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Interest in well-defined surface architectures has shown a steady increase, especially among
those involved in biological applications where the reactivity of functional groups on surface is
desired to be close to the one in solution phase. Recent research has demonstrated that utilizing

the self-assembly process is an attractive and viable choice for the fabrication of two-

www.rsc.org/

dimensional nanoscale-controlled architectures. This review highlights representative examples

for controlling the spatial placement of reactive functional groups in the optimization of

bioactive surfaces. While the selection is not comprehensive, it becomes evident that surface

architecture is one of the key components in allowing efficient biomolecular interactions with

surfaces and that the optimized lateral spacing between the immobilized molecules is crucial

and even critical in some cases.

Introduction

In the recent past, various structurally well-defined molecular
surfaces have been actively studied as part of ongoing bio-
interfacial exploration. For many applications, controlling the
chemical and physical natures of the interfaces is of primary
importance. In particular, there has been a great deal of interest
in the development of molecularly ordered surface architectures
that play a key role in a number of applications*** including
protein  adsorption,”  clinical diagnostics,6 and cellular
adhesion.” A number of approaches have been investigated to
replicate or mimic biochemical processes in life on solid
supports. Recent advances in nanofabrication technologies have
provided the unique advantages associated with the “top down”

approach, but their resolution is currently limited.® On the other
hand, the “bottom up” approach, including processes such as
molecular self-assembly, has become a viable choice, and self-
assembled monolayers (SAMs) have been widely employed
because active functional groups may be intentionally placed
precisely at the molecular scale. Various extended approaches
have been examined to avoid congested functional surfaces
because unwanted steric hindrance from the neighbouring
molecules can be problematic. At the same time, the
implementation of optimized spacing between the active groups
is necessary as overly large spacing results in the reduction of
signal intensity.

Dhruvajyoti Roy obtained his
B.Sc. and M.Sc. degrees in
chemistry from the University
of Calcutta and C.S.JM
University, respectively. He
studied at Pohang University of
Science and Technology
(Korea) and completed his PhD
the mentorship  of
Professor Joon Won Park in
2011. His research is focused
the  development  of
functionalized bioactive platforms, including functional SAMs,

under

on
bioconjugation, single molecule detection, and bio-AFM. Since

March 2011 he has been working as a senior scientist at
Nanogea Inc., USA.

This journal is © The Royal Society of Chemistry 2013

Joon Won Park obtained his
PhD in 1988 at California
Institute of Technology under
the supervision of Professor
Robert H. Grubbs and carried
out postdoctoral research at
Professor Tobin J. Marks’ lab
of Northwestern University. He
is currently a professor of
Chemistry at Pohang
University of Science
Technology (Korea) and a
founder of NSB POSTECH Inc. and Nanogea Inc. Professor
Park’s research interests include molecular architecture on
solid  surfaces, force-based atomic force
microscopy, and single biomolecule analysis and manipulation.

and

microarrays,

J. Name., 2013, 00, 1-3 | 1



Journal of Materials Chemistry B

Journal Name

ARTICLE

Although rational approaches to the construction of surfaces
spatially controlled at the nanoscale require further exploration,
noticeable progress has been made in the field. In this review,
recent progress in the development of nanoscale-controlled
self-assembled molecular layers for application as biosensing
interfaces are highlighted. While only a limited number of
examples are presented here, cases representing a number of
different approaches have been chosen. An overview of the
techniques available for the control of spacing between
functional groups on the molecular level and their potential
applications are presented. We hope that this summary and
discussion provides investigators in both the chemical and life
sciences with a perspective on the field and insight into surface
materials potentially suitable for their objectives.

Methods for the control of the spacing between
functional groups on surfaces

Currently, there are several techniques available for the
modification of biologically active platforms for biosensing and
diagnostics. In particular, SAMs are of prime technological
interest for the fabrication of interfacial architectures in

molecular devices because the monolayer provides an
opportunity to  specifically place selected chemical
functionalities on surfaces with molecular precision.

Considerable attention has been given to the functionalization
of a variety of substrates promoting the development of
surface-bound assemblies and nanostructures. The most
commonly employed substrates are gold and metal oxides. The
self-assembly of alkylsilanes on oxide surfaces’ and sulphur-
containing molecules, such as alkanethiolate and related
molecules, on gold substrates has been extensively studied.'”
The uses of SAMs have been thoroughly investigated for the
development of sensors,'! organic thin film interfaces,'? and
micro/nano device structures.'”> For many applications,
optimization of the density of functional groups, as well as the
lateral spacing between them, is frequently vital."* In the
following sections, representative approaches for controlling
these factors are introduced and some of their applications are
included.

Mixed self-assembled monolayers

To date, several methods have been applied to control the
spacing of functional groups at regular intervals on material
surfaces and tune the surface densities of surface-modifying
probe molecules.'* Mixed SAMs have been the subject of much
interest from the viewpoint of controlling surface properties,
such as wettability, friction, adhesion and the density of
biomolecules on the surfaces to which they are applied.'® To
adjust the lateral spacing of functional groups on a surface,
multi-component self-assembled monolayers have been widely
applied that involve the co-deposition of two (or more than two)
adsorbates. Whitesides and co-workers utilized mixed SAMs
consisting of alkanethiolates on gold surfaces to study lateral
steric effects in the specific binding of carbonic anhydrase (CA)
and arylsulfonamide. An approximately 10-fold decrease in the

This journal is © The Royal Society of Chemistry 2013
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association constant was observed as the fraction of the surface
covered by adsorbed CA increased from ~0.15 to ~0.35. In
extended studies, they applied mixed SAMs to enable the
hydrophobic adsorption of proteins, such as f-galactosidase,
carbonic anhydrase, lysozyme, and RNase A at solid-liquid
interfaces. Mrksich and co-workers utilized a mixed SAM
consisting of maleimide-terminated disulfide and
penta(ethylene glycol) disulfide on gold surfaces for the
immobilization of thiol-terminated ligands (L, Figure 1)."” The
maleimide moieties acted as active functional groups enabling
ligand conjugation, whereas the penta(ethylene glycol) groups
prevented the nonspecific adsorption of biomolecules to the
substrate.
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Figure 1. Schematic representation of the immobilized thiol-
terminated ligand on a mixed-SAM. (Reprinted with permission
from ref. 17. Copyright 2003, American Chemical Society).

