PLL does not induce phase separation in
the lipid bilayer, as was previously observed for the polycation poly(N-ethyl-4-
vinylpyridinium bromide) [72]. Another important finding is that PLL-covered
vesicles keep their integrity in the solid state, even in aggregated form, and
release carboxyfluorescein (CF) a little faster than native vesicles in the liquid
state [80].

Interpolyelectrolyte and lipid—polyelectrolyte interactions play a crucial role
in vesicle embedding [84], but the right selection of components can result in
a fine structure of liposome-containing films (Fig.4c,d). The amount of the
vesicle-encapsulated material can be varied by a number of vesicle deposition
steps (“interlayers”) or by the charge of the liposomes (Fig.4e). The embedding
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FAN 1
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Fig. 3 Vesicle stabilization by PLL covering (a, b), followed by separation of well-covered single
vesicles from excess of nonbound PLL (b, ¢). Native vesicles are ruptured upon adsorption on
a (PLL/HA),/PLL film, forming a lipidic bilayer (a, d). Free non-bound PLL is preferably ad-
sorbed on a (PLL/HA);, film rather than on PLL-covered vesicles (b, e). Liposome-containing film
(PLL/HA);,/Lip-PLL/HA/PLL/HA is formed by adsorption of PLL-covered liposomes (Lip-PLL)
on a (PLL/HA), film, followed by additional coating with HA/PLL/HA layers (c, f). Reproduced
from [82]

matrix plays an important role, and exponentially growing PGA/PAH [77, 78] and
PLL/HA [82-84] films were found to be suitable for embedding by the LbL tech-
nique. The main advantage of these exponentially growing films [34, 85] with
respect to vesicle incorporation is the high water content, due to a gel-like structure
formed by weak interpolymer interactions that make a “friendly environment” for
the liposomes. We believe that these features allow successful embedding. To our
knowledge, there are no studies aim at liposome embedding in linearly growing
LbL films, which are mostly made from synthetic polymers and characterized by a
low polymer hydration state. This stresses the unique properties of the exponentially
growing films.

The fact that no apparent fusion of the vesicles is revealed by the atomic force
microscopy (AFM) does not prove the liposome structural integrity (Fig.4c,d).
Analysis of the profiles of the embedded vesicles show that they are immersed in the
film, suggesting the immersion by two different modes of the capping film layers:
(1) exponential between the vesicles, and (2) linear on the vesicle top [82]. Evidence
of vesicle stability is proved by a direct release study of the vesicle-encapsulated CF
marker, as shown in Fig. 4f [82]. Similar results were found for DPPC vesicles filled
with ferrocyanide ions [77]. No considerable release of the markers, at least during
the first few hours after embedding, points to vesicle integrity.
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Fig. 4 AFM images of (PLL/HA)|, film (a height and b deflection images) and liposome-
containing film (PLL/HA),/Lip-PLL/HA/PLL/HA (c height and d deflection images). The inset in
(¢) corresponds to the height profile of the vesicle along the dotted line (x-axis in \m, z-axis in nm).
Reproduced from [82]. (e) Fluorescence of solutions obtained by solubilization of liposome-
containing films versus the number of vesicle “interlayers” in the films. Liposomes contain 10%
(filled circles) and 30% (empty circles) of DDPG. Each value is the average of at least three in-
dependent experiments with its standard deviation (error bars). The straight lines are a linear
fit through zero. Reproduced from [84]. (f) Time evolution of the cumulative CF release from
vesicles embedded inside a (PLL/HA);,/Lip-PLL/HA/PLL/HA film architecture, when the film
is maintained at ambient temperature (inverted triangles) or heated and maintained at 45°C (tri-
angles). These release kinetics are compared to the release kinetics obtained for the same PLL
covered vesicles in aqueous solution at 45°C (circles). Each value is the average of at least three
independent experiments. Reproduced from [82]

2.2 Release Capability

There are two mechanisms for release of active molecules from planar poly-
electrolyte LbL films. The first is based on weakening of the molecule—polymer
interaction, resulting in a release. In the second mechanism, the LbL film plays the
role of a matrix housing a reservoir with encapsulated biomolecules. In this case, the
drug release is determined not by interaction with polymer(s) but by the reservoir
capacity. An example of the latter is liposome-containing films in which the release
is affected by the lipid membrane permeability. Both mechanisms can take place.
For instance, Burke showed that release as well as loading of small hydrophilic dye
molecules from PAH/HA films depends not only on the dye—polymer interaction but
on the dye aggregation ability and film swelling state [86].

The first mechanism is more widely reported in the literature and is based on
various kinds of stimuli. The main principle of this release approach is that the
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drug molecules interact with the polyelectrolyte more strongly at loading condi-
tions than at conditions when the drug should be released. pH and ionic strength
can affect the ionization of the polyelectrolyte side groups and thus change the in-
teraction of probe molecules with the polyelectrolyte film network [86-88]. Large
molecules like proteins were also shown to exhibit pH-dependent release behavior.
Miiller demonstrated that, for PEl/poly(acrylic acid) films, an adsorption and re-
lease of lysozyme and human serum albumin could be switched by changing the pH
setting, thanks to electrostatics [88].

A switching to different physicochemical conditions results in both changes in
the drug—polyelectrolyte interaction and changes in the interpolylectrolyte interac-
tions. The latter leads to film decomposition or erosion, which is the second release
mechanism. The polymers in the LbL films form a diffusion barrier for the releas-
ing molecules. Sukhishvili and Granick have studied the stability of the multilayered
films with variation of pH and ionic strength. The films were formed by hydrogen
bonding, and critical values for the film disintegration have been found by FTIR [5].
Decomposition of the polyelectrolyte film structure has been also achieved utilizing
hydrolytically degradable polymers [41, 42, 89, 90]. Thin degradable films and coat-
ings that sustain the release of DNA from surfaces under physiological conditions
could play an important role in the development of localized approaches to gene
therapy [41, 42]. Chuang and co-authors have designed active antibiotic-releasing
films with heterostructure by alternating deposition of hydrolytically degradable
poly(beta-amino ester), HA, and the antibiotic gentamicin [90]. The design allows
for direct loading of gentamicin without having to premodify it.

Release of liposome-encapsulated CF from HA/PLL films has been observed at
temperatures above the lipid transition temperature (Fig. 4f). Below this tempera-
ture, the vesicles were stable at least for a few hours. The polyelectrolyte network
destabilizes the embedded vesicles, which show higher lipidic bilayer permeability
upon heating than do vesicles in solution [84]. No change in film properties upon
heating has been reported as proof of the polyelectrolyte destabilization effect.

If the LbL film has relatively high thickness, the release rate can be driven by
molecule diffusion through the film. Schneider demonstrated that drug diffusion
through the film proceeds for several hours, as achieved by placement of the
CHI/HA film loaded with diclofenac and paclitaxel in 0.15M NacCl (pH 7.4) into
phosphate-buffered saline solution. Vodouhe showed that the PLL/HA films pas-
sively loaded with taxol can regulate cell adhesion and viability by deposition of
capping layers of PAH/PSS, which effects both drug release and cell adhesion [57].

Alternative stimuli to induce the release of film-embedded biomolecules have
been introduced. Disintegration of a DNA/Zr** film, triggered by an electric field,
has been shown by Wang [91]. PLL/heparin films were built on an indium tin oxide
semiconductor substrate and electrochemically dissolved [92]. Enzymes can work
as agents to decompose polymers in the LbL films, yielding so-called enzymatic
degradation [93]. Pepsin erosion of alginate (ALG)/CHI films has been recently
reported [94]. Serizawa demonstrated very effective degradation of DNA/PDAD
films by DNase I [95]. The use of stimuli-sensitive polymers, or modification of the
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polymers used to form the LbL films with stimuli-responsive moieties, opens ways
to establish surface coatings that are sensitive to light irradiation [96] or temperature
change [97].

Special attention should be paid to noninvasive release of bioactive molecules
from the films because it gives an option of delivery of bioactive molecules to a
cell without changes in surrounding medium. Cells are generally very sensitive to
changes such as variation in pH, ionic strength, etc. Our recent studies with the
LbL films made from biopolymers HA and PLL demonstrate film reservoir prop-
erties, i.e., nano- and microcarriers such as liposomes or polymeric capsules as
well as biomolecules (DNA, proteins, peptides, etc) can be incorporated in the film
[82, 84, 98, 99]. The HA/PLL film has high loading capacity due to the polymer
doping at the film surface (Fig. 5), which results in accumulation of a large amount
of adsorbing material. This is many times less for PSS/PAH film, which has low
polymer mobility [98, 100]. Microcapsules, gold nanoparticles, and DNA can be
embedded in the HA/PLL film and located on the film surface [98, 100] (Figs.5
and 6). Diffusion of embedded molecules (DNA) into the film can be triggered by
heating [98, 100]. The amount of material incorporated into HA/PLL films can be
larger than the mass of the polymers (HA and PLL) in the film, which is attributed
to polymer transport.

Microcapsules can be adsorbed on the hydrogel HA/PLL film by direct contact of
the film and the capsules [98, 100] (Fig. 6a). The opposite charges in polyelectrolyte
multilayers of microcapsules are almost compensated for overall, but the strong at-
tachment of microcapsules to the film (no capsule removal observed upon intensive
film washing) can be attributed to some uncompensated negative charges on the last

nanoparticle

50 pm

PSS/PAH film HA/PLL film HA/PLL film

Fig. 5 Principal scheme of interactions of LbL films (b), namely, PSS/PAH and HA/PLL, with
gold nanoparticles (a, ¢) and DNA (d, f). The nanoparticles and DNA interact only with the surface
PAH groups of the PSS/PAH film (a, d). However, they can accumulate in large quantities as a
result of the interaction with PLL “doping” from the whole interior of the HA/PLL film (e, f).
Diffusion of DNA into the HA/PLL film can be triggered by heating to 70°C (e). Optical and
confocal fluorescent microscopy images of gold nanoparticles (g) and DNA-EtBr (h) adsorbed
onto the (PLL/HA),4/PLL film, respectively. Reproduced from [98]
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Fig. 6 Adsorption of microcapsules onto the (PLL/HA),4/PLL films. (a—c) Confocal fluorescent
microscopy images of the capsules exposed to the near-IR light irradiation. (d) CLSM image of the
film surface (the film is prepared with PLL-FITC; black lines are scratches made by a needle for
easier film imaging). (e) Cross-sectional profile of the capsules after step-by-step laser exposure
(the sections from top to bottom correspond to the images a—c, respectively). (f) Optical microscopy
images of the capsules after light irradiation. Scale bars: (a—c, f) 4 um, (d) 25 um. Reproduced
from [100]

layer. It seems to be that the immersed capsules adapt to the “best” position in terms
of interaction with the doped PLL molecules; the capsules can be immersed into the
film as liposomes [82].

An important feature is film activation with micrometer precision by external
stimulation with “biofriendly” near-IR light, which results in controlled release of
film-embedded material [98, 100]. Laser activation of film-supported microcapsules
shows remote release of encapsulated dextran by selective stimulation of the cap-
sules with near-IR light (Fig. 6). Destruction of the HA/PLL film functionalized with
gold nanoparticles occurs at irradiation with a light power of over 20 mW. Micro-
capsules modified with nanoparticles keep their integrity under the same conditions
but become more permeable.

The HA/PLL film with adsorbed gold nanoparticles and DNA possesses remote-
release features by stimulation with near-IR light of over 20-30 mW (Fig. 7). DNA
release from the film modified with gold nanoparticles is thought to be caused by
local destruction of the polymer network in the film, followed by blocking of PLL—
DNA bonding and, as a result, release of DNA molecules from the film [98, 100].
Laser activation of the films can be used for affecting, releasing, or removing the
upper coatings of the films, depending on the power of the laser.
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Fig.7 (PLL/HA),4/PLL film with embedded DNA before (a, ¢) and after (b, d) irradiation with IR
light. PLL in the film is labeled with FITC (a, b), and DNA is labeled with EtBr (c, d). Scale bars:
5 um. (e) Suggested mechanism of DNA release induced by the distortion of the DNA-doping PLL
interaction as a result of partial thermal film decomposition in vicinity of nanoparticle aggregates.
Reproduced from [98]

3 Free-Standing LbL Films (Microcapsules)

Up to now, several techniques have been applied to encapsulate material of interest
into various types of micro- and nanoparticles to achieve different drug adminis-
tration routes and release characteristics. Some of these techniques are based on
liposomes (vesicle-based) and some on polymeric particles (matrix systems, mi-
crogel beads or particles prepared by interfacial polymerization) [101]. The LbL
technology as alternative method has attracted high interest for the production of
microparticulate structures for delivery applications. This concerns first of all the
colloidal particles made and/or modified by the LbL technique. The main princi-
ples of LbL deposition on colloidal particles [102, 103] are similar to those of film
formation on planar surfaces. A very attractive and extremely fast-developing area
using colloidal templating is the construction of multilayered polyelectrolyte cap-
sules. The concept of capsule formation by the LbL technique involves alternating
polyelectrolyte adsorption on a colloidal template, followed by decomposition of
the sacrificial core [102]. This leads to the formation of hollow structures that repli-
cate the templating particles in terms of size and shape. Figure 8 shows the principle
scheme of capsule formation by the LbL approach. Fabrication and properties of the
multilayer capsules are reviewed elsewhere [47, 104].

A broad variety of sacrificial colloidal cores have been used for hollow cap-
sule fabrication. They are inorganic or organic particles from tens of nanometers
and up to tens of micrometerss, like melamine formaldehyde (MF), polysterene
spheres, CaCO3; and MgCO; particles, protein and DNA aggregates, small dye
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Fig. 8 Hollow capsule fabrication by the polyelectrolyte LbL self-assembly. The core is alter-
nately coated with polycation and polyanion, followed by core dissolution and capsule formation

(drug) crystals, and even biological cells [45, 104—113]. MF particles were firstly
employed and further intensively studied for capsule templating. However, the
incomplete elimination of MF-oligomers during core dissolution strongly limits
utilization of the MF cores for biological applications [114]. The oligomers are bi-
ologically incompatible. Silica oxide particles could be completely eliminated by
dissolution of hazardous HF, which also limits the use of this kind of template. The
cores composed of polylactic acid are biodegradable; however, the formed capsules
are very polydisperse and possess a high tendency to aggregate [115].

Finally, inorganic particles from CaCO3 were found to be the most suitable sac-
rificial cores for polyelectrolyte capsule templating [111-113, 116, 117] due to their
fine structure, biocompatibility, low cost, and simple and mild decomposition (HC1
or EDTA). Monodisperse porous spherical particles composed of CaCO3 (Fig. 9d)
were prepared and used to form polyelectrolyte capsules of a matrix type by the
LbL technique [111, 112]. The polymer adsorption takes place not only on the par-
ticle surface but also within the porous interior. Dissolution of the CaCOj3 core leads
to formation of polymer gel particles with dimensions equal to the size of the ini-
tially employed CaCOj5 cores (Fig. 9a—c). The capsule image obtained by scanning
electron microscopy (Fig. 9¢) demonstrates the sponge-like structure of the matrix
capsules. Two different ways to encapsulate biological substances (proteins) in the
matrix capsules were elaborated: [113] active loading (entrapment is achieved dur-
ing fabrication of the microcapsules), and passive loading (encapsulation is achieved
in the preformed capsules; the material of interest is taken into or generated in situ
within the capsules). Protein molecules are distributed within the whole particle
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Fig. 9 (a—c) Preparation of matrix-type polyelectrolyte capsules templated on CaCO3 microparti-
cles. (d, e) Scanning microscopy images of the CaCO3 microparticles and the matrix-type capsules,
respectively. (f) Confocal laser scanning microscopy image of the capsules loaded with fluores-
cently labeled bovine serum albumin. Adapted from [111, 112]
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Fig. 10 (a) Adsorption isotherms of BSA (/), chymotrypsin (2), lysozyme (3), and PAH (4)
adsorbing within CaCO3 microparticles. The curves of group A describe the adsorption onto pre-
formed CaCOj3 microparticles, and those of group B the adsorption and capture during the growth
of spherical CaCO3; microparticles (coprecipitation). (b) Amount of proteins and dextran adsorbed
per CaCO3 microparticle as a function of pH. Incubation time 1 h. Reproduced from [111]

interior according to the polymer distribution in the capsules because the loading of
the protein is driven by the interaction with free polyelectrolyte chains (Fig. 9f). The
CaCOgs particles and matrix polyelectrolyte capsules have high protein capacity (up
to 100 mg of embedded protein per 1 g of CaCO3) [111, 116, 117], and the protein
uptake in the particles was shown to be regulated by electrostatic interactions [111].
Figure 10 presents the protein adsorption isotherms (Fig. 10a) and protein uptake
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(Fig. 10b) for the CaCOj cores. About a half of the protein (lactalbumin) molecules
initially adsorbed in the CaCOj particles are kept in the formed capsules [111]. Pep-
tidase a-chymotrypsin encapsulated into the matrix-type capsules keeps 85% of the
initial enzymatic activity [116]. The capsules fabricated with biocompatible poly-
mers like ALG and templated on biocompatible CaCOj3 cores are promising species
for controlled delivery [113].