A mixed SAM consisting of alkanethiol derivatives of a
single-stranded DNA (ssDNA) molecule and mercaptohexanol
was utilized for the measurement of hybridization activity by
Georgiadis and co-workers.'® In the course of their study, the
mixed SAM was used to study the hybridization kinetics of
ssDNA molecules complement to the surface confined tethered
ssDNA'? and the effects of probe density on the hybridization
efficiency of matched and mismatched targets.”’ Mixed SAM
consisting of a tri(ethylene glycol)OH (or (EG);OH)-terminated
thiol and hexa(ethylene glycol) COOH (or (EG)sCOOH)-
terminated thiol was utilized for covalent immobilization of
antibodies.”! The treated surfaces were employed for the
detection of pathogens by surface plasmon resonance (SPR). In
another approach, Wang and co-workers used a similar mixed
SAM consisting of N-hydroxysuccinimide thiol and
oligoethylene-glycol-terminated thiol on a gold surface for the
conjugation of antibodies via lysine residues.”? The prepared
surface was utilized for single molecule spectroscopy.
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To provide spacing between chemical functionalities, the use
of the sequential adsorption approach has been investigated. In
this scheme, the deposition of a large adsorbate is followed by
backfilling with a second smaller adsorbate. This approach is
exemplified by recent works where octadecyltrichorosilane
(OTYS) islands were generated on a silica surface, followed by
filling of the remainder of the bare substrate with bromine- or
amino-terminated silane.” In a further extension of this
approach, Fadeev and McCarthy utilized the “holes” in an array
of grafted bulky organosilanes to prepare a binary monolayer.
After depositing a bulky silane, the holes were filled with
organosilanes with smaller cross-sections to fit into the
vacancies (Figure 2).** The size-exclusion contact angle
hysteresis behaviour revealed the presence of nanopores at the
surface with cross-sections of approximately 0.5 nm?
confirming that the surface concentration of the functional
silane was controlled primarily by the size of the bulky silane
rather than the chemical nature of the functional silane. By
selecting the appropriate functional silane, the binary
monolayer may be further functionalized for biomolecule
conjugation.
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Figure 2. Schematic representation of a sequential adsorption
procedure. (Reprinted with permission from ref. 24. Copyright
1999, American Chemical Society).

Several research groups have utilized protein molecules as
scaffolds to provide lateral spacing on surfaces.>?® In this
context, streptavidin (or avidin), one of the most widely utilized
protein scaffolds, along with mixed SAMs of biotinylated
alkanethiol has been employed to provide spacing between the
probe DNA molecules on gold surfaces. Knoll and co-workers
explored the use of mixed SAMs consisting of biotin-
substituted and hydroxyl-substituted alkanethiols on gold
surfaces, employing a protein to provide a multilayer sensor
platform for molecular recognition.?” In another biosensor set-
up, they utilized mixed SAM comprised of biotinylated thiol
and hydroxyl-terminated thiol for the fabrication of a
NeutrAvidin molecular layer, and the functionalized layer was
further employed for the binding of biotin-B-lactamase on the
chip surface (Figure 3).*® The chip was then used for
monitoring in-situ enzymatic activity of the surface-bound

enzyme by SPR.
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Figure 3. Schematic representation of the NeutrAvidin scaffold
used for immobilizing biotinylated B-lactamase with controlled
lateral spacing. (Redrawn from ref. 28).

Zhang et al. fabricated an interface consisting of thiolated
oligonucleotides and oligo(ethylene glycol)-terminated thiol
and applied it as an electrochemical DNA sensor. The ample
space provided by the oligo(ethylene glycol)-terminated thiol
allowed facile detection of the reporter molecule (i.e., oxidized
3,3',5,5 -tetramethylbenzidine (TMB)) with a gold electrode,
exhibiting an impressive detection limit (10 copies of the target
DNA strand).”> Analogously, Boozer et al. prepared a mixture
of ssDNA and oligo(ethylene glycol) (OEG) adsorbate,
utilizing this mixed SAM platform for the site-directed
immobilization of protein-DNA conjugates, which they utilized
for the sensitive detection of human chorionic gonadotropin
with SPR.*

Despite the popular use of mixed SAMs for the reduction of
the steric constraints associated with probe-target binding, the
approach does not guarantee regular and homogeneous spacing
between adjacent active functional groups. In principle, the
spacing provided by the approach is governed by statistics.
Additionally, aggregation, particularly in aged samples, was
often observed, reflecting facile lateral mobility of alkanethiols
on gold surfaces and a higher thermodynamic affinity among
the thiols for molecules of their own type.’' Due to the
spontaneous formation of molecular domains, optimal lateral
spacing of functionalities cannot be guaranteed with the above
approach; therefore, new methodologies have been examined.

Nanoparticles as templates

Recently, nanometric spacing on surfaces was achieved through
a use of nanoparticles. Reinhoudt and co-workers reported the
transfer of functional groups from gold nanoparticles to silicon
oxide substrates, resulting in controlled spacing between the
active functionalities on the substrate surfaces (Figure 4).*? In
their study, gold nanoparticles mono-functionalized with
(mercaptopropyl)methyldimethoxysilane ~(MPMD), having
diameters of ~5 nm, were employed. A monolayer of the
nanoparticles was formed on a clean silicon oxide substrate,
and the gold nanoparticles were finally removed by iodine
treatment to liberate the surface-bound silylpropanethiol
functionalities on the oxide surface. The transferred
functionality was subsequently used for the attachment of
cytochrome C (cyt C) through the reaction of maleimide-
derivatized-cyt C with the free thiol group, yielding a covalent
thioether linkage. The approach was found to be capable of
delivering tailored surface-spacing through the selection of
nanoparticles of the appropriate size. The procedure developed
by his group did not expect the formation of regular patterns,
but should allow a minimum spacing determined by
nanoparticle sizes, which is important for single molecule
studies. For the latter application, capability to transfer a single
copy of the functional molecules or a defined copy number of
the ink per pixel seems more desirable.

J. Name., 2012, 00, 1-3 | 3
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Figure 4. Scheme for functional group transfer from
nanoparticles to substrate and subsequent attachment of Cyt C
or gold nanoparticles through specific interactions. (Reprinted
with permission from ref. 32. Copyright 2002, Wiley).

In an integrated approach, Delcassian et al. utilized
copolymeric micelles with cores loaded with gold(III) chloride
for the fabrication of bioactive nanoscale arrays with controlled
interparticle spacings in the range of 25—104 nm (Figure 5).**
The dip-coating process provided two dimensional, close-
packed layers of micelles on a substrate, with subsequent
treatment by hydrogen plasma, generating patterned gold
nanoparticle arrays. Two cell-stimulating ligands, one for the
NK cell and the other for the T cell, were attached on the
nanoarray and the response of the immune cells was
investigated. Significant differences in signalling between two
paradigmatic immune receptors (TCR and CD16) were
observed as a result of proper spacing between the
corresponding antibodies on the surface. The binding behavior
of the ligands on the patterned surface is informative for the
design of therapeutics.
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Figure 5. Schematic representations: (A) Fabrication of a gold
nanoparticle array utilizing block copolymer micellar
nanolithography (B) Biofunctionalized nanoarray with NK-cell-
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and T-cell-stimulating ligands. (Reprinted with permission
from ref. 33. Copyright 2013, American Chemical Society).

DNA nanostructures as templates

As the bottom-up approach has become increasingly popular
and important, the use of the intrinsic functionalities of
biomolecules to fabricate new nanostructures has gained
considerable attention.” Due to its particularly unique
properties, DNA has become one such promising building
block for self-assembled nanostructures.”® Since Seeman
utilized DNA in the construction of well-designed DNA
nanostructures,’® major advances have been made in the
synthesis of more complicated DNA structures.’” More
recently, Rothemund demonstrated that the approach can be
expanded to materials of larger scale.*® The “DNA origami”
technique has become a promising method for the fabrication of
two broad range of
applications.’®*" DNA origami involves the folding of long

dimensional structures for a
single-stranded DNA scaffold strands into a variety of shapes
the short

oligonucleotide staple strands. A variety of desirable functional

using self-assembly of a large number of
groups can be conjugated to the selected staple strands, thereby
incorporating the groups at predetermined positions with
nanoscale precision. Several groups utilized the self-assembly
of DNA nanostructures for the controlled placement of desired
entities, in particular metallic nanoparticles, with a variety of
patterns.*' Yan and co-workers demonstrated precise control of
a pattern involving periodic spacing between individual
proteins through the utilization of DNA tiles.* Using two types
of DNA nanoassemblies containing selectively modified

biotinylated sites as templates, a set of programmed
nanostructures were constructed, with subsequent binding of
streptavidin at the biotin sites of the tiles verified by atomic
force microscopy (AFM) (Figure 6A). In another report, they
utilized a DNA tile made of four four-arm DNA branched
units.** The nanogrid was constructed by self-assembly of the
tiles through Watson—Crick base paring at the sticky ends.
Because two biotins were placed at the centre of each 4 x 4
DNA tile by design, subsequent addition of streptavidin
resulted in a programmed streptavidin nanoarray. Similar
approaches have been developed for constructing highly
ordered antibody arrays with controlled lateral spacing for the
investigation of protein-protein interactions.** Mao and co-
workers fabricated antibody nanoarrays with a repeating
distance of ~19 nm using DNA nanostructures.*** They
constructed periodic antigen 2D arrays by self-assembly of
DNA tiles conjugated with antigens, followed by incubation
with an antigen-specific antibody. AFM images confirmed the
successful use of the antigen-modified DNA array in placing
antibodies into their desired positions with a repeat distance of
~19 nm (Figure 6B). Rinker et al. demonstrated distance-
dependent, multivalent ligand-protein binding through the
placement of two ligands with different affinities into a DNA
tile.*> The designed rectangular DNA nano-scaffolds, having

two molecular recognition motifs composed of two DNA

This journal is © The Royal Society of Chemistry 2012
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aptamers, were investigated for specific binding of the target AFM (Figure 6C). These origami structures are perfectly suited
protein. Thrombin was captured by only the bivalent aptamers, for engineering multivalent 2D systems in which precise
which were separated by 5-8 nm. Specificity was confirmed by control of the spatial placement of key components is required.
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Figure 6. DNA nanostructures serving as templates for the controlled placement of desired entities. A) Streptavidin arrays.
(Reprinted with permission from ref. 42. Copyright 2005 American Chemical Society). B) Antibody arrays. (Reprinted with
permission from ref. 44a. Copyright 2006 American Chemical Society). C) Distance-dependent, multivalent binding of thrombin
on the origami surface (Reprinted with permission from ref. 45. Copyright 2008 Macmillan Publishers Ltd.).

Recent advances in DNA origami techniques have enabled
scientists to utilize these structures for various applications,
including super-resolution microscopy. Tinnefeld and co-
workers used the DNA origami structure labelled with
fluorescent probes at defined positions as nanoscopic rulers for
super-resolution microscopy and proposed that they are
fluorescence and super-resolution standards for everyday
use.***” Specific sites on the origami units were labelled with
three different fluorescent dyes, and fluorescence images were
in harmony with separation of 78, 84, or 94 nm. (Figure 7A). In
addition, to demonstrate DNA origami standards as capable of
covering the full range from the diffraction-limited regime to
molecular dimensions, they constructed rectangular-shaped
DNA origamis where two dye (ATTO647N) molecules were B
separated by distances of 6, 12, or 18 nm (Figure 7B).
Fluorescence transients were analysed after successive
photobleaching, and the corresponding localization map
showed clear separation of the two dye molecules. Distance
histograms matched the programmed distance.

o N A O ®

0 5 10 15 20
Distance (nm)

Figure 7. DNA origami standards used for fluorescence
microscopy (A) Standards for stochastic switching-based
microscopy. Sketch of the rectangular DNA origami with Alexa
488 (blue), Alexa 568 (yellow), and Alexa 647 (red) as
nanorulers and 2D maps generated from successive localization
of single blinking dyes. Scale bars, 100 nm. (B) Standards for
molecular-scale resolution microscopy. Sketch of a DNA
origami containing two ATTO647N molecules distances of d; =
6 nm, d, = 12 nm, or d; = 18 nm and histograms corresponding
to the distance measured from the three DNA origamis.
(Reprinted with permission from ref. 46. Copyright 2012
Macmillan Publishers Ltd.).