The capsules with a defined shell (so-called hollow multilayered polyelectrolyte
capsules) are free-standing LbL films with a peculiar advantage — the ability to up-
take the material inside the capsule, in other words to encapsulate it and to control
its release by changing the LbL film permeability properties. Macromolecules like
proteins have been successfully loaded into polyelectrolyte LbL capsules through
pH-controlled and water/ethanol mixture-controlled methods [118, 119]. Alterna-
tive stimuli could be applied, e.g., a magnetic field [120]. This approach consists
of destabilization of the LbL membrane, which then becomes more permeable.
The capsule is loaded with molecules of interest under destabilized conditions and
then the conditions are changed back to the initial ones (under which the LbL shell
is stable).

Protein aggregates [107, 109, 121] or dye crystals [122—-126] can serve as tem-
plates for LbL polyelectrolyte adsorption. Chymotrypsin aggregates encapsulated
by PSS and PAH deposition contain a high protein amount and the enzyme keeps
its bioactivity [107]. The aggregates prepared in this manner have high incorpora-
tion efficiency and a protein content of 50-70% [109]. An encapsulated catalase has
been shown to be stable against protease degradation [121].

3.1 Cargo Release

The mechanism of drug release from multilayered capsules is totally different to that
from planar drug-containing surface films. For the capsules filled with encapsulated
drug, the release rate depends on capsule membrane permeability, which can be ma-
nipulated by stimuli that affect the structure and stability of the interpolyelectrolyte
interactions (pH, ionic strength, temperature, etc.). The same stimuli could be ap-
plied for flat films and capsules; however, the leakage of the capsule contents is more
sensitive to stimuli due to osmotic pressure created by the encapsulated material.
DNA/spermidine or ALG/PLL capsules were shown to be decomposable at in-
creased NaCl concentration, thus allowing the release of cargo [127]. The reversible
character of the membrane destabilization in shell-like polyelectrolyte microcap-
sules allows keeping the material in capsules and then releasing it by changing the
shell permeability through modifying external factors [128]. The remote activation
properties and capsule targeting have been reviewed by Sukhorukov [129].

The matrix polyelectrolyte capsules have high protein-loading capacity, and both
the loading and, in principle, the release are driven by electrostatic interaction with
polyelectrolytes [111]. Moreover, the loading and release can be controlled by the
number of polyelectrolyte adsorption steps [112] as well as by the pore size of the
CaCOj; cores [116].
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Fig. 11 (a) Optical microscopy images of the release from ibuprofen crystals covered with a
(CHI/dextran sulfate);s shell: / before dissolution; 2 during dissolution; and 3 after removal of
the crystal cores. The mean size of the encapsulated ibuprofen microcrystals is 15.3 um. Repro-
duced from [112]. (b) Fluorescence increases with time, obtained by dissolving fluorescein crystals
covered with shells of different thicknesses (9, 13, 15, and 18 polyelectrolyte-deposited PSS/PAH
layers). The release from the native (uncovered) fluorescein crystals is shown as 0. Reproduced
from [122]

The LbL film forms a barrier that prolongs the release of dye from crystals coated
with the LbL films (Fig. 11). Crystals such as small drug microcrystals [122—-126]
and protein/enzyme crystals or aggregates [107, 121] can be encapsulated by poly-
electrolyte LbL assembly and the release rate adjusted by changing the number of
alternating polymer deposition steps or the polyelectrolyte nature. Antipov showed
that nine bilayers of PSS and PAH can decrease the release time of the coated flu-
orescein crystals from seconds to minutes at conditions under which the crystals
become soluble [122]. A decrease in the release rate was shown for furosemide
crystals coated with a combination of PSS, PDAD, and gelatine [123]. Significantly
longer release kinetics were reported by Qiu for ibuprofen encapsulated by coat-
ing with biopolymers (polysaccharides dextran sulfate and CHI) [125]. Enzymatic
degradation of indomethacin crystals covered by the ALG/CHI shell led to drug re-
lease [94], again showing that disintegration of the LbL film formed on the drug
crystal surface is the main mechanism for drug release.

Although the polyelectrolyte LbL. membrane works as a barrier to prolong drug
release, in some applications the release time is already long. Annealing of capsules
upon heating can dramatically reduce the film permeability [130, 131]. Thus, poly-
electrolyte microcapsules made by the LbL technique are drug delivery carriers with
a wide range of release rates. Together with the advantage of being able to control
the capsule size within a range of less than 1 m and up to tens of micrometers, this
makes the capsules very promising delivery carriers.

The remote release of encapsulated materials is desired for bioapplications in or-
der to minimize drug toxicity, to control the properties of biosurfaces and interfaces,
and to study intracellular processes [132]. Remote release can be more convenient
for a patient because external stimuli like a magnetic field, light, and ultrasound are



150 D. Volodkin et al.

not harmful. Light-stimulated remote release is of special interest because of the
possibility for external control of the light intensity and modulation, and because of
its noninvasive character. Numerous examples demonstrate promising applications
of this concept using liposomes as carriers [133—137]. For example, liposomes deco-
rated with gold nanoparticles by electrostatic complexation are prospective vehicles
for pulsed-light-stimulated release [133]. Irradiation by “biofriendly” near-IR light
can induce fast release of vesicle contents within a few seconds of light treatment
[133]. Remote release from polyelectrolyte LbL microcapsules functionalized with
metal nanoparticles has been demonstrated using laser light to burst open or deform
the capsules [138]. Both the magnetic and optical responses of microcapsules modi-
fied by iron oxide and gold nanoparticles, respectively, were demonstrated by Gorin
and co-authors [139].

The engineering of stable liposome-containing LbL films to allow release of ac-
tive content in response to external stimuli opens a new route to the preparation of
biocoatings for delivery on demand. This is possible thanks to the versatility of the
LbL films as an instrument for making functional surfaces sensitive to biorelated
stimuli [140].

3.2 Intracellular Light-Triggered Delivery

Intracellular trafficking of small peptides and the behavior of various biomolecules
can be studied using remote-controlled release from microcapsules by laser irra-
diation. Polyelectrolyte multilayer microcapsules can be used for encapsulation
of these biomolecules. Thermally shrunk microcapsules were shown capable of
intracellular delivery of various biomolecules [132]. Intracellular release can be
conducted using a laser source that is biologically friendly by using a near-IR laser
source; the mechanism of interaction is the localized heating of nanoparticles by
laser. One requirement of these experiments is to have minimum absorption by cells
and tissue, and maximum absorption by nanoparticles. In regard to lasers, one can
choose the wavelength of the laser to be in a desired region in the biologically
friendly window (the near-IR part of the spectrum). Absorption by nanoparticles
can be tuned to the near-IR region by making aggregates. Aggregation leads to an
increased absorption in the near-IR region [141] due to dipole and higher order mul-
tipolar contributions, as well as to interaction between the nanoparticles. Also, the
concentration of metal nanoparticles is important because (1) when the distance be-
tween the two adjacent nanoparticles is of the order of their size, the thermal effects
produced by adjacent nanoparticles add up; and (2) the interaction of nanoparticles
situated close to each other leads to an increase of absorption at the lower energies
or higher wavelengths compared to the surface plasmon resonance band of stand-
alone nanoparticles. To reduce the total amount of heat generated in the vicinity of
nanoparticles, it is desirable to control the spatial distribution of nanoparticles [142].

Both remote activation and release of encapsulated materials inside living cells
have been recently reported [143, 144]. Experiments on remote activation were
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conducted using microcapsules containing silver nanoparticles in their walls. Re-
mote release experiments have also been reported for capsules containing gold—gold
sulfide nanoparticles in their walls.

Conditions for remote release experiments are extremely important. It was re-
cently reported that at a low incident intensity of laser light, the release can be
carried out nondestructively for cells [145]. This case is suitable for intracellular de-
livery, which is targeted for studying intracellular functions. Another extreme case is
that at a high incident intensity of laser light (close to 100 mW), cells can be killed.
This approach is suitable for cancer therapy. Figure 12 presents both of these cases:
release from microcapsules was carried out into the cytosol of cells and the effects
of both low and high intensity light were studied in detail [145].

The methods of remote release described here can be used for studying numerous
processes relevant for biology, e.g., the cell-surface presentation of small peptides,
transport of biomolecules, and cell functions in general. Also, such methods can be
used to study the properties and release from other systems, e.g., liposomes [133,
146, 147].
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Fig. 12 Cargo release and viability/cytotoxicity experiments with capsules filled with red Alexa
Fluor 594 dextran as cargo and AuS, particles embedded in their walls. Capsules were illuminated
with (a) low laser power (2.3 mW), the minimum power needed to open the capsules, and (b) high
laser power (31 mW), the maximum power output reachable with the laser diode used in these
experiments. Phase contrast images (fop row) show cells that have incorporated capsules (arrows)
before and after laser illumination. Fluorescence images in the middle row show the cargo release
and the nuclear permeation in cases where capsules trapped in cells were excited with low laser
power and high laser power, respectively. In the case of high power illumination, permeation of the
cell membrane leads to loss of fluorescent cargo by diffusion out of the cell. Fluorescence images
on the bottom row indicate decrease of esterase activity in cells where capsules were excited with
high and low laser power, respectively. (¢) Geometry of capsules with Alexa Fluor 594 dextran
(ellipsoids) in their cavity and AuS; particles (black circles) embedded in their walls. Reproduced
from [145]
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4 LbL Films Govern Cellular Response

The interaction between the substrate to which cells are attached and the various
components of a cell is a major factor in deciding the fate of the cell upon that
particular substrate. This is especially true for anchorage-dependent cells, which
show specific responses (chemical signals, mechanical alterations, or biological
factors) to the substrate on which they are grown. Such adherent cells must at-
tach to and spread on the surface in order to function. In tissue, this surface is
the extracellular matrix (ECM), a scaffold formed by the assembly of charged
macromolecules — several large proteins (e.g., fibronectin, laminins, collagens) and
glucoseaminoglycans [148]. The ECM provides a microenvironment that organizes
cells into a tissue. The ECM is not only a physical support of cells but a dynamic sys-
tem with a high traffic of bioactive molecules that inducing certain cellular events.
LbL deposition provides unique control over polymer architecture with nanometer
precision and is a tool that can be used to emulate the properties of natural ECM.
Protein interaction with polyelectrolyte multilayers has been evaluated and quanti-
fied [33, 45, 55, 88, 149]. The interaction strongly depends on the sign of the charge
of both the film and the protein, as well as on the hydrophilicity of both. Under-
standing of the interaction between protein molecules and multilayers is the key to
engineering an artificial ECM with tailored cellular response.

The interaction of LbL films with cells has been intensively studied [42, 150~
156]. The first work devoted to cell interaction with the LbL films was performed
at the beginning of this decade [157]. LbL films made from synthetic polyelec-
trolytes, biopolymers, components of the ECM, and polymers grafted with specific
ligands have all been used to study cellular behavior. Picart and Boudou summa-
rized LbL film functionality with respect to the behavior of cells in contact with
the films [28, 29]. The physicochemical characteristics of the film can be tuned to
a large extent, which gives the option to modulate cell interaction with the film
[29, 158, 159]. Cell interactions with multilayered films can be tuned by the num-
ber of layers [155], the type of the outermost polymer layer, and the presence of
proteins [155, 159, 160]. No adherence of chondrosarcoma cells was found on PGA-
terminating films, whereas adhesion to PLL-ending films was significant [155]. This
is related to the fact that PGA-ending films prevent the adsorption of serum proteins.
Interestingly, the adhesion force decreased when the film thickness increased. Addi-
tionally, the films can offer delivery of incorporated active substances, for instance
DNA [42, 150].

Surface coating by LbL films can alter the mechanical surface properties, thus
opening a way to control cell adhesion. Coating with the film can lead to weakening
of cell interactions with the underlying surface making it relatively bioinert [154].
The mechanical properties of LbL films play an important role in various cellular
processes including cell attachment, proliferation, and differentiation. Ren studied
the effect of PLL/HA film crosslinking on the film stiffness and on skeletal mus-
cle cell adhesion and proliferation [153]. It has been demonstrated that crosslinked
films (Young’s modulus, E, > 320kPa) promote cell adhesion and proliferation,
but soft films (E, ~ 3kPa) do not. It is reported that the crosslinking does not
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significantly affect the thickness and morphology of the films. Similar findings have
been demonstrated for chondrosarcoma cells [156]. LbL films enable control over
mechanical properties in a wide range (kPa to GPa) by tuning the film thickness,
polymer nature, environmental conditions like pH and salt, introduction of chemical
crosslinking, rigidification with stiff material, etc. [158, 159, 161, 162]. Kocgozlu
has recently shown the importance of film elasticity for the regulation of replica-
tion and transcription activities in a wide range of elastic moduli from 0 to 500 kPa
[163]. Mechanical properties of the surface are crucial for cellular response and
the wide range of stiffness of the LbL films covers typical values found in natural
tissue [164].

LbL films possess multifold properties and very important characteristics that en-
able their use in bioapplications such as implant biocoatings and functionalization.
Drug delivery from permanent or long-term implanted biodevices remains a chal-
lenging area in medicine. Direct drug delivery from an implant surface could be, in
principle, the main task but the surface-located drugs have another function. They
are required to trigger a desired cell response around the implanted material (wound
healing, bone growth) and to minimize or prevent biomaterial-associated compli-
cations accompanying implantation (e.g., bacterial colonization). Immobilization
of bioactive molecules on the implant surface by the LbL approach provides very
effective local delivery of often very expensive and toxic pharmaceuticals. Nonspe-
cific protein adsorption could be minimized by surface modification with LbL films
and, at the same time, beneficial molecules like proteins could become selectively
adsorbed on the biointerfaces by the LbL technique [45, 46]. Minimization of throm-
bogenicity is a main challenge for biomedical devices that are in contact with blood.
Thierry showed that coverage of metal endovascular stents with HA/(CHI/HA),4
multilayers reduces platelet adhesion by 38% [165].

Potential applications of the LbL films as antibacterial coatings have also been re-
ported. Multilayers of albumin/heparin can significantly reduce bacterial adhesion
[166]. In our recent study, we have shown that a PLL/HA multilayer film loaded
with liposome aggregates as reservoirs containing silver ions has strong bacterici-
dal activity [167]. A contact of 120 min with an AgNO5 coating (with 120 ng/cm?
AgNO; concentration) induces a 4-log reduction of the Escherichia coli population
[167]. Chuang has demonstrated that degradable LbL films can effectively release
gentamicine [90].

5 Conclusion

The LbL technique is now becoming one of the central tools in biomedical engineer-
ing, i.e., for biomaterial modification and drug delivery. The advantages of being
able to control material deposition, immobilize almost any molecule from large
polymers to small substances, and modify almost any surface, including sophisti-
cated shapes or miniaturized supports, make the technique one of the most dominant
in the field of surface nanotechnology. This review demonstrates that polyelectrolyte
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LbL films are capable not only of immobilizing bioactive substances but also of
opening various routes to control their release, e.g., by remote release with nonin-
vasive stimulus, which is a challenge in medicine. Remote light activation of LbL
films can serve future bioapplications in which high loading capacity together with
remote-release functionalities are demanded. Additionally, LbL films provide a sur-
face of biomaterials with physical and chemical properties that are desirable for
controlling the interaction with living cells. 3D structures (free-standing LbL films
or capsules) have been developed and open new perspectives for the formulation of
microparticulate material with defined size and surface chemistry, enabling different
administration routes and release capabilities.
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Designing Three-Dimensional Materials
at the Interface to Biology

R. Gentsch and H.G. Borner

Abstract Modern approaches to the production of 3D materials with bioactive
interfaces for tissue engineering, biointegrated materials, and biomimetic materials
are reviewed. Recent advances in the understanding of how materials passively inter-
act or actively communicate with biological systems via designed material-biology
interfaces demand precise means to fabricate macroscopic nanostructured materials.
We review modern materials and technology that are available for the production of
bioactive scaffolds having spatial control of mechanical, chemical, and biochemical
signals at the interface, as well as tailored pore architecture and surface topology.

Keywords Bioactive - Biomaterials - Biomimetic - Cellular infiltration - Electro-
spinning - Extracellular matrix - Hydrogels - Nanofibers - Polymer scaffolds - Tissue
engineering
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1 Introduction

Precisely controlling the interface between synthetic materials and biological sys-
tems might be one of the most important, but also most demanding, tasks of modern
materials science. The resulting opportunities will, however, assure progress in sev-
eral research areas, ranging from medical technology (e.g., implantation medicine),
tissue engineering, regenerative cell biology, and stem cell research to biointegrated
materials design as well as bioassisted compound synthesis [1-6]. The rational
design of materials that actively interact with biological systems, to guide or even
dynamically communicate with biological entities such as cells or tissues, requires
a high level of structural and functional control.

Fundamental research that focused on planar interfaces revealed the applicabil-
ity of basic concepts of bioadhesion and functional signaling in two dimensions
(Fig. 1) [7-9]. Despite this progress, biological systems are three-dimensional (3D)
in nature and moreover often exhibit hierarchical organization levels [10, 11].
This makes the spatial control of surface structure, pore architecture, mechanical
properties, functionality, and complex functions mandatory (Fig. 1) [5]. Cells are
roughly 10-100 um in size, cell sensing takes place with about 5—10 nm precision,
and signaling (cell communication) can follow multidimensional concentration gra-
dients with nanometer accuracy [7]. Hence, cells are sensitive to chemistry and
topography on the meso-, micro-, and nanoscales [12]. It is exactly this range of
length scales that makes materials design at the interface to biology an exciting, but
also highly complex task.

porosity & connectivity hierarchy
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Fig. 1 Constructing scaffolds to mimic the microenvironment of cells in biological systems is a
complex task because engineering of chemistry (bioactivity), physics (mechanics, roughness), and
3D control over the pore system (pore size, connectivity, hierarchy) is required
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Initial approaches were focused on the design of macroscopic material scaffolds
to provide cell support and therefore matched the dimensions of organs. How-
ever, the importance of the nanoscale structure has been underestimated for a long
time. The significance of the nanoscopic dimension has been brought into focus by
progressively understanding the structure, functionality, and function of the extra-
cellular matrix (ECM) [10, 13]. Cells in complex biological systems exist in a highly
fibrous structured environment. The ECM provides not only mechanical support,
but also directional orientation to the cells and thus presents an instructive grid. The
fiber structures of the ECM are mainly composed of proteins of the collagen type
[14, 15]. For instance, type II collagen accounts for about 90-95% of the matrix
collagen. Its high ratio of carbohydrate groups leads to rather polar fibrillar nanos-
tructures. Other collagen types are also present in the ECM. Sometimes they are
enriched at specific regions, but their function is often not fully understood [16].

The fibrils are embedded into an elastin network to modulate mechanical proper-
ties of the ECM. The interfibrillar spaces within the matrix are filled to a large extent
with proteoglycans, which are macromolecules composed of about 5% proteins and
95% polysaccharides [17]. Moreover, functional polysaccharides are found as well.
For instance, hyaluronic acid is one important component and is nowadays used
as the base for many biomaterials. In the biological environment of the ECM, no
chemical bonds between the collagen fibers and either proteoglycans or hyaluronic
acids are found. However, ECM viscoelasticity is adjusted by these molecules be-
cause proteoglycans regulate water balance and osmotic pressure within the ECM.
Besides these main constituents, the ECM consists of a multitude of other functional
proteins, e.g., adhesion proteins such as fibronectins [18] or laminins [19], growth
factors [20], and low molecular weight compounds that are exchanged with adjacent
cells to realize cell communication [21, 22]. Thus, a highly defined and very spe-
cific 3D microenvironment is created. This is considered to be essential to ensure
the function of cells, cell colonies, tissues, and complete organs from early embryo-
genesis to adult repair of damaged tissues [23]. The ECM supports and directs the
adhesion and migration of cells. Moreover, ECM contacts influence cells deeply in
their regulatory processes on the metabolic level.

To mimic the complex environment of the ECM, the production of macroscopic
nanostructured materials is mandatory. In these synthetic systems, the mechanical
properties, porosity, pore connectivity, and functionality should be spatially con-
trolled. Ideally, those parameters should be locally adaptable with high precision
to meet the requirements of cells, tissues, and full organs. The 3D control of
functionality in nanostructured materials still poses difficulties in materials design
and synthesis. However, research addressing planar biointerfaces is progressively
elucidating the mechanisms of ligand positioning, ligand surface densities, synergis-
tic ligand clustering, and the precise biological responses of cells to those positional
functionalities [24—27]. Taking into account that the microenvironment of the ECM
in vivo controls cell function, it seems to be achievable that synthetic materials can
provide precise handles to control cells so that custom-made tissues can be gener-
ated on demand [8, 28-30].
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Biomimetic ECM systems can be engineered, on the one hand, from naturally
derived materials such as polypeptides, polysaccharides, hydroxyapatite or their
composites. These biomaterials have excellent physicochemical activities, mechan-
ical properties close to those of natural tissues, biological degradability and, most
importantly, they mediate cell adhesion by borrowing natural motifs, e.g., from col-
lagen or fibrin. On the other hand, fully synthetic polymers can be manufactured
in a highly reproducible manner. Frequently, they do not impose an inherent risk
of antigenicity or complex degradation to immunogenic side products. However,
difficulties with synthetic polymers arise from contaminations such as remaining
catalysts, solvents, or residual monomers. These clearly impose toxicity issues.
Moreover, to mediate specific bioactive contact, cell adhesion peptides/proteins and
signaling molecules (growth factors) that might be already present in biological ma-
terials have to be incorporated. Ultimately, a hybrid material might combine the
favorable properties of synthetic materials and those of biological macromolecules
in a synergistic manner. In those hybrids, the synthetic materials introduce tailored
mechanical and degradative properties as well as ease of processing. The biomacro-
molecule components of the hybrids could bring specific bioactivity via precisely
positioned functional labels.

1.1 Effect of Nanostructures on Biological Systems

Nanostructured materials have been brought into focus with the trend towards
nanotechnology, and as tools have become available to design, manipulate, and
characterize such dimensions. This is reflected in various developments in the
field of biomedicine and biotechnology. For example, microarrays of DNA [31],
proteins [32], or carbohydrates [33] are used for high-throughput screening. This
includes studying the cellular responses to nanostructure, material properties, and
chemical functionality (Fig. 1) [34, 35]. Cells, as basic components of tissues, in-
teract with their surrounding either via soluble factors (e.g., growth factors) or via
direct cell—cell and cell-ECM contacts. Whether a cell proliferates, differentiates,
or dies is thought to depend not only on intrinsic cell factors but also on the extrinsic
signals from its microenvironment.

1.1.1 Nanometer Texture

Synthetic two-dimensional (2D) materials with nanometer textured surfaces have
been fabricated by sophisticated technologies, like dip-pen printing [36] or e-beam
lithography [37], to elucidate the interactions of cells with defined surfaces.
Cell-nanostructure interactions were studied from the gene expression level (cell
metabolism) up to the level of microscopic cell behavior. Understanding of the
influences of nanostructure on cell adhesion, orientation, motility, proliferation,
migration, or differentiation is accessible [38]. In terms of adhesion, proliferation
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and migration, nanogratings seem to regulate cell behavior more effectively than
do nanoposts and pillars (the latter has not been studied much) [39]. However,
despite the intense investigations, no widely accepted hypothesis for proliferation
is currently available. In cell differentiation and formation of cell superstructures,
nanotopography seems to have a profound effect and hence a high potential to
direct cells [40, 41]. Within 5-500 nm to 7—10 um, topography can alter cell behav-
ior independently of the underlying material chemistry [42, 43]. Cells effectively
respond to chemistry if the topography is below their minimum size scale for
sensing [44]. In addition, certain cell types show higher interaction with nanometer-
scaled patterns than do other cell types. For example, osteoblasts seemed to win the
adhesion race against chondrocytes, fibroblasts, and smooth muscle cells on carbon
nanofiber [45]. This is now being exploited for the design of implant surfaces.
For instance, implants are treated by sand-blasting to generate rough surfaces onto
which osteoblasts desire to attach [46].

1.1.2 Porosity

Proceeding further, to design synthetic 3D structured scaffolds a variety of top-down
and bottom-up approaches have been established, which we will discuss using se-
lected examples. While building up 3D materials, the aspects of internal surfaces,
porosity, and interconnectivity come into play. Cells need to effectively penetrate
such architectures, and colonization of 3D scaffolds requires bridging of the pores
to eventually fully fill the scaffold. In addition, nutrient and waste transport are
necessary. To realize this, a hierarchical pore system might be of advantage (Fig. 1).
Depending on the fabrication method, different pore sizes, geometries, distributions,
and other porosity characteristics are obtained (Fig. 2). For example, scaffolds made
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Fig. 2 Scaffold architecture affects cell binding and spreading. The examples were obtained by
(a) phase separation/leaching combination and (b—d) electrospinning. Porosity data was roughly
estimated; note that classic nanofiber structure is <100 nm, but here is <1000 nm, as found
commonly in biomedicine. Scale bars: (a) 500 um, (b—d) 10 um. Top row: adapted from [12];
bottom row: reprinted, with permission, from [47] copyright (2004) Elsevier; [48] copyright (2010)
Wiley-VCH
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from fibers have mostly an interconnected pore system and inherently an anisotropic
nature. This anisotropy can be tuned by fiber alignment, as will be illustrated by
electrospun scaffolds that direct neurite outgrowth (see Sect. 2.2.2). As the meshes
are composed of submicrometer thin fibers, the pore size is direct correlated to
the fiber diameter [49]. Conventional textile technologies like braiding, carding, or
knitting are not easily applicable to control of the fiber assembly. The difficulties
arise mainly from the handling of submicrometer to nanosized fibers.

1.1.3 Mechanical Properties

The porosity of nano- or microstructures might not only be biofunctional in terms of
geometry and inner surface topography. Structure also modulates the mechanics of
the corresponding scaffold, as shown in natural hierarchical systems (e.g., collagen-
fiber-based tissues) [16]. The mechanical properties (e.g., stiffness) also affect
cellular behavior. Discher and coworkers showed in their pioneering work that
the elasticity of poly(acrylamide) gels with different crosslink densities can direct
stem cell lineage specification due to mechanical differences [8]. The cells seem to
sense mechanically and geometrically the matrix environment and translate this to a
cellular response (mechanosensing — mechanotransduction — mechanoresponse)
[12, 13]. The translation might occur due to unfolding of proteins, triggered by ex-
ternally sensed forces, thereby exposing cryptic binding sites [12].

1.2 Biological Activity of 3D Surfaces

In cellular infiltration of artificial or natural 3D scaffolds, the cells have to over-
come the biophysical resistance given by the surrounding microenvironment. How
to evenly distribute cells into such scaffolds while still maintaining or controlling
the cell phenotype turns out to be a challenging task.

In nature there are two strategies available, one involving proteolyic and the
other nonproteolytic cell migration [50]. In the proteolytic strategy, the cells clear
their path through secreting and activating proteases, which locally and specifi-
cally degrade components of the pericellular matrix. The nonproteolytic pathway
is conducted through amoeboid forward migration, where cells adapt their shape or
deform the microenvironment [1]. For artificial 3D scaffolds, cell-adhesive ligands
for traction are required, and cell infiltration via the nonproteolytic pathway is en-
hanced by providing adequate pore sizes and scaffold elasticity for cell migration.
The degradation of a scaffold is the first step towards an active remodeling of an
artificial matrix. Degradation is often based on hydrolytic ester cleavage, which pro-
ceeds with a tunable rate depending on the surface area, hydrophilicity, crystallinity,
and ester type. Recently, there have been different bioinspired approaches described,
which include the introduction of degradation sites for proteolytic (enzyme cat-
alyzed) cleavage [51, 52]. Healing processes, in which ECM remodeling takes place
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via matrix metalloproteinases (MMP), have inspired a scaffold that can be selec-
tively degraded by proteases. In this biomimetic strategy, the cell itself produces the
required enzymes to pave the way for infiltration [52].

In both the proteolytic and nonproteolytic pathways, the question remains as
to how to facilitate cell penetration into a preformed scaffold. In addition to the
above-mentioned factors, seeding strategies are highly relevant. Whereas static
seeding relies on active cell migration into the pore system, dynamic seeding in
bioreactors can actively assist the cell transport by a directed flow field. Appling
flow perturbation additionally increases the transport of nutrient and waste [53, 54].
However, a flow field applies stress on the cell culture. This could influence the
cellular behavior and thus limits the application of dynamic seeding. An elegant
approach is the direct implantation of scaffold into a patient’s body to detour the
artificial bioreactor [55].

More frequently, an approach is used in which a scaffold precursor is homo-
geneously mixed with cells. Subsequently, a scaffold is formed in response to
temperature, pH, or crosslinking molecules. The in situ encapsulation strategy often
provides systems with homogeneously integrated cells [4]. A similarly promising
strategy includes the fabrication of a structured 3D scaffold directly into a dis-
persion of cells in an appropriate medium (cf. Sect. 2.2.2 on electrospinning and
plotting).

The 3D environment alters the mechanosensing and cell adhesion provided in
2D. The cell-adhesion sites (i.e., integrins), integrin ligation, cell contraction, and
associated intercellular signaling are substantially differentin 3D [11, 56, 57]. In ad-
dition, solute diffusion and the binding of proteins (e.g., growth factors, enzymes)
are affected by the 3D structure, thus creating gradients. 3D scaffolds might be
essential to direct morphogenetic and remodeling events. There is an interplay
between cell-generated forces, adhesion-ligand density, and matrix stiffness. The
mechanics of the scaffold as the cells migrate into the structure displays certain cell
functions, depending on the contraction-response. In mammary epithelia, for exam-
ple, the increase in gel stiffness across a range disrupts morphogenesis and promotes
proliferation [10]. Furthermore, scaffold geometry dictates cell adhesion and migra-
tion. For example, the minimum fiber diameter needed for fibroblast to adhere and
migrate on a single fiber, was shown to be approximately 10 wm, and an interfiber
distance of up to 200 wm was the maximum gap that could be used to bridge two
fibers [58].

Combinatorial 3D polymer scaffold libraries for screening might be promising
for evaluation of the issues discussed so far. However, in the reported case only
3D scaffolds by salt leaching were constructed [59]. The geometry was not as
defined and reproducible as in designer scaffolds (see solid freeform fabrica-
tion in Sect. 2.2.1). However, this methodology might be translatable to those
techniques.