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 5
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of a rectangular DNA origami structure and conjugated to
streptavidin at the prepositioned biotin molecules. The specific
binding and two successive cleavage reactions were confirmed.
Three different types of linkers were incorporated into the
biotinylated staple stands: type A (non-cleavable), type B
(having a disulfide moiety that can be cleaved by reduction),
and type C (having an electron-rich 1,2-bis(alkylthio)ethene
moiety that can be cleaved by singlet oxygen generated with
UV light in the presence of a singlet oxygen photo-sensitizer).
The selective disappearance of streptavidin from the origami
scaffold, due to the selective cleavage of the B and C linkers,
was confirmed by AFM (Figure 8A). In addition, the DNA
origami scaffold was utilized as a platform for single-molecule
anchoring (Figure 8B). The scaffold was functionalized with
azide, amine, alkyne, and biotin groups at designated positions.
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(NHS) allowed the placement of streptavidin at the amine
position. Another reaction between the azide and the biotin-
tethering alkyne group resulted in successful placement of
streptavidin at the azide position. AFM images confirmed the
success of the chemical reactions by revealing the presence of
streptavidin molecules in the predefined positions on the DNA
origami scaffold with high selectivity. Direct monitoring of
chemical reactions at the single-molecule level is a stunning
example of the versatility of the DNA origami platform. Such
an approach confirms the powerful potential of the DNA

origami scaffold as a nanoscale template, a "nanobreadboard"
for single molecule sciences. Figure 8. Single-molecule detection on DNA origami

scaffolds. A) Demonstration of single-molecule cleavage
reactions. Bond cleavage was confirmed via AFM imaging
after the selective disappearance of streptavidin from the
origami surface after the corresponding cleavage conditions. B)
Demonstration of single-molecule bond formation reactions.
Incoming functional groups were linked to biotin, and the bond
formation was verified via AFM imaging after the addition of
streptavidin (Adapted with permission from ref. 48. Copyright
2010 Macmillan Publishers Ltd.).

In addition, 3D-structured DNA probes were utilized to
minimize the lateral hindrance between the probes and to
maximize the probe-target recognition performance. Fan and
co-workers studied DNA nanostructure scaffold-based
biosensors.*’ They applied tetrahedron-shaped DNA to modify
the working surface of a gold electrode for ultrasensitive
detection of miRNA.* In this process, the hybridization of the
target miRNA acts as a linker between the rigid DNA
tetrahedron spacer and an electrochemical probe, an avidin—
horse radish peroxidase conjugate (avidin—HRP). This approach
allowed positioning of the probe within the proximity of the
electrode surface, concomitantly avoiding the crowding effect
and improving mass transport at the water—electrode interface.
The authors demonstrated enhanced binding recognition at the
gold electrode surface and drastically improved detection
sensitivity, up to attomole concentrations of miRNA with single
base discrimination capability. In a related application, the
DNA tetrahedron was utilized for the fabrication of microarrays

6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012
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on glass substrates.”’ DNA tetrahedron nanostructures with
three amine groups and one versatile single-stranded DNA
extension were covalently immobilized on aldehyde-
functionalized glass surfaces to fabricate the microarrays. A
multiplex platform was developed for the recognition of a
miRNA biomarker, a protein cancer biomarker, and a small
molecule (Figure 9). A parallel analysis of let-7a miRNA,
prostate specific antigen, and cocaine was performed, showing
detection limits of 10 fM, 40 pg/mL, and 100 nM, respectively.

DNA Tetrahedron
Microarray
Platform

Signal J@-
probe ( i
:: il 1?: Cy3-Aca2
miRNA 2& Helper [éA N Bocai
5 'S Acal \(Cocame
s: $
3 A
A B C

Figure 9. The tetrahedron 3D DNA nanostructured probe-based
biosensing interface for fabricating multiplex microarrays
useful in the detection of miRNA biomarkers (A), protein
cancer biomarkers (B), and small molecules (C) (Reprinted
with permission from ref. 51. Copyright 2014 American
Chemical Society).

Recently, Leitner et al. used chemically tagged DNA
tetrahedra containing three disulfide-modified vertices to
achieve directed attachment on a gold surface. A
heterobifunctional adapter was utilized to position individual
protein molecules with defined lateral spacing on the gold
surface.’> The directional surface attachment and the highly
effective single-molecule binding of individual receptor
molecules (streptavidin) to the ligand (biotin) were confirmed
by simultaneous topographic and recognition imaging (TREC)
using AFM (Figure 10). The specificity of the recognition was
also confirmed by blocking the biotin moieties by adding
streptavidin to the tetrahedra surfaces. The DNA tetrahedra
provides a higher surface ratio of bound steptavidin per biotin
than available through conventional immobilization of
molecular receptors at undefined spacings, where random
orientation can result in poor recognition and specificity as a
result of steric crowding. The power of the origami approach
has been demonstrated in several studies where DNA
nanostructures offer a unique opportunity to obtain unbiased
intrinsic information about complex biomolecular networks on
a variety of surfaces.

This journal is © The Royal Society of Chemistry 2012
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Figure 10. Simultaneous topographic and recognition imaging
of the specific receptor-ligand interaction on individual
tetrahedra immobilized on a gold surface. A) Schematic
representation of the TREC imaging principle. B)
Simultaneously acquired topography (B-1) and recognition
images (B-2), where the dotted circles correspond to tetrahedra
with recognition and the solid circles represent tetrahedra
without recognition as schematically represented in B-3. An
overlay of the topographic images (B-4, recognition signals in
red). (Reprinted with permission from ref. 52. Copyright 2011,
American Chemical Society).