In order to functionalize scaffolds to mimic the native cell environment, different
strategies are available. Recombinant DNA technology can be used to design arti-
ficial ECM proteins to avoid the aforementioned complications that can arise with
naturally derived materials [60]. However, there is little known about the long-term
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in vivo performance of such synthetic biomaterials. Other approaches are directed to
compose hybrid structures out of biocompatible synthetic polymers like poly(lactic-
co-glycolic acid) (PLGA) or poly(ethylene oxide) (PEO).

Cell adhesion on a nonfunctional scaffold is mediated dominantly by nonspecific,
entropically favored adsorption of a layer of cell adhesion proteins, excreted by the
cell itself [61]. In order to obtain and retain the native function of these proteins,
attempts are being made to tune the hydrophilicity or hydrophobicity of the scaffold
surfaces [62]. Different methods of surface activation are commonly applied, e.g.,
blending, copolymerization, plasma treatment, etching, radiation, chemical surface
modification, coatings, and combinations of those.

On such modified surfaces, some of the attached proteins are recognized by
cytoskeletally associated receptors in the cell membrane. So, in the end, the
extracellular substrate is mechanically connected with the intracellular cytoskele-
ton, which may secrete its own adhesion proteins. Integrins, as an important class
of cell receptors [63], bind to small domains on their adhesion proteins, e.g., the
oligopeptide sequence arginine—glycine—aspartic acid (RGD) that is common in
fibronectin [64].

In order to facilitate cell adhesion, the aforementioned oligopeptides or adhesion
proteins are chemically or physically attached to scaffolds in advance (i.e., cells
adhere specifically). The strategy of attaching peptide sequences instead of proteins
to surfaces has the advantage of avoiding antigenicity as well as loss of functionality
through protein denaturation or degradation. The so-created adhesion sites show a
biphasic cellular response, i.e., ligand densities that are too low or too high have
an adverse effect on cell spreading and migration [27, 65]. Additionally (e.g., for
RGD-containing peptide sequences), different factors like the peptide sequences
(i.e., flanking residues), forms (linear, cyclic), immobilization strategies (sub-
strate material, linker), and nanopatterning [26, 66] will be important for cellular
behavior.

However, RGD-containing scaffolds seem to only partially exhibit the functions
of native fibronectin, as mentioned by Vogel and coworkers. Additionally, the im-
portance of the preservation of native protein structure, especially fibronectin, as it
occurs in the extracellular fibrils was highlighted [57]. Cell biologists commonly
enhance cell adhesion onto, e.g., polymer surfaces by the adsorption of fibronectin.
In a ground-breaking essay [57], Vogel hypothesized that the preservation of the
native fibronectin structure would not enhance cell adhesion, but was critical for
vascularization of a scaffold. The latter is certainly one of the most important de-
mands for in vivo scaffolds, where additional blood vessels must grow into the
scaffold and supply the cells with nutrients. How to functionalize scaffolds with
fibronectin while preserving the native protein structure remains an unsolved prob-
lem on the track to engineering artificial tissues.

Other functionalization strategies deal with binding and release of signaling
molecules triggered by cellular events. Heparin binds with high affinity to various
morphogens, i.e., growth factors. Therefore heparin is used to functionalize scaf-
folds, for example, through electrostatically bound growth factors [67]. The release
of these factors can be triggered by specific heparin-degrading enzymes that are ac-
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tivated during cellular events, e.g., ECM remodeling. This bioactive route is clearly
of advantage compared to common approaches in which physical triggers like pH,
or temperature are exploited to release bioactive factors [3]. The advantages of such
approaches rely on the fact that growth factors are well controlled with regards to
their 3D position, concentration, and timing of cellular events. Additionally, the
growth factors might be more functional by immobilization than by being dissolved
in cell media, as shown in the case of vascular endothelial growth factor [68].

The concepts and effects of 3D architectures and functionalization mentioned
above will be addressed in the following section by presenting selected bottom-up
and top-down fabrication approaches.

2 Generation of 3D Structured Surfaces

2.1 Bottom-Up Approaches

2.1.1 Templated Synthesis

Porous polymer materials with a continuous polymer phase consisting of, e.g., a
homo- or a statistical copolymer, can be accessed via template strategies. These
involve the dispersion of a porogen (gas, liquid or solid) into a fluid phase of a poly-
mer. The removal of the porogen leads to macroporous materials with pore sizes
>50 nm [69-73]. For bioapplications, salt crystals are often used, which can be
leached easily with water to generate systems with <90% porosity and pore sizes in
the range of 5-600 um [47, 74]. These simple and convenient processes are suitable
for a range of biomaterials. However, templated strategies do not offer optimal con-
trol over pore structure and connectivity. Miscibility gaps and density differences
make homogeneous dispersion difficult and result in inhomogeneous materials with
imperfect interconnectivity. Advanced control enabling production of hierarchical
pore systems via templating processes is only possible in some special cases. Often,
physicochemical demixing hampers the templating of mixtures of particles with
strongly different sizes [75].

2.1.2 Organization of Polymers

Microcellular foams can be produced by thermally induced phase separation (TIPS)
[47, 74, 76]. The induced spinodal decomposition can be optimized to generate,
e.g., polylactide scaffolds with the porous morphology and physicomechanical char-
acteristics of a foam. Interesting materials can be constructed in a simple process.
These materials exhibited bundles of channels with a diameter of ~100 um. The
internal walls of the tubular macropores have a porous substructure with pore diam-
eters of ~10 um. It appears to be remarkable that the channels have a preferential



172 R. Gentsch and H.G. Borner

orientation that meets the cooling direction. TIPS is easily implemented by using
freeze-drying methods. The porosity of the resulting materials is <90%, aver-
age pore sizes are in the range of 5-600 um, and large interconnectivity can be
achieved [77-79].

Materials that are generated by the template or the organization method can be
functionalized. The introduction of signaling entities to decorate the pore walls with
biologically active molecules is feasible but rather limited. Often, biopolymers such
as gelatin (degraded collagen) are blended into the polymer matrix to be statisti-
cally exposed on the pore surface. Moreover, physicochemical adsorption of, e.g.,
fibronectin, can be performed in a post-treatment step. The simplicity of both func-
tionalization methods strongly limits the precise spatial control of bioactive entities.

2.1.3 Self-Assembly of Polymers

Block copolymers, which combine polymer segments with different properties, are
presumably the most widely examined system for the study of self-assembly to
large-scale structures that have controlled structural and functional features on the
nanometer length scale [80, 81]. Phase segregation of block copolymers, followed
by selective degradation of one polymer block, leads to highly ordered porous 3D
structures [82]. The pore dimensions obtainable are in the micro- and mesoporous
range (<50 nm), which do not meet the requirements for cellular infiltration.

However, the controlled self-assembly of macromolecular building blocks is
probably the closest strategy to the concepts found in biology for generation of,
e.g., collagen fibers, which structure the ECM. New strategies have emerged in the
field of soft-matter structure formation that have paved the way to precisely gener-
ate fibrillar or fiber-like nanostructures [83—87]. These nanostructures can exhibit
appropriate mechanical properties that fall within the regime of biological matrix
fibers, and even provide the possibility to present the required biological signal en-
tities at their surfaces [86, 88, 89].

De novo designed peptides, in particular, proved to be a versatile tool for
the bottom-up assembly of fibrillar structures [90-96]. A broad set of different
biomimetic filaments are described. These can be accessed via the controlled
self-assembly of peptides, peptide—amphiphiles, peptide—polymer conjugates, and
proteins (Fig. 4) [88, 90, 97-101]. Nowadays, there is a general understanding of the
rules determining the relationship of peptide amino acid sequence and secondary
structure motifs. For materials and biomedical science applications, mostly the
B-sheet, but also the o-helical coiled-coil motif have been intensively explored as
organizational motifs to generate nanofibers [86, 102—105]. The peptide building
block together with the assembly motif determines the inner nanostructure, the di-
mensions, and the mechanical properties of the resulting filaments [106, 107].

Borner and coworkers demonstrated that peptide—polymer conjugates can assem-
ble to nanotapes with persistence lengths close to those of actin filaments (actin
composes one part of the intercellular skeleton) [108, 109]. The generated nanos-
tructures are flat ribbons (1.2 nm x 17 nm x 2 um; height x width x length) with
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Fig. 3 Controlling dimensions and topology of self-assembled fibrils. Controlled self-assembly of
peptide—polymer conjugates allows tuning of fiber sizes and shapes from nanotapes with 1.2 x 17
nm cross-section (a) to microtapes with 50 nm x 2 pm cross-section (b). Self-assembling coiled-
coil peptides leads to straight nanofibers (c), fibers with kinks (d), fibers with T-junctions (e), or
branched fibers (f). Reprinted, with permission, from [108] copyright (2005) The Royal Society
of Chemistry; [110] copyright (2006) American Chemical Society; [111] copyright (2003) Wiley-
VCH; [107] copyright (2003) Nature Publishing Group

a peptide B-sheet core and a polymer shell (Fig. 3). Similarly to the basic structural
element of collagen (rod-like tripel helix), the strong anisotropic nature of the syn-
thetic core—shell ribbon is reflected in a high tendency to pack into bundles with
nematic substructure [109]. The vast structural variability of the present concept has
been indicated by the fact that a slight variation in the peptide part of the peptide—
polymer conjugate led to macroscopic tapes with a cross-section of 2 um x 50 nm
and lengths of several millimeters (Fig.3) [110].

Woolfson and coworkers described impressively the design of peptide fibers
based on o-helical coiled-coil building blocks [107]. By programming at the amino
acid sequence level, the fibers could be fine-tuned from thick rigid rods to thinner,
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more flexible fibrils [106]. Advanced control could be achieved, including tailoring
of the fiber topology. The amino acid sequence could be used to rationally equip
peptide nanofibers with kinks, branches, or crosslinks (Fig.3) [111, 112].

Despite the fact that peptide- or bioconjugate-based filaments are not covalently
assembled and the building blocks hold together via soft interactions (e.g., hydrogen
bonding, hydrophobic, or ionic interactions), excellent mechanical properties might
be achievable. Smith et al. have shown that insulin, for instance, creates fibrils with
strengths of up to 0.6 GPa, comparable to that of steel, and with a Young’s modulus
of 3.3 GPa, corresponding to that of silk [113]. Moreover, the latter is perhaps the
most prominent example of a protein-based, high-performance fiber. Silk escape
threads combine high-modulus fiber elasticity with enormous toughness, which is
still unmatched by synthetic fiber materials [114].

The utilization of peptide self-assembly additionally allows control of struc-
tural parameters and the rational control of functionalities, which are displayed
at the nanofiber surface. This makes the presentation of biological signals and
thus the introduction of bioactivity feasible. Stupp and coworkers investigated the
self-assembly of peptide—amphiphiles (Fig.4) [87, 115]. The resulting worm-like,
cylindrical nanostructures consist of a hydrophobic core that is formed by the alkyl
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Fig. 4 Functional decoration (F) of self-assembled nanofibers to mimic fibrillar structures of the
ECM. The monodisperse nature of the building blocks and the precise assembly motifs lead to
nanostructures with well-defined functional surfaces. Adjusting of these faces enables the genera-
tion of bioactivity by presenting biorelevant epitopes [88, 92, 105, 108, 116, 128]
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chains of the amphiphiles. The polar peptide segments, instead, are exposed to
the water phase on the fiber surface [116]. For instance, the self-assembly of a
peptide—amphiphile with a RGD domain leads to nanostructures with RGD sur-
face functionalities [115]. A similar system has been equipped with an epitope of
laminin. Laminin is an ECM protein that signals complex information, influencing
and regulating neurite outgrowth. The resulting nanofibers presented the bioactive
epitope and are apparently capable of stimulating differentiation as well as growth
of neural cells in a directional manner [116].

Moreover, self-assembled nanofibers with distinct functional surfaces might en-
able more than the design of cell-fiber systems. Since peptides and nanofibers
direct the growth of inorganic matter in biological systems, the controlled integra-
tion of composites into the field of tissue engineering might be feasible [117-119].
For example, functional faces of nanotapes composed of peptide—-PEO conjugates
could be adjusted to mimic fibrillar proteins such as silicatines [94, 120, 121]. The
functionality programs the nanofibers to have a high affinity for inorganic precursors
and ultimately controls the rapid formation of a complex composite material with six
hierarchy levels. This might be useful for biomedical applications, e.g., plotted den-
tal inlays [122]. Hartgering et al. presented different self-assembled nanofibers that
could control the crystallization of hydroxyapatite [123]. Because silica and hydrox-
yapatite are important inorganic components in biological composite materials, in-
teresting biocomposites can be envisioned. In the future, defined cellular integration
could be potentially combined with hierarchically structured inorganic—bioorganic
composites, which might lead to interesting biointegrated composite materials.

Programming functionalities on the nanofiber surface makes the adjustment of
interfibrillar interactions possible. Biology probably controls the hydrophobicity of
the fibers in the ECM by using different types of collagen with different degrees
of glycosylation. Even if the entire function of the collagen family is not clear, it is
possible that a variable glycosylation is one tool for regulation of the hydrophobicity
of the collagen fibers, which adjust lateral fiber interactions. Furthermore, biological
ECM fibers show soft and reversible multipoint interactions that can be mediated
by ligands for specific crosslinking. For example, peptide—amphiphile nanofibers
mimic this by presenting heparin-binding peptide sequences on their fiber surfaces.
The effective crosslinking of the nanofibers could be mediated by the addition of
heparin to a dilute fiber solution [124].

Ultimately, self-assembled nanofibers can possess a fluid—gel transition and
thus generate 3D fibrous structured materials (cf. Fig. 5). Preferably, resulting gels
should have a high porosity, preserved structural dynamics, and low solid content
[125]. Several different systems based on peptides, amphiphiles, and bioconju-
gates have been described that lead to the formation of hydrogels or organogels
[90, 126, 127]. Although the latter are more relevant for materials science applica-
tions [128], aqueous media are required for biomaterial scaffolds, e.g., for tissue
engineering [89, 127, 129, 130]. A common form of scaffold is a fibrous structured
gel in which cells can be encapsulated (cf. Fig. 5) [131-133]. The above-mentioned
nanofibers based on peptide—amphiphiles spontaneously form hydrogels at a con-
centration of about 0.5%. Due to the high persistent length (stiffness) of the fibers in
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Fig. 5 Formation of isotropic (top right) or anisotropic (bottom right) hydrogels. Gel formation
can be triggered by inducing lateral interactions between fibrillar nano-objects

contrast to soft fibers they span pores of about 200—-800 pum in size, leaving enough
space for cellular penetration but still preserving tight cell-fiber contact to influence
the included cells. In situ gelation in the presence of different cell lines has been
demonstrated, making the gels interesting for tissue engineering [116]. The artificial
nanofiber scaffolds have a distinct effect on cell differentiation due to the bioactive
epitopes presented on the fiber surface.

Zhang and coworkers investigated a variety of peptides with alternating hy-
drophobic and hydrophilic amino acid sequences [88, 105]. The polarity sequence
meets the requirements for B-sheet formation, leading to fibrils that show a re-
versible crosslinking to hydrogels. Charged residues, present in the sequence of the
peptide, were used to control the self-assembly process via pH or ionic strength.
It is noteworthy that cells entrapped into this type of gel are rapidly stimulated to
enhance the production of ECM [134]. The rapid reconstitution of the native biolog-
ical environment makes the nontoxic peptides good candidates for use in strategies
for repair of cartilage tissue.

Schneider and coworkers described a highly interesting peptide having a
B-hairpin structure (cf. Fig.6) [135, 136]. The amino acid sequence determines
the folding of the peptide into a -sheet-turn-B-sheet tertiary structure. This can
self-assemble in a pH-controlled manner into branched nanofibers, which form
hydrogels [137]. The self-assembly kinetics is strongly dependent on temperature.
Under physiological conditions, aggregation of the peptide proceeds slowly at 10 °C
but very rapidly at 20°C. This is indeed interesting for injection tissue engineer-
ing, where rapid gelatin is required at body temperature, but fluid flow should be
preserved before injection [138].

The examples described above reveal the versatility and potential of bottom-up
approaches for generating structures with controlled substructures and, moreover,
positioned functionalities to modulate the material-biology interfaces. Certainly,
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Fig. 6 Triggered self-assembly of a peptide B-hairpin that forms fibrillar structures, which show
facial and lateral self-assembly to hydrogel networks. Reprinted, with permission, from [96] copy-
right (2004) Elsevier

this toolbox will be further explored and exploited to program nanostructures for
interfacing to biology. However, the control of self-assembly processes over sev-
eral length scales from nanostructures to macrostructures is still highly challenging.
Therefore, an interesting technological interface has been brought into focus, where
existing polymer-processing technologies are being evaluated for production of
structured materials for biomedical applications. The available processes and the
resulting possibilities are discussed in the next section.

2.2 Top-Down Processing

2.2.1 Solid Freeform Fabrication

For an adequate scaffold for tissue engineering, the mechanics and porosity have to
be optimized preferably by the design of hierarchical porous structures. Because the
introduction of holes determines the mechanical properties of a structure, it also will
affect the mass-transport required for cell nutrition and cell migration. Computa-
tional topology design (CTD) enables the construction of such structures by creation
of libraries of particular unit cells at different physical scales; the overall structure
is then composed of these unit cells [139]. From these microstructures, stiffness and
permeability can be calculated. Using topology optimization, a tailored microstruc-
ture can be created in which cell migration and the mechanical properties of the
addressed tissue (e.g., bone) are considered [140]. Custom-made implants can be
fabricated. The exact shape of a specific anatomic defect in a patient can nowadays
be diagnostically determined with computed tomography or magnetic resonance
imaging. This data can then be directly intersected with the microstructure database
to design an optimized scaffold [141].

The scaffolds for implants can be manufactured by mean of solid freeform fab-
rication (SFF), which relies on a layer-by-layer (LbL) composition of 3D materials.



178 R. Gentsch and H.G. Borner

The step-by-step assembly proceeds in a highly precise manner that enables accurate
definition of pore size, interconnectivity, and the scaffold form of, e.g., an anatom-
ically shaped structure. SFF requires expensive equipment, is limited in resolution,
and does not allow the fabrication of all complex geometries generated by CTD.
However, different materials like polymers, ceramics, and metal biomaterials can
be processed into scaffolds. Due to an accurate inner geometry and shape, SFF
scaffolds have typically better mechanical properties than those produced via other
methods, e.g., porogen leaching or gas foaming. Therefore, SFF is attractive for me-
chanical supports of hard tissue with elastic moduli of 10-1500 MPa [142]. There
is a large variety of established SFF systems, which have in common the use of
a triangular facet structure to replicate a representation of the optimal scaffold.
Technology platforms can be divided into three groups according to the way the
material is deposited: laser-, printing- and nozzle-based systems. Three examples
are schematically shown in Fig. 7.

a b

c
Selective laser sintering  Fused deposition modeling  Direct writing/plotting

Scanner X-y-Z
Laser system stage
_—— i 3
Po“'der ——————y———— 1 )
Roller /| bed __1+ Extrusion
! b nozzle

— Plastic

filament
Fabrication supply coil
piston

Powder Table
delivery
system

Fig. 7 Three examples of SFF: (a) SLS, (b) fused deposition modeling, and (¢) DW/plotting.
Their corresponding scaffolds can be seen in the pictures beneath. In the lower image for (c),
fibroblasts are incorporated and adapt to the 3D environment. Scale bars: (b) 1 mm, (¢) 100 pum.
Reprinted, with permission, from [141] copyright (2005) Nature Publishing Group; [143] copyright
(2009) Wiley-VCH; [144] copyright (2001) Wiley, Worldwide Guide to Rapid Prototyping web-
site (© Copyright Castle Island Co., All rights reserved http://www.additive3d.com
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The laser-based systems are stereo lithography (SL) and selective laser sintering
(SLS). In SL, a liquid monomer is photo-polymerized, which restricts the range of
materials to polymers that are compatible to UV curing. SL provides scaffolds with
porosities of <90% and a pore size of 20—-1000 wm [145]. SLS uses powders, prefer-
ably with narrow size distribution. These are sintered to geometries with <40%
porosity and 30-2500 um pore sizes [146]. In the second group, either a chemical
binder is printed onto powder (3D printing) or wax is directly deposited. The pow-
der needs to have a narrow size distribution to compose scaffolds with porosities
<45-60% and pore sizes in the range of 45-1600 um [147, 148]. The third tech-
nology exploits extrusion through a nozzle, either using melts (fused deposition
modeling, FDM) or solutions that are structure-forming either directly or in re-
sponse to, e.g., radiation (plotting/direct writing, DW). FDM applies thermoplastics
to form structures with porosity <80% and pore sizes of 100-2000 wm [144].
Malda et al. compared the oxygen gradients in a 3D scaffold fabricated by FDM
with those in a scaffold produced by porogen leaching [149]. Both scaffolds were
seeded with chondrocytes. Two weeks after in vivo implantation, the FDM scaffold
showed, compared to the other scaffold, significantly higher cell densities in the
center and higher glycosaminoglycan content. This suggests a better cell infiltra-
tion, lower oxygen gradients, and better cell colonalization in the FDM scaffold and
highlights the importance of rationally designed scaffolds for tissue-engineering ap-
plications [149]. To achieve smaller feature sizes below the resolution of the FDM
process, simple surface roughening by NaOH etching can be applied. This improves
early matrix deposition in FDM scaffolds and facilitated bone formation in a rab-
bit model [150]. DW scaffolds have porosities of <90% and pore sizes of 5-100
wm. Therefore, this method shows the best resolution. However, the long manufac-
turing time is a clear disadvantage of the method. DW is especially interesting for
using DW of cells [151], biomaterials like hydrogels (Fig.7) [143, 152], or self-
assembling systems [153]. The latter shows the possibility of combining bottom-up
with top-down approaches. This provides the means to macroscopic nanostructured
scaffolds, where the inherent nanostructure is aligned to the macroscopic drawing
direction.

In order to functionalize the scaffolds, blending seems to be a feasible ap-
proach, as shown in the FDM of polycaprolactone/calcium phosphate composites
[144]. These scaffolds exhibit favorable degradation and resorption kinetics, com-
bined with excellent mechanical properties and an optimal hydrophilicity [154].
The biochemical advantages of such structures are shown by the improved cell
seeding. Moreover, an enhanced control of the position of supported growth factors,
e.g., bone morphogenetic proteins (BMPs), has been shown both in vitro and in
vivo [155]. The functional biomolecules are mostly added after scaffold fabrication
because the non-mild conditions used in the fabrication method might affect the
functionality. Incorporation of tricalcium phosphate provides a high binding affin-
ity for BMP proteins. The functionality of growth factors is expected to increase
by presenting them together with specific cofactors, such as heparin sulfate (HS),
within an osteoconductive scaffold. HS is a robust biomacromolecule that tolerates
harsh processing conditions, and thus the direct incorporation of HS during scaffold
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processing is feasible [ 154]. In contrast to FDM, the DW method is compatible with
several functionalization strategies. Even the direct incorporation of cells or proteins
has been demonstrated, as solutions or dispersions can be easily processed. Detailed
approaches for in situ and post-functionalization will be discussed in the following
section.

2.2.2 Electrospinning

Although the principle of this technique is quite old, electrospinning (ES) has been
developed as a powerful tool for the design of fiber meshes with fiber diameters
ranging from ~10 um down to a few nanometers, mesh porosities of <90%, and
pore sizes of <1 to 100 um [156, 157].

Typically, viscous solutions or melts (not further discussed here) composed of
polymers (synthetic or natural), precursors (ceramics, metals), or composite materi-
als are able to be processed. During ES, the viscous solution is extruded through a
needle, which is charged at the tip with high voltage. Deposition of the meshes takes
place on a grounded collector. Given its simplicity regarding the equipment needed
and its versatility (in terms of materials and structures), the ES process is becoming
highly popular across different disciplines. Applications range from mesh produc-
tion for wound dressings and tissue engineering to drug delivery systems. The fact
that the fiber dimensions can reach the order of magnitude of fibrillar structures
of the ECM makes it a feasible approach to structures that mimic the natural en-
vironment of cells. In addition, features like high interconnectivity of pores, high
porosity, and high surface area make the resulting nonwoven meshes attractive, for
example, for infiltration with cells.

It should be noted that the mechanisms involved in ES are complex and some
details are still under heavy discussion. The ionized drop at the tip is first deformed
to a Taylor cone (or more precisely a hyperboloidal shape) and then, after overcom-
ing surface tension and viscosity, a so-called liquid jet is ejected and accelerated,
undergoing different instabilities before deposition [158, 159]. An interplay of
solution properties (surface tension, viscosity, molecular weight, conductivity, sol-
vent volatility, solvent—solute interaction, dielectric constant), apparatus constraints
(voltage, tip-to-collector distance, feeding rate, collector geometry, assembly), and
environmental conditions (humidity, temperature, atmosphere) influence the process
and can be used to control the outcome. For example, by using different concentra-
tions and molecular weights, beads (i.e., from electrospraying), beaded fibers, and
fibers with different diameters can be constructed. This depends on the interaction
between the surface tension, polymer entanglement/interaction, and pulling force
[160]. The latter depends on feed rate, voltage applied, gap distance, dielectric con-
stant, and conductivity of the used solution. Depending on the solution/solute system
and the applied “sophisticated” setup (e.g., a coaxial setup [161]), meshes with spe-
cial features can be obtained consisting of porous [162], hollow [163], wrinkled
[164], branched [160], flat [165], coiled [166], and barbed [167] fibers. A variety
of factors influence the assembly mechanism of the nonwoven meshes and hence
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determine essential parameters such as final fiber-to-fiber distance, porosity, and
mechanical properties of the resulting meshes. The amount of remaining solvent,
the humidity, the collector material, and the elasticity of the polymer might play
dominant roles in screening or grounding of charges, fiber bonding, and buckling of
fibers. However, further investigations must be performed to clarify these aspects,
which are tightly coupled with each other. By using rotating drums, patterned elec-
trodes, or post-drawing at elevated temperature, an aligned fiber mat or bundle can
be obtained [168—170]. Interestingly, reducing the gap distance enables the technol-
ogy of DW (near-field ES) [171]. In order to increase the productivity of the ES
process, multi-nozzle setups or porous tube spinnerets are used to produce various
jets in parallel, making industrial scale fabrication feasible [172, 173].

Cell studies on scaffolds of nano- and submicrometer-scaled fibers have shown
that these dimensions promote not only cell adhesion, but also have beneficial ef-
fects on proliferation and differentiation of cells [174—177]. These effects are more
prominent with decreasing fiber diameters. It seems relevant that the cells can be
guided and bridged by the artificial fibers. Meshes with aligned fibers are particu-
larly promising, e.g., for guiding the growth of nerve cells (Fig. 8) [178].

Fig. 8 Nerve cells adjust their adhesion and migration to the corresponding structure, as seen here
on random (a, ¢) and aligned (b, d) cells. (a, b) SEM pictures of PCL nanofibers where gioma
cells adhered and followed the fiber alignment (see asterisk in b). (¢, d) Motion cell-tracking: 20
individual trajectories were traced manually after a total tracking period of 36 h. Scale bars: (a, b)
10 um. Reprinted, with permission, from [178] copyright (2009) Mary Ann Liebert
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It is noteworthy that aligned fibers, as compared to randomly oriented ones,
seem to stimulate fibroblasts to increase the production of ECM proteins. This was
rationalized by the more controlled microenvironment, which provides an adequate
topology and stimulates mechanotransduction [179]. However, quantitative evalua-
tion is not straightforward because appropriate 2D reference surfaces are not often
available. Furthermore, the cellular behavior depends on the cell line, e.g., endothe-
lial cells seem to prefer flat surfaces to nanofibers [180]. Explanation could be
complex, but also rather trivial because the projected area of fibers is smaller than
that of flat surfaces [181]. In addition, it was found that cells proliferated faster
on scaffolds with peak pore diameters greater than 6 um. In the case of a fur-
ther increase of the peak pore diameter to 12 or even 23 pum, cells began to align
along single fibers instead of attaching to multiple fibers via multiple attachment
points [182].

Early reports on electrospun scaffolds described poor cellular infiltration [175].
Frequently, cells adhered at the surface and thus coated the nano- or submicrometer-
scaled electrospun meshes due to the small pore size. In order to overcome this
limitation, pore sizes were increased by combining ES with other methods. These
approaches included the coating of microfibers with nanofibers [183]. Other strate-
gies combine ES with leaching [184, 185], freeze-drying [186], blowing agents
[187], or ice templates [188].

ES produces fibers with a wide distribution of diameters. Normally, the intent is
to keep the range as narrow as possible. However, for cellular infiltration the other
extreme might be of advantage. Recently, a single-step process was realized using a
standard ES setup. This enables the fabrication of bimodal fiber meshes with diam-
eters differing by one order of magnitude (Fig. 2c). It was demonstrated that such a
hierarchical mesh design is highly suitable for facilitating cellular infiltration. Mixed
meshes (e.g., nano- and microfiber meshes) combine the advantage of microfibers
that span an open pore structure with the properties of nanofibers, which are known
to enable cell adhesion and proliferation. The advantages of mixed scaffolds were
demonstrated by initial cell penetration experiments, monitoring the infiltration of
epithelial cells into such networks [48]. Another attempt used bioreactors to encour-
age cell penetration into the fiber meshes [182]. Other approaches include direct
spinning of cells by encapsulation into poly(dimethyl siloxane) (PDMS) by coaxial
ES [189]. However, the strong electric field might induce some long term effects
on cells. It seems to be safer in that regard to spin into the cell culture and then
sequentially seed the cells (unpublished results from this group). This interest-
ing procedure and the resulting sandwich scaffolds are schematically outlined in
Fig.9 [190].

To improve and control cell-fiber interactions, the fiber meshes can be
either composed of biomacromolecules or postfunctionalized with appropriate
biomolecules. The question arises as to which materials can be electrospun. In
principle, all polymers can be spun if they provide enough entanglements in so-
lution and adequate interactions between the solvent and solute. Biopolymers, in
particular, show dominant H-bonding and/or polyelectrolyte effects, which lead to
a strong viscosity increase or poor solvent evaporation. In order to prevent such
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Step 1: Fiber spinning (1 layer fiber) Step 2: Cell seeding (1 layer cell)

Repeat Step 1 & 2 until desirable layers of fibers and cells On site layer-by-layer generation

Fig. 9 Cell-fiber sandwiches can be constructed by LbL cell/fiber assembly. The cells are sand-
wiched between layers of electrospun fiber mashes. The mesh thickness and cell loading can be
controlled within this process. Reprinted, with permission, from [190] copyright (2009) Mary Ann
Liebert

effects, H-bond breaking or charge-screening agents are added into the solution to
facilitate spinning. Changing the interaction between the molecules might, however,
change the conformation of biopolymers such as proteins [191]. The most popular
strategy is blending with easily spinnable polymers such as high molecular weight
PEO [192]. Another interesting approach is to use a coaxial-ES setup. A polymer
that is difficult to spin is placed in the core and an easily spinnable polymer will
assist fiber production by forming the shell. Subsequently, shell leaching provides
fibers from the “difficult” polymer [193].

Furthermore, meshes have been composed of multilayers consisting of dif-
ferent polymers. Matsuda and coworkers produced bilayer meshes of a thick
polyurethane microfiber mesh and a thin nanofiber mesh composed of type I
collagen. The material decouples mechanical properties from the biochemical func-
tionality of collagen to form a prototype scaffold for artificial grafts [194].