The development in DNA-based nanomaterials has shown
great potential in bioanalytical and biomedical applications.
Nevertheless, certain progress must be made before its real-
world applications can be realized. Factors such as robustness,
durability, ease of design and ability to integrate with other
materials must be addressed, and production in a cost-effective
and scalable manner will be hailed by electronics, optics, and
sensor area.

Macromolecular architectures as templates

The assemblies of macromolecules on a variety of surfaces
offer unique opportunities for providing functional molecular
platforms with well-defined nanostructures. Various reports
have exemplified the formation of macromolecular assemblies
with controlled sizes and shapes on surfaces by utilizing non-
absorbed
molecules as well as between the molecules themselves.” For

covalent interactions between the surfaces and
example, Yokoyama et al. reported the adsorption of substituted
porphyrin molecules on a gold surface in a predictable
fashion.>* Bonifazi et al. prepared patterned surfaces consisting
of porphyrins and used them as templates for other molecules.”
In this study, both fused di-zincporphyrin (Figure 11A) and
nonfused porphyrin (Figure 11B) were deposited onto an
Ag(100) surface under ultrahigh vacuum, resulting in the
formation of self-assembled monolayers of molecules, as
confirmed by scanning tunneling microscopy (STM). The

J. Name., 2012, 00, 1-3 | 7
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patterned surfaces were then used as templates for Cgg
molecules. The C4 molecules were placed atop the 3-
cyanophenyl substituents of the porphyrins. This approach
provided a laterally controlled platform for the assembly of
fullerene at specific positions and speaks to the potential
usefulness of macromolecules in the fabrication of spatially
addressable molecular architectures. Additionally, immobilized
macromolecules have frequently been utilized in bio-analytical
applications. A good deal of research has focused on
supramolecular functional polymeric materials tailored with
desirable physical properties (e.g., nonlinear optical,
photochromic) and with the capability to form well-organized
superstructures at the interfaces.>®’

Figure 11. Chemical structures of the porphyrin derivatives and
corresponding STM images of the full-coverage monolayers on
Ag(100) (A and B). (Reprinted with permission from ref. 55.
Copyright 2004, Wiley).

Baisch et al. utilized triazatriangulenium (TATA) ions as
platforms. The various side chains on the ions serve to control
the size of the platforms. These platforms act as pedestals,
enforcing the controlled orientation of the functional groups
relative to the surface. Their size dictates the spacing between
the functional groups, resulting in arrays of anchored functional
molecules on the surface (Figure 12).%® Similar to the porphyrin
or phthalocyanine monolayers, the TATA moiety forms
hexagonally ordered adlayers via interactions between the z-
system and the metal substrate. A surface-parallel assembly of
TATA with the desired orientation of the functional group was
confirmed by STM and photoelectrochemical measurements.
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Figure 12. Functional groups anchored on a surface with
controlled lateral spacing. A) Schematic view of the approach.
B) STM images of TATA adlayers. (Reprinted with permission
from ref. 58. Copyright 2009, American Chemical Society).

The use of dendritic macromolecules (dendrimers) of well-
defined geometrical shapes and of monodisperse molecular
weights, bearing multiple functional groups at their peripheries,
have been used for surface coating. Dendrimers, a class of
materials with tree-like architectures and diameters normally
spanning tens of nanometres, are capable of self-organizing into
suprastructures. Crooks and co-workers reported the use of
dendrimer monolayer films as chemically sensitive interfaces.
A self-assembled mercaptoundecanoic acid (MUA) monolayer
was modified by covalently conjugating hyperbranched
dendrimers to the substrate surface.’® The dendrimers anchored
on the surface provided multiple functional sites for further
functionalization. It was demonstrated that a variety of
structures could be built by varying the nature and
concentration of the groups at the periphery, by modulating the
attractive forces between molecule and surface, as well as
between neighbouring molecules, and by varying the polymer
backbone architecture.

A. Spacing regulated by multipoint anchoring of a molecular
tripod

The energetics of SAMs and the space occupied by individual
surfactants were influenced by the number of anchor groups of
the employed molecule. The multiple anchoring approach has
been widely used for stabilizing SAMs on surfaces and for
providing spacing between neighbouring functional groups. In
their pioneering approach, Whitesell and Chang constructed
directionally oriented peptide layers where the lateral spacing,
controlled by the dendrons on gold surface, enhanced the alpha
helix formation of the anchored peptides. The authors grew the
dendron of the higher generation directly from the surface.®® In
this context, Lee and co-workers used tridentate chelating
alkanethiols to systematically control the density of the ligands
on a gold surface.®’ Yamakoshi and co-workers employed a
tripodal molecule to fabricate a molecular AFM tip for ligand-
receptor AFM force spectroscopy.®? Modification of the AFM

This journal is © The Royal Society of Chemistry 2012
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tip with a stable, rigid scaffold was carried out using a
tetrasubstituted adamantane core consisting of three sulphur-
terminated phenylethynyl legs and a terminal alkyne group. The
tripodal tip was subsequently conjugated with biotin and
utilized for measurements of ligand-protein receptor
interactions using NeutrAvidin on the surface. In comparison
with a monopodal tip, the tripodal tips were more robust over
repeated measurements, with enhanced probabilities of
observing unbinding events and single peaks, presumably due
to the controlled lateral spacing (Figure 13). In a separate
approach, Yamakoshi and co-workers utilized a rigid
adamantane—phenylacetylene scaffold to coat AFM tips and
utilized them for chemical and topographical characterization
of a surface.®® To design the photoswitching tripodal molecular
tip, the AFM tip was functionalized by immobilizing the
tripodal molecules having a rigid adamantane-phenylacetylene
scaffold and a photoswitching azobenzene moiety. The tip was
then used to follow the photoisomerization of a single
chromophore tethered to the apex of the tripod.
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Figure 13. A molecular tripodal tip for ligand-receptor AFM
force spectroscopy. A) Structure of the biotinylated molecular
tripod A. B) Schematic drawing of a tripodal tip interacting
with a receptor on substrate. (Reprinted with permission from
ref. 62. Copyright 2010, American Chemical Society).

B. Spacing regulated by multipoint anchoring of cone-shaped
dendrons

Compared to dendrimers, the structural advantages of dendrons
have led many scientists to utilize them to control the lateral
spacing between functionalities on a surface. Over the past
decade and a half, Park and co-workers have been studying
nanoscale-controlled surfaces for use in various applications,
with a particular focus on the use of cone-shaped dendrons for
the formation of microarray platforms and in force-based AFM
studies (Figure 14).5%65:666768 Ty their approach, carboxyl
groups at the periphery of the dendrons are conjugated with the
surface, and biomolecules (e.g., oligonucleotides or proteins)
are subsequently conjugated at the apex of the immobilized
dendrons. These self-assembled molecular units on the surface
provide an interface for less hindered biomolecular interactions
and the uniform placement of probes. They demonstrated that
the lateral spacing between the chemical functionalities on the
surface can be controlled by utilizing different generations of
dendrons (Figure 14A). Dendrons of the second and third
generations were utilized for immobilization of DNA and
proteins/antibodies on various substrates including gold,
oxidized silicon wafers, glass, and even polystyrene. Hong et
al. utilized self-assembled cone-shaped dendron molecules for
the controlled lateral placement of probe molecules on an
amino- or a hydroxyl-functionalized surface.” The dendron-
modified surface was used for DNA microarrays. The
corresponding fluorescence images showed clear differences in
the intensities of complementary and mismatched pairs with
lengths ranging from 15 to 45 mer, as well as in actual target
DNA molecules (100-200 mer) prepared from cancer cell lines.
Sufficient lateral spacing between neighbouring probe DNA
strands enhances the binding kinetics and promotes facile
interactions with the incoming target DNA, which enables the
capacity for single nucleotide polymorphism at levels as high as
those found in solution (100:< 1). The authors reduced
nonspecific binding through the judicious choice of the dendron
skeleton. In addition, selectivity enhancement from 43-82 times
greater was observed in comparison to high density surfaces
(Figure 14B).
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Figure 14. Nanoscale spaced functional platforms using dendro

n spacers and their applications. A) Schematic illustration of

dendron-based platforms for controlling the spacing between functional groups surfaces. B) DNA microarray platform (Reprinted
with permission from ref. 65. Copyright 2005, American Chemical Society). C) DNA-DNA hybridization study with AFM
(Reprinted with permission from ref. 67. Copyright 2007, American Chemical Society). D) Detection and counting individual
immunocomplexes on microarray platform (Reprinted with permission from ref. 70. Copyright 2010, American Chemical
Society). E) Nick-sealing of a single DNA duplex with AFM (Reprinted with permission from ref. 71. Copyright 2012, American
Chemical Society). F) Picking up a single-molecule ferritin complex (Reprinted with permission from ref. 72. Copyright 2012,

American Chemical Society).

In their studies of AFM, the Park group demonstrated that the
dendron platform has a great potential for the study of single-
molecule interactions. Considering the ever-increasing interest
in single-molecule analysis, it is noteworthy that the use of
dendron molecules for AFM probes and substrates facilitates
the detection of biomolecules at the single-molecule level. Jung
et al. utilized dendron-functionalized substrates as well as AFM
probes to study single molecular DNA-DNA interactions. A
key to this study was the capacity of the dendron to provide
ample spacing between the functional molecules to allow
efficient DNA hybridization events (Figure 14C).*” The
nanoscale-controlled dendron surfaces enabled observation of
force-distance curves for both attraction (or binding) and
adhesion (or unbinding) and eliminated unwanted multiple
interactions. The force histogram became sharp, and even the
single base mismatched pair was able to be discriminated.

10 | J. Name., 2012, 00, 1-3

Additionally, the dendron-modified AFM probes were utilized
to map the spatial distribution of mouse Pax6 mRNA on
sectioned tissues of the mouse embryonic neocortex.” A
sample of 30-mer DNA was immobilized on the dendron-
modified AFM probe to measure the specific adhesion force
between it and the complementary part of the target mRNA on
the tissue section. The distribution of mRNA was identified
with nanometre resolution. Notably, the technique was
sufficiently sensitive to allow the detection of mRNA in the
ventricular zone, while the presence of Pax6 mRNAs was not
identified by the fluorescence assay in the particular section.

In a more recent extension of their work, a dendron-modified
surface has been employed for the detection of individual
captured antigens on surfaces and mapping them, via force-
based AFM, at 3 nm resolution.” In this study, both the
substrates and probes were modified with a 27-acid dendron

This journal is © The Royal Society of Chemistry 2012
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molecule. The detection antibody (5A6) on the AFM probe
visualized the PSA (prostate specific antigen) captured by the
capture antibody (8A6) on the surface (Figure 14D). Controlled
spacing on both surfaces was believed to be the key for the
ability to unambiguously “see” individual captured antigens
within a selected area of a microarray spot. This approach was
further utilized for the ligation of a single duplex with a nick
(Figure 14E).”" Bringing a template 71-mer DNA on the tip
resulted in a DNA duplex on the surface with a nick between a
captured 47-mer DNA and a 24-mer DNA immobilized on the
surface. After nick-sealing with a DNA ligase, an increase in
the unbinding force (from 24.0 + 4.4 pN to 62.8 £ 14.6 pN)
corresponding to the elongated DNA (71 bp) was observed. In
separate work, a controlled dendron surface functionality was
employed for a single-molecule ferritin picking-up process
through the use of AFM (Figure 14F).”” In this approach, a
biotinylated AFM probe was utilized to pick up a single avidin-
ferritin-DNA conjugate from the surface. The strong binding
interaction between the avidin and biotin, in comparison with
the complementary DNA pair (20 mer), was exploited for
transferring a single avidin-ferritin conjugate to the apex of the
AFM tip. The single-molecule ferritin tip was used as a
multifunctional magnetic force microscopy (MFM) probe for
sensitive detection of the magnetic forces produced by
magnetic materials, as well as for detecting the biomolecular
interaction forces with DNA on surfaces. Apart from the above
examples, the Park group utilized dendron-modified surfaces
for various applications, including the study of single-molecule
intramolecular  interactions  between  single-transducing
proteins,” the mechanical unfolding of a foldamer,”* the
nanoscale analysis of functionalized polymer surfaces,” and
sequencing single DNA using AFM.’® These examples are
testament to the outstanding features of dendron-modified
surfaces and their capacity for enhanced interactions and
predominant single interaction in AFM studies.