In principle, the functionalization strategies can be subdivided into methods
allowing (1) direct incorporation of the functionality during spinning and (2) post-
functionalization of the fibers after mesh production.
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Coaxial-ES is a straightforward technology for producing meshes with functional
fibers. These individual fibers can consist of a synthetic, nonfunctional core and
a biofunctionalized shell. However, the production process is not trivial because
control over multiple feeding rates is complicated and compatibility issues can
occur.

Spinning of homogeneous blends of two polymers usually imposes compati-
bility problems. However, these can be overcome by use of common solvents,
solvent mixtures, or surfactants. The control of the position and distribution of the
functionality within the fiber is a complex task, but essential for this form of func-
tionalization. Several studies describe the ES of solution blends of PEO and PCL
[185, 192, 195]. Both polymers have a wide range of common solvents, but PEO
is water-soluble, which means that a crosslinking step is required to preserve the
meshes.

A systematic strategy to enrich a functional compound at the surface during
ES is difficult. A particular problem is that bioactive compounds (e.g., proteins or
peptides) are frequently expensive substances and hence not available in large quan-
tity. In addition, the biomolecules that are at the surfaces of fibers might quickly
undergo dissolution. In that respect, the use of block copolymers with a biofunc-
tional part and a part compatible with a synthetic fiber-forming polymer is an
attractive approach. In a model study, a small amount of a PEO—peptide conju-
gate was field-enriched on a PEO fiber, leading to meshes with a PEO core and
a functional peptide shell [195]. According to recent findings, the strategy can be
transferred to a biorelevant system. A poly(L-lactic acid) (PLLA)—peptide conju-
gate containing a bioactive RGD sequence was blended with PLGA. ES of this
blend enriches the peptides at the surface of PLGA fibers. The surface segrega-
tion was driven by the adequate choice of solvents (our unpublished results). In
another approach, block copolymers were spun to provide, after annealing, fibers
with concentric lamellar-like substructures. Such compartments might be useful
for incorporating functional systems, i.e., nanoparticles, drugs, or biomolecules
[196, 197]. In addition, emulsion ES seems to be a feasible method for encapsu-
lating and spinning diverse biomolecules or drugs [198, 199]. Further evaluation
has to show whether the surfactants might impose a risk to sensitive biological
systems.

Postfunctionalization strategies are very well documented in the literature
[200, 201]. Only a few selected examples will be discussed here. Generally, post-
functionalization strategies are frequently applied. They often involve multistep
procedures such as fiber surface activation, linker attachment, and introduction of
a functional entity. After processing a blend composed of PLGA and PLGA-b-
PEG-NHj; the peptide GRGDY could be immobilized at the fiber surfaces through
a coupling procedure [202]. In another study, the surface of PCL fibers was first
activated by plasma treatment and the generated carboxylates used for the coupling
of gelatin by carbodiimide chemistry [203]. In a RGD- and gelatin-functionalized
mesh, the cell proliferation and growth was superior to that in unfunctionalized
meshes. However, bioactivity was still lower than in established tissue culture
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plates. The layer-by-layer method, which has been mainly used for planar surfaces,
can also be applied to charged electrospun fiber in order to introduce functional
entities [204].

In general, despite the difficulties in understanding the intricate mechanisms
involved, ES provides a wide range of tools for structuring a fiber surface or com-
posing a mesh at different length scales.

3 Biological Aspects

Synthetic nanofiber matrices can provide physically and chemically stable 3D sur-
faces for ex vivo growth of cells. Meiners and coworkers showed that fibroblasts or
rat kidney cells that have been grown on electrospun polyamide nanofiber meshes
displayed all the characteristics of their counterparts in vivo [205]. In addition,
breast epithelial cells underwent morphogenesis to form multicellular spheroids
containing lumens.

Synergistic effects of nanotopography and chemical signaling in synthetic scaf-
folds can certainly mimic the physical and biochemical properties of native matrix
fibrils to guide cells. Patel et al. functionalized aligned PLLA fibers with hep-
arin, basic fibroblast growth factor (bFGF), and laminin as an ECM protein [170].
When the aligned nanofibers were compared to randomly oriented meshes, a signif-
icant induction of neurite outgrowth (cf. Fig. 10) and the enhancement of skin cell
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Fig. 10 Synergistic effects of nanostructure and chemical signaling on cell guidance. The SEM
micrographs of random (a) and aligned (b) PLLA nanofibers show a strong effect on neurite
morphology. High-magnification confocal microscopy images indicate an isotropic growth on ran-
dom (c) and directed growth on aligned (d) PLLA nanofibers. Quantitative evaluation of neurite
outgrowth on nanofibers suggests benefits from aligned, functionalized nanofibers (e). s-bFGF
immobilized with laminin, soluble(s) bFGF (fibroblast growth factor); i-bFGF immobilized (i)
laminin and bFGF. Scale bars: (a, b) 10 um, (¢, d) 25 um. Reprinted, with permission, from [170]
copyright (2007) American Chemical Society
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migration during wound healing could be observed with the same treatment. In ad-
dition, the immobilized biochemical factors synergized with the aligned nanofibers
to promote highly efficient neurite outgrowth and, to a lesser extent, improved
skin cell migration (similar to soluble bFGF) compared to untreated aligned PLLA
fibers.

Another interesting approach is to use nanofiber scaffolds as a crystallization
matrix to mimic biological composites. Xia and coworkers were able to produce
meshes with a gradient of calcium phosphate content to mimic the tendon-to-bone
insertion site [206]. The variation in composition led to an interesting spatial gra-
dient in stiffness of the scaffold. This was also reflected in an activity gradient of
seeded mouse preosteoblast cells.

A promising material seems to be injectable self-assembling peptide nanofibers
because they can create, for example, an in situ intramyocardial microenvironment
for endothelial cells [207]. Davis et al. injected self-assembling peptides into male
C57BL/6 mice. The resulting nanofibrillar microenvironment recruited progenitor
cells that expressed endothelial markers to a larger extent than a reference matrigel.
After 14 days, vascular smooth muscle cells were additionally recruited to form
functional, vascular structures and potential myocyte progenitors. When exogenous
donor neonatal cardiomyocytes were coinjected with self-assembling peptides, the
transplanted cells survived in the artificial microenvironment and recruited further
augmented endogenous cells [207].

In order to create systems with larger dimensions, fibers can be processed into
yarns with improved mechanical properties and enhanced cellular infiltration capa-
bilities. For example, electrospun PLLA nanofibers with uniaxial alignment were
fabricated into braided wires. These yarns were applied as tissue sutures after coat-
ing with chitosan. The handling problem of nanofibers was overcome by processing
entire bundles of electrospun fibers via hot-stretch and twisting before braiding. The
braided PLLA yarns exhibited comparable tensile and knot strengths to commer-
cially available suture. This enables tying wounded tissue for a complete healing
period. The yarns showed no cytotoxicity and promoted cell in-growth in vivo
[208]. The results suggested an improved histological compatibility compared to
silk suture. Another strategy to form yarn is to use oppositely charged electrospun
nanofibers by coupled spinnerets [209].

An even more feasible approach seems to be that of Moutos et al., who used
104-um sized, commercially available PGA multifilaments to weave into 3D struc-
tures [210]. As shown in Fig. 11, interlocking of multiple layers led to porous
scaffolds with ~70-75% porosity. For cell growth, a composite structure was fab-
ricated by vacuum-assisted infusion of a hydrogel. The resulting scaffolds had
mechanical properties similar to those of artricular cartilage [210].
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Fig. 11 Fiber architecture of a 3D orthogonally woven structure for cartilage tissue engineering.
(a) Interlocking multiple layers of two sets of in-plane fibers (x- and y-direction). (b, ¢) Third
set of fibers in the z-direction; cross-sectional views are of the Y-Z plane (b) and X—Z plane (c).
(d) SEM view of the X-Y plane shows the 104 pm thick bundles composed of 8 um PGA fibers.
(e) Fluorescent image of a freshly seeded construct shows the uniform initial distribution of porcine
articular chondrocytes (fluorescent label was calcein-AM). Scale bars: (b, ¢) 1 mm, (d, e) 300 um.
Reprinted, with permission, from [210] copyright (2007) Nature Publishing Group

4 Summary and Outlook

An overview of the most promising approaches for fabrication of biomimetic scaf-
folds for biomedical applications is provided. Self-assembly techniques might be
the closest strategy to produce an appropriate bioactive environment for tissue re-
growth. This method is, however, still limited when it comes to the production of
large quantities or of mechanically loaded parts. In this respect, higher-throughput
methods like ES can fabricate fiber scaffolds composed of fibers within the size
range of fibrils in the ECM. Ultimately, rapid prototyping methods enable the
fastest means of designing large structures, particularly useful for load-bearing tis-
sue replica like bone. Still, a better control of nanoscaled features and more complex
geometries is required. In addition, positioning of several functionalities within dif-
ferent structure levels has to be developed. In this direction, further efforts have
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to be addressed towards designing scaffolds with proper signaling of biochemical
and physical cues. It appears to be predictable that hybrid technologies will provide
access to macroscopic nanostructured scaffolds and increase the structural space
available for biomedical materials. Additionally, the positioning of precise bioac-
tive entities within such materials by means of printing technologies will pave the
way to the ability to guide cellular response, and to recruit both appropriate soluble
factors and desired cell lines. Ultimately, artificial materials might mimic the infor-
mational background of hierarchical biomaterials, which provide synergistic effects
on the mechanical, topological, chemical, and biochemical levels.
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Antimicrobial Surfaces

Joerg C. Tiller

Abstract In this review, the general principles of antimicrobial surfaces will be
discussed in detail. Because many common products that keep microbes off sur-
faces have been banned in the past decade, the search for alternatives is in full run.
In recent research, numerous new ways to produce so-called self-sterilizing sur-
faces have been introduced. These technologies are discussed with respect to their
mechanism, particularly focusing on the distinction between biocide-releasing and
non-releasing contact-active systems. New developments in the catalytic formation
of biocides and their advantages and limitations are also covered. The combination
of several mechanisms in one surface modification has considerable benefits, and
will be discussed.

Keywords Antibacterial - Antimicrobial - Bacteria - Biocide - Contact-active -
Light-activated - Photocatalytic - Release - Self-polishing - Surface
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1 Introduction

It is generally accepted that our planet is ruled by microorganisms, such as bacteria,
yeast, fungi, and algae, which dominate us in number and mass. We just happen
to roam in their realm for a certain period of time. Even our own body is outnum-
bered by microbial cells 10:1 with respect to our own cell count. We only survive
because we can accommodate that fact and try for coexistence. Nevertheless, mod-
ern human society also requires a certain control over the microbial population.
This is particularly true for pathogenic microbial strains, which are still the cause
of millions of deaths every year. However, the treatment of microbial infections is
becoming increasingly difficult because the number of antibiotic-resistant microbial
strains and patients is growing a lot faster than the number of useable antibiotics
[1, 2]. It was reported that the number of deaths caused by the resistant microbial
strain MRSA (methicillin-resistant Staphylococcus aureus) exceeds the number of
deaths caused by HIV in the USA [3]. For this reason, the application of antimi-
crobial surface modifications on all sorts of medical devices and implants seems
to be a necessary tool for fighting microbial infections, particularly in hospitals,
by preventing the spread of microbial cells [4]. Another less life-threatening, but
economically important, area that requires the control of microbial populations is
the formation of biofilms on manmade materials, which corrode and deteriorate
and are rendered dysfunctional by these biofilms [5]. Typical biofilms are depicted
in Fig. 1. Although biomedical applications mainly require biocompatibility of the

Fig. 1 Examples of biofilms. Left: typical mold in households. Center: typical biofouling on a
ship hull, including algaes and barnacles. Right: microbial Pseudomonas aeruginosa biofilm on a
catheter
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whole system for the targeted application, the fight against biofilms on materials has
to consider environmental pollution issues. Besides medical devices and implants,
there are numerous other fields of interest for antimicrobial surfaces, including food
protection, household hygiene, water towers, air conditioners, and sportswear.

This chapter is dedicated to discussion of the state of the art of antimicrobial
surfaces, particularly with respect to their mechanism of action.

2 Preliminary Considerations

2.1 Classification of Antimicrobial Surfaces

Many microbial infections and toxins are spread by biofilms. Biofilm formation
occurs on virtually every surface, starting with the adhesion of planctonic cells or
small dispersed biofilm fragments. Proliferation of the cells is accompanied by the
expression of an extracellular polysaccharide-based matrix [6]. The cells embedded
in this matrix are well protected and up to 1000 times less susceptible to antibiotics
[7]. Once a biofilm is formed, it is extremely difficult to remove this contamination.
Thus, all antimicrobial surfaces should prevent the primary attack [8]. One class of
antimicrobial surfaces prevents the primary attack by creating surfaces that are not
sticky to microbial cells, i.e., they do not allow adhesion of these cells. The other
major class of antimicrobial surfaces is based on the killing of approaching microbes
(see Fig. 2). Interestingly, both approaches can be achieved either by permanent
surface modifications or by releasing bioactive compounds.

2.2 Contact-Active versus Releasing Systems

It seems obvious that repelling or killing approaching microbes without releasing
a chemical compound would be desirable. Numerous recent publications claim to
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© viable \r

et microbes \
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Fig. 2 General classes of antimicrobial surfaces
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have developed contact-active surfaces, mostly for killing microbes or delaying
their growth [9-11]. A surface that kills on contact must function with a different
mechanism compared to one that releases a biocide. Thus, knowledge of the mode
of action is very important for the differentiation between those two. However, con-
tact activity is hard to prove because of the very complex analytics of the process of
killing a cell.

One common way to distinguish between contact-active killing and release of a
biocide is to look for an inhibition zone, which occurs if a biocidal compound is
released from the treated area and diffuses into the untreated control zone. Unfortu-
nately, the size of such an inhibition zone depends on many parameters, including
the release kinetics, and the amount and activity of the released biocide in the test
system. The lack of a visible inhibition zone does not automatically prove contact
activity [12]. Another test for contact activity is the so-called DOW suspension test,
which assumes that the modified surface kills approaching microbes so effectively
that the overall number of living cells (colony forming units, CFUs) in the surround-
ing medium decreases [13]. Studies have shown that some biocidal surfaces kill very
slowly in terms of hours and thus they probably do not reduce surrounding bacterial
cell numbers. Sometimes, a loss of biocidal activity of the medium after removing
the active test sample is interpreted as an indication of contact activity [14]. This
claim is rather hard to prove because, in the case of releasing systems, the medium
certainly dilutes any released compound and the overall concentration can easily be
below the active concentration in most practical setups. Figure 3 depicts a model to
illustrate the situation in a release system.

Every compound that leaches from a material has to permeate through the ma-
terial first and is later distributed into the surroundings. In every case, there will be
a diffusion zone on the surface that consists of fairly highly concentrated released
compound. The size of this zone depends on diffusion rates through the material,
through the interface, and in the surroundings as well as on the surface affinity be-
tween released compound and material interface. If this released compound is a
biocide, the area where the concentration of the biocide is above the minimal bio-
cidal concentration (MBC, 99.9% of all microbial cells are killed) is called the kill
zone. The area with at least the minimal inhibitory concentration (MIC, 99% of all
microbial cells are inhibited in growth) is called the inhibition zone. Systems with
just an inhibition zone and no kill zone do not damage microbes and are only active

JKlnhibition Zone (c > MIC) Kill Zone (c > MBC)

Biocide

Hiohert Zono (C£MC) Releasing Material

Fig. 3 Surface-release profile of a biocide loaded into a matrix. MBC minimal biocidal concen-
tration, MIC minimal inhibitory concentration, ¢ concentration of biocide
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Fig. 4 Photographs of coatings containing silver nanoparticles at concentrations of Sug Ag /cm2
(top line) and 10ug Ag/cm2 (bottom line) sprayed with S. aureus cells from aqueous suspension,
air dried, covered with liquefied growth agar (1.5 wt% in cultivation medium), and incubated at
37°C. The sample in each line was recorded after varying incubation times. Photographs in part
reproduced from [12]

in a surface test. An example of such a system was reported previously for silver
nanoparticle-loaded surfaces [12]. When using coatings containing Sug Ag/ cm?,
the S. aureus cells sprayed onto the surface were delayed in growth for up to 9 days
and no bacterial cells were killed, due to the lack of a kill zone (Fig. 4, top row).
Increasing the concentration to 10pug/ cm? completely killed the cells (Fig. 4, bot-
tom row). In the case of the existence of a kill zone, living microbial cells in the
surrounding can be decimated by diffusion through the kill zone. This is effective if
fast-killing biocides are used.

It has been shown that a material that releases the biocidal compound
cetyltrimethylammonium chloride seemingly kills microbes on contact, while
the number of the surrounding bacterial cells does not decrease [15]. In this case,
the biocidal compound kills slowly in terms of hours and therefore a free-moving
bacterial cell will not stay long enough in the kill zone to be damaged. In the early
1980s, surface modifications with tributyltin (TBT) were believed to be contact-
active antimicrobial [16]. In such coatings, TBT is released very slowly. Because of
its very high activity and its low solubility, TBT kills microbes in the small kill zone
quickly, but not in the diluted test medium. According to the proposed mechanism,
the same might be true for N-halamine-based coatings that release the very active
biocide hypochloride [17].

Another way to measure the efficiency of a biocidal surface is by detection of
the ATP bioluminescence of the adhering microbial cells [18]. With this elaborate
method, the killing rate of a surface can be measured and it is possible to distinguish
between growth inhibition and killing. However, the method does not distinguish
between release and contact activity. In general, there is no test that can clearly tell
the difference between a contact-active and a release system.
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3 Microbe-Repelling Surfaces

The repelling of microbes can generally be achieved by surfaces that do not allow
protein adhesion. Such surfaces can be obtained in various ways, including the mod-
ification of surfaces using polyethylene glycol (PEG). The first example was found
when Brash and Uniyal investigated the antithrombic potential of polyurethanes and
found a very low adhesion of albumin and fibrinogen on polyurethanes containing
PEG soft segments [19]. In contrast to protein adhesion, the reduction of cell adhe-
sion is never complete. This is due to the different size and the complex patch-like
chemical composition of the microbial cell surfaces, as well as to the fact that mi-
crobes actively adhere to surfaces [20]. Thus, it is not possible to fully describe
bacterial adhesion using DLVO theory (Derjaguin, Landau, Verwey, and Overbeek
theory describing the interaction of colloidal particles) [21]. Nevertheless, the great
hydrophilicity of PEG and the fact that it is only a hydrogen acceptor might be
reasons why PEG repels microbes better than any other surface modification.

The first example of a bacteria-repelling surface was described by Humphries
et al., who examined surface modifications using PEG-containing block copolymers
and found that PEGylation afforded an anti-adhesive effect of over 99% against
Pseudomonas sp., Serratia marcescens, and Streptococcus mutans [22]. Addition-
ally, it was found that a negatively charged surface repels microbial cells because
of their negative surface net charge [23]. However, due to the patch-like surface
structure every microbial cell has also positively charged areas on the surface,
which will eventually allow adhesion of the cell to a negatively charged surface.
Nevertheless, Park et al. could demonstrate that the combination of PEGylation
and a negatively charged surface is more effective against Staphylococcus epi-
dermidis and Escherichia coli than each modification alone [24]. Interestingly,
control of charge and PEGylation of collagen can be used to control adhesion
of the Gram-positive bacterium S. aureus and of mouse fibroblast cells in or-
der to obtain biomaterials with full mammalian cell adhesion and fivefold reduc-
tion in bacterial adhesion [25]. Also, surface-grafted zwitterionic polymers, e.g.,
phosphorylcholine-containing polymers and poly(sulfobetaine methacrylate), have
been found to repel microbes effectively [26, 27]. Such surfaces can reduce the ad-
hesion of S. epidermidis and Pseudomonas aeruginosa by up to 96% compared
with the control [28]. More recently, the use of thermosensitive polymers, such
as poly(N-isopropylamide), has been discussed as a controlled repel mechanism
that allows the temperature-sensitive switching between adhesive state and repelling
state for biofilms [29].

Besides the numerous synthetic and natural polymers that are suited for repelling
microbes from surfaces (summarized in [8]), the negatively charged protein albumin
can also reduce bacterial adhesion [30]. Further, the nature of the surface-attached
repelling polymer and its mechanical properties both seem to play a role in the
attraction of microbes. This was demonstrated by Lichter et al., who investigated
poly(allylammonium hydrochloride) (PAH) and poly(acrylic acid) (PAA) multilay-
ers and found that the stiffness of the coating positively correlated with the adhesion
of E. coli. [31].
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Another way to keep microbial cells off surfaces is to create materials that
constantly renew their surface, e.g., by being degraded. This so-called self-polishing
does not keep microbes away effectively because the degradation process and the
formation of a biofilm have different time scales. The latter takes merely hours,
whereas the first should be in the range of days to months to provide a useful
protection. In practice, such self-polishing systems only work in combination with
released biocides and are discussed in Sect. 6.1 in greater detail.

A more recent approach is the release of substances that keep microbial cells
from actively adhering to a surface. This effect is discussed for silver ions released
from a solid silver surface [32] as well as for nitric-oxide-releasing hydrogels [33].

Alternatively, if the binding sites (adhesion proteins, polysaccharides) of the ap-
proaching microbes are actively cut, they cannot adhere either. This can be achieved
using hydrolytic enzymes. The recently reviewed use of hydrolytic enzymes in an-
tifouling coatings classifies the action of the enzymes by the breakdown of adhesive
components such as proteins and polysaccharides, and by the catalytic production
of repellent compounds [34]. In general, hydrolases such as proteases, glycosidases,
and lipases are considered to show microbe-repelling properties when tethered to
surfaces [35]. For example, immobilized subtilisin is very effective in preventing
adhesion of marine microorganisms such as Ulva linza and the diatom Navicula per-
minuta [35, 36]. In another successful approach, a coating based on chymotrypsin
immobilized in silicate effectively lowered microbial adhesion over months [37].
Serine proteases are also effective repellents [38]. So far, only price and limited
operational stability hinders these approaches from appearing on the market.

4 Contact-Active Surfaces

The first contact-killing surface was described by Isquith et al., who modified glass
substrates with the silane 3-(trimethoxysilyl)-propyldimethyloctadecylammonium
chloride, often referred to as DOWS5700 [39]. However, the claim was made on the
basis of the DOW suspension test (see Sect. 2.2), which cannot distinguish between
biocide release and contact activity. In subsequent work, neither the original authors
nor followers proposed a working model for a mechanisms that was able to explain
the contact activity of this surface modification. The first model for contact activity
was proposed in 2001 (see Fig. 5) [40].

The model was based on the idea that a surface-grafted membrane-active biocide
on a polymeric spacer might be capable of penetrating the bacterial cell wall of
an adhered Gram-positive bacterium, thus reaching its cell membrane and killing
the microorganism. This was demonstrated by surface grafting of the antimicrobial
polymer poly (4-vinyl-N-hexylpyridinium bromide) to glass and later to several
plastics [40, 41]. It could be shown that Gram-positive Staphylococci as well as
Gram-negative P. aeruginosa cells do not grow on such a surface. The latter mi-
crobial strain is not susceptible to quarternary ammonium ions. This indicates a
different mechanism of action of such surfaces compared to the respective polymers
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Fig. 5 Concept of contact-killing membrane-active biocides surface-coupled via a polymeric
spacer

in solution. It could also be shown that the surface kills MRSA in the same way as
it kills non-resistant S. aureus [42]. Another highly potent polymer for this appli-
cation was found to be poly(ethyleneimine), which effectively kills microbes [43]
and even deactivates certain influenza viruses [44] when grafted to surfaces and
quarternized with dodecyl and methyl groups. It could also be demonstrated that
these surfaces did not develop resistant S. aureus or E. coli strains [45]. Lee et al.
confirmed this concept to be general by using atom transfer radical polymerization
(ATRP) grafting of tertiary amine 2-(dimethylamino) ethyl methacrylate followed
by quarternization of the amines with methyl iodide [46].

The elaborate surface modification of all coatings so far was overcome by us-
ing block copolymers containing a hydrophobic and a hydrophilic antimicrobial
block as the emulsifiers for the emulsion polymerization of styrene and acrylates in
water. The resulting paint was useful for obtaining contact-active antimicrobial coat-
ings from aqueous suspensions. In parallel, polymeric additives for polyurethane
[47] and acrylate [48] coatings were developed that migrate to the surface of the
coating during the preparation process. This way, antimicrobial contact-active ma-
terials can be obtained without a finishing procedure. Whereas the first approach
uses 1,3-propylene oxide blocks with alkylammonium groups as crosslinked seg-
ments, the second approach applies macromonomers based on polyoxazolines with
biocidal quarternary ammonium end groups [49-51], which are copolymerized with
the acrylate monomers and crosslinkers. Recently, coatings based on single-walled
carbon nanotubes were also claimed to be antimicrobially active because, accord-
ing to the authors, the nanotubes might poke through the cell walls of approaching
microbial cells [52].
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The concept of polymeric spacers was controversially discussed at a very early
stage of these developments, because the proposed mechanism is difficult to imag-
ine and the active lengths of most grafted polymers require high stretching of the
macromolecules to reach the inner cell membrane of attached microbes. This is usu-
ally discussed as a distribution problem, i.e., there are always chains that are longer
than the average that can cross the distance more easily. Furthermore, an increasing
number of contact-active antimicrobial surfaces containing quarternary ammonium
groups are described that do not contain a polymeric spacer [53-55].

In order to gain better insights into the mechanism, Kugler et al. directly grafted
poly(4-vinylpridine) to glass surfaces and investigated the influence of the degree
of quarternization on the antimicrobial action [56]. He found a very sharp transition
between active and inactive at a certain partial alkylation level. Instead of inter-
preting this as a degree of required hydrophilicity, as done by others [57], Kugler
proposed a new mechanism that somehow involved the exchange of divalent ions
from the cell wall of the attached microbe by the surface. These arguments were
pursued in subsequent publications [58, 59]. Other authors used the argument that
microbes have a hydrophobic surface and a negative surface net charge. This might
lead to the attraction of microbes and somehow to the destruction of their cell en-
velop [60]. Because hydrophilic surfaces such as chitosan coatings attract microbial
cells in the same way without killing them, the first argument seems insufficient.
Furthermore, there is no reasonable explanation of how the surface might actually
destroy the cell envelope.

In recent research, a series of cellulose derivatives with varying quarternary
ammonium groups and additional hydrophobic groups have been investigated re-
garding their potential as antimicrobial coatings [61]. It could be shown that the
main factor contributing to the antimicrobial activity of coatings made of these
derivatives is indeed their cationic/hydrophobic balance, i.e., a sufficient charge den-
sity is not all that is required. We propose that the antimicrobial action of these
coatings originates from their ability to adhere hydrophobic anionic molecules. In
order to explore this, SDS was allowed to adhere to the surface of the investigated
surfaces. The antimicrobial action of the coatings was completely quenched after
this treatment. When doing the same experiment using surfaces modified by the
attachment of long-chain antimicrobial polymers (as shown in Fig. 5), SDS did
not affect the antimicrobial activity. It seems obvious to us that the two kinds of
investigated coatings work according to different mechanisms. Whereas the long-
chain antimicrobial polymers seem to show the polymeric spacer effect, the directly
surface-attached molecules seem to attract hydrophobic anionic molecules from the
attached cells (see Fig. 6). If these molecules were negatively charged phospho-
lipids, then the attached microbial cells would indeed die.

Another kind of contact-active antimicrobial surface was achieved by teth-
ering antimicrobial peptides to surfaces [62]. If such peptides were exclusively
membrane-active they could not work like in solution but would be immobilized
via a polymeric spacer that could potentially cross the cell wall. The latter was
demonstrated by the group of Dathe, who immobilized cationic antimicrobial pep-
tides on PentaGels [63]. Also, the well-known antimicrobial peptide magainin I
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from the envelope of an attached microbial cell

was successfully immobilized on a polymeric spacer grafted from the surface us-
ing ATRP [64]. In contrast, the immobilization of magainin I without a polymeric
spacer as a self-assembled monolayer (SAM) on gold did not prove to be sufficiently
effective against various bacterial strains [65]. However, it was found in recent re-
search that some of these peptides have more than one working mechanism. For
instance, they are membrane-active and also inhibit enzymes involved in cell wall
synthesis [66]. Such a peptide would be effective in an immobilized form, at least
for inhibiting the enzymes.

One very intriguing way for creating a contact-active surface is to form a hy-
drogel on a surface using a cationic hair-pin-like antimicrobial peptide that is also
a hydrogelator [67]. So far, the experiments of the Schneider group have shown
that the gel is not toxic to mammalian cells and effectively kills various pathogenic
Gram-positive and Gram-negative bacterial strains. However, if not released, the
peptide should be more than membrane-active. The other possibilities would be that
it works similarly to surface-attached cations or that it leaches to form a very small
kill zone. This is also true for other directly surface-tethered antimicrobial pep-
tides [68—71]. The approach of using hydrogelation as way to create antimicrobial
surfaces has also been applied for a hydrogelling vancomycin derivative [72], and
by Das and coworkers for cationic amino-acid-based antimicrobial hydrogelators
[73, 74].

Besides peptides, antimicrobial enzymes can also be used to create contact-active
antimicrobial surfaces. The first discovered cell lytic enzyme was the mureinase
lysozyme, first described by Fleming in 1922 [75]. During the search for new an-
tibiotics, numerous other even more effective lytic enzymes have been found. These
include the endopeptidase lysostaphin [76], enzymes with mureinase and endopep-
tidease activity [77], lysins [78], and the fast-killing pneumococcal bacteriophage
lytic enzyme (Pal) [79]. Although these enzymes have a great potential as antibiotic
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alternatives, they have not been used for contact-active antimicrobial coatings so
far. One reason for this might be that it seems unlikely for surface-immobilized en-
zymes to digest the cell wall of an attached microbe enough to kill it; this probably
requires a long polymeric spacer. Only a few examples have been published that
describe surface-attached lysozyme as contact-killer of Micrococcus lysodeikticus
and Bacillus subtilis, and as growth-inhibitor of S. aureus [§0-83].

In order to avoid chemical compounds at all, it is also possible to apply a high
voltage to kill microbes on surfaces. It was found that a direct current kills E. coli
cells, probably by heat or by hydrogen peroxide formation [84]. Microbial cells can
be effectively killed by using pulsed electric fields (PEF), probably by frequently
disturbing the cell membrane potential [85]. PEF that was found to lower microbial
cell numbers in food and drinks was also shown to effectively kill E. coli and Listeria
innocua cells attached to polystyrene beads [86]. This demonstrates the potential of
applying this purely physical method to surfaces as well.

S Biocide-Releasing Surfaces

Repelling microbes or killing them on contact are obviously the optimal ways for
an antimicrobial surface to function. However, most moist and biologically con-
taminated areas contain large amounts of material that nonspecifically attach to a
surface and deactivate it fully. Furthermore, high concentrations of microbes will
eventually cover any surface with dead cells, which also deactivate the surface. In
the latter case, only surfaces that release biocides will retain their activity.

5.1 Controlled Release

The controlled release of biocides is the oldest approach for keeping surfaces free of
biofilms. The released biocides usually form an outer inhibition zone and an inner
kill zone that destroys microbes in the proximity of the surface. Because dead mi-
crobial cells cannot actively adhere, they usually do not cover the releasing material
at high densities. Nevertheless, all of these systems eventually exhaust and become
ineffective. Furthermore, in all cases a considerable reservoir in the form of a matrix
must be involved.

The oldest and still intensely used biocidal materials release silver ions. Varia-
tions in the design of such materials is still the subject of the majority of publications
on antimicrobial coatings. The designs cover sparingly soluble silver salts [87], sil-
ver nanoparticles [88], silver nanocomposites [89], and elemental silver coatings
[32]. The release of the silver ions and of other biocides is controlled by the encapsu-
lating matrix, the solubility of the compound, and the material/medium equilibrium
constant.