Other groups have also utilized dendron-based templates to
control the spacing between functionalities on surfaces. Cai and
co-workers have employed dendron molecules to control lateral
spacing on surfaces.””’® They prepared organosiloxane thin
films from SiCls;-terminated carbosilane dendrons of the
second, third, and fourth generation, containing 9, 27, and 81
SiCl; terminal groups, respectively. Otomo and co-workers
used a dendron molecule with methylthiol groups at the
peripheral sites and a rhodamine B (RhB) molecule at the focal
point to prepare the fluorescent AFM probe (Figure 15).”° The
effective triplet-triplet energy transfer from a donor molecule
attached to the dendron-modified probe to the acceptor in
proximity on the substrate was demonstrated.

This journal is © The Royal Society of Chemistry 2012
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Figure 15. Schematic representation of A) effective triplet-
triplet (T-T) energy transfer from a donor on the dendron-
functionalized AFM probe to a acceptor on surface, and B) the
nonproductive energy migration to neighbouring donor
molecules on the probe when the donors are closely packed.

(Redrawn from ref. 79).

C. Spacing generated by focal point anchoring of dendrons

Apart from the multipoint anchoring of dendron molecules,
several groups utilized a focal substituent of dendrons for
surface immobilization. In this process, detachable dendron
molecules are first adsorbed to a surface where the bulky
portions of the dendrons occupy a certain lateral space. Then,
the bulky portion is detached, leaving the stem portion for the
further chemical functionalization. Tokuhisa and co-workers
employed the anchoring of a dendron molecule through the
apex for spatially controlled functional group placement, in
which a cleavable linker was placed between the stem and a
branching point of the dendron.®® After the formation of a SAM

J. Name., 2012, 00, 1-3 | 11
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with the stimulus-cleavable dendron, the branched portion was
removed by an external trigger, leaving the stem molecules on
the surface, to which probe molecules were conjugated. Three
different generations were utilized to functionalize Au-coated
glass substrates, and the adlayers were characterized by
Fourier-transform infrared external reflection spectroscopy
(FTIR-ERS) and non-contact atomic force microscopy (NC-
AFM). In a similar study, the group utilized a dendron molecule
connected to a stem molecule via ester linkage. The other end
of the stem molecule consisted of a thioctic acid group
chemisorbed onto a gold surface. The spacing was controlled
by the size of the dendron used (Figure 16).*' The dendrons
were cleaved via hydrolysis, leaving spaces between the acid
tethering stems, which were filled by the addition of hydroxyl
hexanethiol. The carboxylic acid was then activated with N-
hydroxysuccinimide (NHS) and 1-ethyl-3-(3-(dimethylamino)-
propyl) carbodimide (EDC). The activated acid was then
exposed to amine functionalized biotin to yield covalent
immobilization. To investigate the biological applications of the
biotin functionalized surface, streptavidin was immobilized
with the amount of binding monitored by SPR. For comparison,
mixed monolayers were prepared using a surfactant solution
dissolving an anchor molecule independently. The results
showed an increase of 40% in the binding of streptavidin to
biotin in comparison with 10% binding at the mixed monolayer
surface. The report confirms that the optimization of the spatial
spacing, as well as probe density, on biointerfacial surfaces is
an important factor in enhancing the binding of capturing
biomolecules.

Dendron
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“~v . Cleavable linkage

Figure 16. Fabrication of the nanoscale spaced functional
platform using focal point anchoring of dendron spacers.
(Reprinted with permission from ref. 81. Copyright 2009,
American Chemical Society)

In a hybrid approach, Igbal et al. utilized supramolecular
dendron-ligand assemblies for the controlled spatial distribution
of chemical functionalities (Figure 17).8* SAMs composed of
pH-switchable, surface-appended pseudorotaxanes were
constructed from a combination of a bulky macrocycle
consisting of a combination of poly(aryl ether) dendron and
dibenzo[24]crown-8 (DB24CS8), and a ligand bearing a thiol
group for the surface adsorption, a dibenzylammonium
recognition site for the macrocycle, and a terminal fluorine for
further modification. Following SAM formation, the dendron
was released from the surface by switching off the noncovalent
interaction by pH stimulation, generating surface materials with
tailored physical and chemical properties.
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Figure 17. Schematic representation of the fabrication of a
space-controlled surface by supramolecular dendron-ligand
assemblies. (Reprinted with permission from ref. 82. Copyright
2014, American Chemical Society).

Whereas Langer and co-workers used a bulky head group
rather than a dendron, their work is relevant in this context due
to its originality and importance. They demonstrated the use of
well-designed SAMs that were switchable under the influence
of an electrochemical potential, with sufficient room to
accommodate conformational changes of the immobilized
molecules (Figure 18).% First, precursor molecules ((16-
mercapto)hexadecanoic acid (2-chlorophenyl)diphenylmethyl
ester, MHAE) having bulky head groups were self-assembled
on the surface, resulting in a low-density SAM. Second, the
bulky head groups were removed by hydrolysis, resulting in a
low-density, but ‘standing-up’ layer of (16-
mercapto)hexadecanoic acid (MHA). These low-density SAMs
allowed chain mobility sufficient to accommodate reorientation
from a hydrophilic (straight chains) to a hydrophobic (bent
chains) state. The controlled surface density enabled the end
groups of the MHA molecules to move freely. A surface with
spacing
conformational transitions of the single-layered molecules and

such  appropriate allows  facile reversible

thus effective switching of the surface from a hydrophilic to
hydrophobic state (and vice versa) under electrical stimulus.

Precursor

o~

Hydrophobic
/Alkyl Chain

Hydrophilic
# ‘%‘-carboxylale
\[‘"E‘(D group
Sulfur

SN/

Gold Electrode

®
Precursor - Hydrophobic

Monolayer

Hydrophilic

Figure 18. Schematic representation of a spatially controlled
SAM where spacing depends on the dimension of the precursor
head group and the transition between straight (hydrophilic)
and bent (hydrophobic) molecular conformations upon
electrical stimulus. (Reprinted with permission from ref. 83.
Copyright 2009, AAAS).