The most common way to create an antimicrobial coating is still by impregnation
with biocides such as silver compounds [90], furanones [91], iodine [92], triclosan
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[93], quarternary ammonium compounds [15], nitric oxide [94], hypochloride [95],
and octenidine [96] that are simply released and kill microorganisms in the sur-
roundings [97]. Antibiotics are also still used in medical applications [98]. The
simultaneous release of different biocides (e.g., silver ions and lysozyme) from one
coating has proven to be more efficient than that of one alone [99].

A more recent approach to the control of the release rate of a biocide is to use
the layer-by-layer (LbL) technique. This method allows nearly perfect distribution
of the drug in the matrix and can be used for designing the leaching characteristics
of any biocide, including antimicrobial enzymes [100-103].

Another way to control the release of biocides is to entrap them into a matrix
that is slowly hydrolyzed, e.g., into polylactic acid or other polyesters [104, 105] or
degradable polyelectrolyte multilayers [106]. By choosing a matrix that is degrad-
able by a specific enzyme, the location of release in the body can be controlled. An
example of this approach, which is very common for drug release but rarely used
for biocides, is fluoroquinolone-modified biodegradable polyurethane that releases
the antibiotic ciprofloxazin upon degradation catalyzed by the enzyme cholesterol
esterase [107].

5.2 Triggered Release

All release systems that liberate an immobilized biocide into the surroundings will
exhaust rather quickly. Furthermore, the constant release is an environmental issue
and supports the building of biocide-resistance in microbial strains. If a release sys-
tem is the only possible option, then it would be desirable to release the biocide
on demand, e.g., in cases of infection or the start of biofilm formation. This can be
achieved by either degrading or swelling the matrix with an infection-specific en-
zyme or metabolite, or by cleaving the linker between biocide and surface with a
biochemical factor.

One of the first examples is a polymer network that consists of polyvinylalco-
hol crosslinked by a thrombin-degradable peptide-linker [108] and the encapsulated
antibiotic Gentamycin. In the case of a wound infection, the thrombin content
increases dramatically. This enzyme degrades the co-network, and releases the Gen-
tamycin, which then fights a possible bacterial infection (see Fig.7). Suzuki and
Tanihara have shown that the antibiotic is only released in the presence of thrombin
and only then effectively kills S. aureus and P. aeruginosa cells [109, 110].

Another way to trigger the release of a biocide is to entrap the bioactive com-
pound into a polymer network that changes its swelling characteristics with pH,
temperature, or ionic strength. This could be of importance because biofilm forma-
tion causes changes in pH and ionic strength, an infected tissue becomes hotter,
and biofouling is more critical in warmer water. Surprisingly, this approach is
rarely followed for biocide release. In one example, Yancheva et al. prepared poly-
electrolyte complexes from N-carboxyethylchitosan and subsequently quarternized
poly[2-(dimethylamino)ethyl methacrylate]. The complex had no antimicrobial
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effect in neutral medium but showed strong biocidal activity in an acidic medium
that was capable of disintegrating the polyelectrolyte complexes [111]. Similar
results were found for LbL-deposited antimicrobial poly(allylamine hydrochloride)
and poly(sodium 4-styrene sulfonate) [112].

5.3 Catalytic Formation of Biocides and Their Release

A potential way to obtain a release system that does not exhaust is to continuously
produce the leaching biocide by a catalyzed reaction. This approach is one of the
most promising recent developments in biocide release materials. The downsides of
this seemingly perfect system are that the produced biocides are highly reactive and
therefore potentially toxic, and that energy must be constantly feed into the system.
The needed energy is often UV or visible light, but electric current or chemical en-
ergy sources can also be used. The catalysts for the biocide formation are inorganic
nanocompounds, organic photosensitizers, or even enzymes.

One of the most successful light-activated, biocidal materials is photocatalytic
TiO, [113]. The photocatalytic behavior originates from surface defects of the nano-
sized TiO, crystals [114]. Both TiO; crystal modifications (anatas and rutil) were
found to form photocatalytic material [115]. In the presence of water, oxygen and
UV light, the surface of such nanocrystals constantly produces hydroxyl radicals,
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superoxide radical anions, hydrogen peroxide, and other highly reactive oxygen
species (ROS) by converting water and oxygen at the light-activated catalytic sites
[116]. The half-life of these compounds is merely milliseconds and thus they can
only diffuse distances in the submicrometer range. If the released ROS convert other
molecules within this distance, they can form secondary reactive and longer-living
species that greatly increase the reactive range of the released ROS. It has been
shown that microbes, such as E. coli, attached to a reactive TiO, surface in the pres-
ence of UV light become completely degraded with time [117]. Although seemingly
perfect, TiO, has three major problems that make it difficult to use the material
universally:

1. It degrades every organic material with time
2. Requirement of water
3. Requirement of UV light

Thus, photocatalytic TiO, can only be used successfully in an inorganic environ-
ment (e.g., on glass, calcium carbonate, or silica) in the presence of water and UV
light. The first two problems can be addressed by the design of porous, inorganic
coatings containing TiO, nanoparticles. The commonly unavailable and also un-
welcome presence of UV light is circumvented by doping of the TiO, with organic
compounds such as 8-hydroxyquinoline, organometal complexes, platinium salts,
silver ions, and other heavy metal ions [118-120]. The resulting shift in the ab-
sorbance of the photocatalytic nanocomposites renders them antimicrobial in visible
light. So far, the catalytic activity of the composites in the presence of visible light
is still orders of magnitude less than in the UV region. Alternative metal oxides that
adsorb visible light, such as NiO/SrBi;O4, have also been found to kill pathogenic
bacteria effectively [121].

Organic molecules can also be used to produce ROS in the presence of visible
light. More than 100 years ago, Oscar Raab published the first example of a pho-
todynamic effect on the antimicrobial activity of a chemical compound, acridine
hydrochloride [122]. Since then, many so-called photosensitizers or light-activated
agents have been found. In the presence of visible light and oxygen and/or water
these agents either release radical species similar to that formed by TiO, or they re-
act directly with oxygen to form the extremely reactive singlet oxygen (10,), which
has a high potential to oxidize the cell walls, lipid membranes, enzymes, or nucleic
acids of attaching microbes [123, 124]. Modern design of such photosensitizers,
the so-called XF drugs, which are based on protoporphyrines, are currently being
discussed as a potent tool for fighting MRSA [2].

Numerous materials have been loaded with such organic light-activated agents
[60, 125]. One of the early examples was realized by treating cellulose acetate with
toluidine blue and rose bengal [ 126]. Various Gram-positive and Gram-negative bac-
teria, as well as the yeast Candida albicans, could be killed effectively by shining
light onto the material. In another example, protoporphyrins were immobilized on
nylon and the material showed excellent activity against S. aureus but no activity
against E. coli in the presence of room light [127]. This was expected, because the
outer cell membrane of E. coli will greatly delay the penetration of the released
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ROS into more vital regions of the bacterial cells (note that S. aureus has no outer
cell membrane). In recent research, it was demonstrated by Wilson that the pho-
tosensitizer methylene blue is more active on gold particles and kills even MRSA
(with 2 log reductions after 10 min irradiation with green light) without degrading
a polysiloxane or a polyurethane matrix and with only 10% photobleaching after
6 months [128].

The use of enzymes as catalysts for producing biocides began with oxidase en-
zymes (e.g., glucose oxidase), which produce the biocide hydrogen peroxide by
oxidizing their substrate (e.g., glucose) with oxygen. Garcia-Garibay et al. im-
mobilized lactase and glucose oxidase on nylon pellets and showed that these
pellets effectively kill various bacteria in milk [129]. It could also be shown that
a polypropylene film with immobilized glucose oxidase does not allow the growth
of any E. coli cells on its surface and substantially inhibits the growth of B. subtilis
[130]. The main problem of the function of oxidases is their need for a substrate
as energy source. This problem was successfully addressed by Kristensen et al.,
who created a coating that contained starch, glucoamylase, and hexose oxidase
[131]. The starch was the source for glucose, which was constantly liberated by
the starch-degrading enzyme glucoamylase. The H, O, released from these coatings
inhibited bacterial biofilm formation by eight out of nine marine Proteobacteria in
the laboratory. Another downside of the use of oxidases is the relatively low biocidal
activity of hydrogen peroxide. Even Nature transforms hydrogen peroxide into the
50-fold more active hypochloride by the enzyme myeloperoxidase in leukocytes.
The group of Russell was successful in mimicking such a mechanism on a materi-
als surface by co-immobilizing glucose oxidase and horse radish peroxidase upon
co-electrospinning with polyurethane. The enzymes converted glucose and Nal in a
tandem reaction to free iodine, which effectively killed E. coli and MRSA [132].

The use of electric current as hydrogen-peroxide-releasing antimicrobial surface
has been discussed in Sect. 4 [84].

6 Multiple Antimicrobial Actions

6.1 Releasing and Repelling

Although the release of biocides prevents microbes from active adhesion, surfaces
still become clogged in heavily contaminated areas; in marine environments, higher
organisms such as mussels and barnacles additionally attach to the surface.

The most successful way to prevent such clogging is to combine the release of
a biocide with frequent renewal of the surface (self-polishing), which will wash
away all attached microbes and other creatures dead or alive. The major prob-
lem of combined self-polishing and biocide release is the time frame, because
the killing must effectively prevent strong irremovable biofilm formation until the
slower self-polishing becomes effective. Modern antifouling paints on ship hulls
work according to this principle. They consist of hydrophobic organo-copper esters
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of PAA copolymers filled with so-called booster biocides, usually pesticides [133].
The extremely hydrophobic coating takes up water in the upper 10-100 nm, is then
hydrolyzed in the swollen layers, and releases copper ions, pesticides, and water-
soluble polymers. The hydrolyzed layer of the coating is removed by shear stress
caused by the ship’s movement and thus constantly presents a new, clean and hy-
drophobic surface. This highly effective coating, although only 80-90% as effective
as the already banned TBT-based coatings [ 134], still releases large amounts of bio-
cides and is therefore a great environmental problem. The implementation of the
International Maritime Organization Treaty on biocides in 2008 requests environ-
mentally benign but effective antifouling coatings. Although much has been done
since then, including the partial exchange of the synthetic booster biocides with
natural products [135], there are no competitive alternatives on the market, so far.
In applications where self-polishing is not possible, the combination of a
microbe-repelling surface and a release system seems to be desirable. One example
of a design for such a surface is shown in Fig. 8. The depicted coating is based on
a hydrophilic polymer network that contains polyethyleneimine crosslinkers, which
are capable of selectively taking up silver ions and acting as a template for silver
nanoparticles [90]. This reloadable co-network was surface-modified with PEG,
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Fig. 8 Concept of simultaneous microbe repulsion and biocide release of a specifically de-
signed network. The network is composed of poly(2-hydroxyethylacrylate) crosslinked with
polyethyleneimine and surface-grafted with polyethylene glycol. The polyethyleneimine junctions
take up silver ions, which then form nanoparticles due to the template character of these nanocon-
tainers. Reproduced and adapted from [90]
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which does not hinder diffusion of the silver ions but repels microbes efficiently. It
could be shown that the co-network efficiently kills S. aureus cells and still repels
them after the exhaustion of the silver.

6.2 Contact-Killing and Repelling

More recently, Chen et al. described a surface modification whereby the polymer
poly(N, N-dimethyl-N-(ethoxycarbonylmethyl)-N-[2"-(methacryloyloxy)ethyl]-
ammonium bromide) was grafted from a surface via ATRP [136]. The cationic
polymer effectively kills E. coli and is subsequently converted into a zwitterionic
polymer by hydrolysis of the head group (Fig. 9). It then repels all attached cells
dead or alive. This is the first example of a surface that can kill microbes on contact
and repels them after that. The only downside of this elegant system is that it will
eventually exhaust and turn into a more or less effective repelling surface.

6.3 Releasing and Contact-Killing

A coating described by Worley and coworkers was shown to efficiently kill both on
contact and by release [137]. The polyurethane-based material contains quarternary
ammonium groups for contact-killing and N-halamine groups for releasing chlorine
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Fig. 9 Example of a contact-killing and microbe-repelling surface. (a) Antimicrobial cationic
poly(N, N-dimethyl-N-(ethoxycarbonylmethyl)-N-[2’ -(methacryloyloxy)ethyl]-ammonium  bro-
mide) (left structure) effectively kills bacteria. (b) The polymer is converted into the corresponding
nonfouling zwitterionic derivative (right structure) upon hydrolysis. (¢) Dead bacteria remaining
on the surface are repelled from the nonfouling surface. (d) The zwitterionic surface itself is
highly resistant to bacterial adhesion. Reproduced and adapted from [136]
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Fig. 10 Example of a contact-killing and microbe-releasing surface. The scheme shows the design
of a two-level dual-functional antibacterial coating containing both quarternary ammonium salts
and silver. The coating process begins with LbL deposition of a reservoir made of bilayers of
PAH and PAA. (A) Cap region made of bilayers of PAH and SiO; nanoparticles (NP) is added to
the top. (B) The SiO; nanoparticle cap is modified with a quarternary ammonium silane (QAS);
PEM polyelectrolyte multilayer. (C) Ag" is loaded into the coating using the available unreacted
carboxylic acid groups in the LbL multilayers. Scheme was reproduced from [138]

or hypochloride. As illustrated in Fig. 10, the incorporation of silver nanoparticles
into an LbL coating and finishing it with quarternary ammonium groups resulted in
the same effect [138]. This repeatedly reloadable coating described by the group of
Rubner releases silver ions and kills on contact with the surface-attached quarternary
ammonium groups [138].

Shamby et al. described a surface finish that consists of a water-insoluble com-
posite of silver bromide nanoparticles and poly(4-vinylpyridinium) salts. Again,
silver is released and the quarternary ammonium groups kill on contact [139].
Gyomard et al. incorporated the natural antimicrobial peptide gramicidin A into
a LbL matrix and were able to show, that the peptide kills Enterococcus faecalis in
the surroundings when released and on the surface in immobilized form [140]. It is
also possible that the antimicrobial o-poly-L-lysine in the LbL layer helped a little.

7 Conclusion

The design of antimicrobial surfaces by means of modern polymer and material
science technologies, such as surface grafting by living polymerization, LbL tech-
niques, nanotechnology, and others, allows the realization of nearly every surface
design on a large scale. Modern biotechnology provides techniques that make bio-
logically benign antifoulants available and affordable. This is particularly important
because of the increasing restrictions on the use of biocides due to environmental



Antimicrobial Surfaces 211

reasons and because of the increasing number of biocide-resistant microbial strains.
Although many new solutions for antimicrobial surfaces have been presented re-
cently, there is still no fully satisfying concept realized for any application.

Modern antifouling coatings, which must replace the existing toxin-releasing
products, tend towards microbe-repelling solutions. These make use of ultrahy-
drophilic and ultrahydrophobic modifications as well as surface-active hydrolases
that actively repel microbes and other marine organisms. An alternative is an exten-
sive search for natural, or at least environmentally benign, biocides that can use the
ubiquitous and highly successful approach of self-polishing materials.

In household applications, self-cleaning materials are popular and promising.
These use surface-attached inorganic (UV-activated photocatalytic TiO, and visible-
light-absorbing derivatives) or organic (protopyrphyrins and diverse aromatic dyes)
light-activated agents that release ROS. The latter are non-specific and kill the sur-
rounding microbes, even antibiotic-resistant forms. Although, ROS can be toxic to
mammalian cells, they are now even being considered for medical applications.

A novel approach is the development of multifunctional antimicrobial surfaces
that work synergistically and are therefore very promising for the future.

Antimicrobial surfaces are still in the focus of academic and industrial research.
One important issue for new developments is to find the true mechanism of existing
and new antimicrobial surfaces, because only that knowledge allows useful predic-
tions for their optimization in terms of reactivity and long-term activity.
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