In addition, surface materials with nanoscale-controlled shape,
size, and morphology have been used for drug delivery and
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tissue engineering.® Designed materials and formulations allow
controlled release of drugs or small-molecules with the minimal
side effects. For examples, composites containing
supramolecular structures including nanoparticles, nanotubes,
nanocapsules, nanogels, and dendrimers have been examined
for the drug delivery.®”> In order to target cancer cells and
control delivery of drugs, Langer and co-workers utilized a self-
assembled polymeric nanoaprticle platform.*® A10 aptamer
immobilized on nanoparticles was used to target prostate cancer
cells, and co-immobilized chemotherapeutic drugs (cisplatin
and docetaxel) were delivered to the corresponding cells. Apart
from the drug delivery, researchers engineered surface
materials to mimic the morphological and chemical features of
the natural extracellular matrix for the tissue regeneration.®’
Natural macromolecules, such as collagen, fibrinogen, dextran,
and chitosan have been used to prepare nanofibrous matrices.®
Stupp and co-workers studied self-assembly of amphiphilic
macromolecules that form cylindrical nanofibers with well-
defined diameters, and used them as tissue engineering
scaffolds for bone.* Further, another group used a de novo
designed peptide, a pH-responsive self-assembled B-hairpin in a
nanofibrillar network, and applied for in-situ cell
encapsulation.”®

It is clear from these examples that employment of
macromolecular architectures, such as dendron molecules, for
controlling spatial molecular spacing provides a useful route
not only to nanoscale-controlled placement of functionalities
but also to a wide range of applications requiring enhanced bio-
recognition.

Suppression of nonspecific biomolecule adsorption

Reduction of nonspecific adsorption of biomolecules is also a
key for high performance of surface-based bioanalytical and
diagnostics devices.”' The most widely used materials for the
goal are poly(ethylene glycol) [PEG] and oligo(ethylene glycol)
[OEG].” Because, these materials are susceptible to oxidation
in some biochemically relevant media,” and in order to widen
the choices, new materials including hydrophilic and
zwitterionic materials have been examined.”® In particular, the
latter materials containing both positive and negative charged
units can bind water molecules more tightly (in the
thermodynamic sense) through the electrostatically induced
hydration than hydrophilic materials can. Therefore,
suppression of the nonspecific binding is more effective. Two
types of  zwitterionic  materials, polybetaines and
polyampholytes, were synthesized, and their capability for the
reduction in various biological applications was investigated.”
Among polybetaines, poly(carboxybetaine) is most widely used
for reducing the nonspecific protein adsorption in a single-
protein medium,”® even in blood plasma®’ and undiluted human
blood serum.”® The observation is consistent with a previous
report by Whitesides; polymers of alternating charges were
more effective than polymers in which the charges were
statistically distributed.” Jiang and co-workers examined a
related approach, and observed that peptides with alternating
Glu/Lys or Asp/Lys showed noticeable resistance against the
nonspecific adsorption of fibrinogen, lysozyme, and albumin.'®
While use of PEG, OEG, zwitterionic materials, or alternatingly
charged peptides is a good choice currently, it is desirable to
find new materials of enhanced biochemical stability, even in
hostile environment, shelf-life, and effectiveness.

This journal is © The Royal Society of Chemistry 2012
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Conclusions and Outlook

Herein, we reviewed the recent advances in a variety of
approaches for controlling surface functionalities, with a
particular focus on lateral spacing with nanoscale precision.
The approaches include the use of mixed self-assembled
monolayers, protein motifs, nanoparticles, DNA nanostructures,
macromolecular architectures including porphyrins and
dendrons as templates. Whereas the use of mixed monolayers
or protein motifs is common and straightforward, the
exploitation of DNA nanostructures, in particular DNA origami,
is noteworthy. The capability for programmed placement of
functionalities on a surface is obviously a unique advantage.
Interesting progress has also been witnessed with the use of
dendrons, which are especially useful if coating of a large area
is required. While we have not covered analytical tools of the
surface materials, importance of thorough characterization is
beyond a doubt. The commonly employed tools include
ellipsometer, infrared spectrometer, Raman spectrometer, X-ray
diffractometer, contact angle goniometer, mass spectrometer,
X-ray photoelectron spectrometer, atomic force microscope,
and scanning tunnelling microscope, scanning electron
microscope, and transmission electron microscope.'”!

Most of the applications involving spatially controlled
platforms provided enhanced biomolecular recognition. Their
efficacies have been demonstrated with biosensors, such as
SPR, immunoassay, electrochemical sensors, microarrays, and
single molecular spectroscopy including atomic force
microscopy, scanning tunneling microscopy, and super-
resolution spectroscopy. Due to its highly parallel nature and
convenience, DNA microarray techniques have been extended
to other microarrays such as aptamer, RNA, protein, and
carbohydrate. Fine spatial (or lateral) control of surfaces at the
nanoscale resulted in high performance and reliability in their
use as microarrays. As many investigators have demonstrated,
precise control of the surface is of prime importance.
Additionally, the degree to which surface control helped single
molecular spectroscopy is particularly notable. Such control
allowed scanning probe microscopes to reproducibly observe
true single-molecule interactions at interfaces and provided
super-resolution spectroscopy with the valuable standards.

Still, there are features yet to be achieved to fully satisfy the
requirements of each specific application. Effective suppression
of non-specific binding is one example. Although many
approaches are already reasonably good in this regard, to utilize
state-of-the-art instruments and spectrometers maximally,
enhanced suppression of non-specific binding is no doubt
required due to the persistent existence of noise (or background)
signals resulting from non-specific binding. Additionally,
increasing cost-effectiveness of material production and easy
accessibility of target surface materials will lead to wide spread
uses. Advancements in controlling the physical and chemical
nature of surfaces for use as efficient bioactive platforms are
expected. We envision that through proper collective efforts,
spatially controlled bio-interfaces will be further refined and
will find a myriad of sensing and bio-medical applications
including stem cell research. Further, they have the capacity to
perfect single molecular spectroscopy, thereby elucidating the
fundamental properties of single molecules and the behaviour
of single biomolecules in vitro and in vivo.
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