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1 Zusammenfassung
Diese Dissertation beschreibt die Einigung von zwei Organisations‐
prinzipien der heterogenen, molekularen Selbst‐Organisation sowie den ersten
Glykan Cantilever Array Sensor der in der Lage ist, klinisch relevante Proteine
und Bakterien spezifisch bis hinunter zu geringsten Konzentrationen zu
detektieren.
Selbstorganisierte Moleküllagen bieten einen komfortablen Weg um
funktionale Oberflächen herzustellen. Bis zum jetzigen Zeitpunkt mussten bei
Systemen aus zwei oder mehreren Molekülsorten unterschiedliche Verbindungen
gewählt werden um entweder eine Wirt – Gast Struktur oder ein polymorphes
Templatsystem zu erzeugen. Ein Molekül des Fréchet Typs kombiniert nun diese
beiden zuvor getrennten Kategorien. Durch die räumliche Trennung der
Wechselwirkungstypen innerhalb der beiden molekularen Muster, eines Wirt –
Gast System mit gesättigtem Adamantan oder einer Templatstruktur mit
aromatischem Coronen, induziert der Gast eine der beiden Formen. Diese erste
Beobachtung beider Mechanismen zusätzlich zu dem reinen Wirtssystems
vereinigt diese vormals getrennten Motive der heterogenen, molekularen Selbst‐
Organisation in einer molekularen Verbindung. Dies erlaubt nun die Entwicklung
von zweistufigen Abläufen innerhalb eines Protokolls.
Bis zu diesem Zeitpunkt konzentrierten sich die meisten Anwendungen
von Cantilever Arrays in der Biosensorik auf Fragestellungen innerhalb des
Genoms und des Proteoms, während Kohlehydratstrukturen weitestgehend
vernachlässigt wurden. Die Bedeutung des Glykoms in biologischen Abläufen
sowie in diagnostischen und therapeutischen Anwendung gewinnt jedoch immer
mehr an Bedeutung da Synthesetechnologien und Sequenzierverfahren laufend
verbessert werden. Die Etablierung eines rein auf Zuckerstrukturen basierten
Glykan Cantilever Array Sensors in dieser Dissertation erlaubt nun auch mit den
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1 Zusammenfassung
Vorteilen dieser Technik die markierungsfreie und spezifische Detektion von
verschiedenen Zucker bindenden Proteinen und Mikroorganismen gegen eine in‐
situ Referenz bis hin zu niedrigsten Konzentrationen. Der Sensor erkennt das
Mannose spezifische Lektin Concanavalin A (ConA) auf Nonamannose und
Trimannose Sensoren gegenüber einer nichtspezifischen Galaktose Referenz und
unterscheidet die individuellen Kohlehydratstrukturen durch Signalgrößen
entsprechend

ihrer

Fähigkeit

multivalente

und

mehrseitige

Bindungen

einzugehen. Die beobachtete Sensitivität im nanomolaren Bereich und die
ermittelte

Dissoziationskonstante

des

Systems

zeigen

sich

in

guter

Übereinstimmung mit der Literatur. Die Spezifität der Proteinbindung wurde mit
Hilfe von kompetitiver Inhibition und durch eine Messung im Hintergrund von
nichtspezifischem bovinem Serumalbumin (BSA) bestätigt. Diese Sensitivität,
Konzentrationsabhängigkeit und Spezifität der Erkennung etablieren somit
Cantilever

Array

Sensoren

auf

dem

Gebiet

der

Zucker

–

Protein

Wechselwirkungen.
Die Anwendung dieses Glykan Cantilever Array Sensors zur Detektion von
klinisch relevanten Proteinen und Bakterien demonstriert die Nützlichkeit des
Systems. Das Protein Cyanovirin‐N (CV‐N) zeigt starke anti‐virale Aktivität gegen
das Human Immunodefizienz – Virus (HI‐V) und konnte bis hinunter zu
pikomolaren Konzentrationen detektiert werden. Diese Sensitivität sowie die
Dissoziationskonstante des Systems stimmen gut mit Literaturwerten überein.
Die Spezifität der Zucker – Protein Erkennung wurde durch kompetitive
Inhibition und den Vergleich mit nichtspezifischen BSA verifiziert. In einer
weiteren Studie wurde die Erkennung von Pathogenen durch Messungen an den
drei Escherichia coli (E.coli) Stämmen ORN178, ORN208 und ORN206 gezeigt.
Dadurch wird das Detektionsvermögen des Sensors erfolgreich von Proteinen auf
Bakterien erweitert. Alle drei Stämme konnten nach ihrer Fähigkeit Mannose zu
binden, unterschieden und bis hinunter zu sehr geringen 20 Zellen pro
Probenvolumen spezifisch detektiert werden. Zusammen führen diese Resultate
die Cantilever Array Technik als sensitive und spezifische Methode für die
Detektion von Zucker – Protein Wechselwirkungen und Bakterien ein. Mit den
zusätzlichen Vorteilen wie markierungsfreier Detektion und kurzen Messzeiten
könnte dieses System mit geringem Aufwand auf ein breites Spektrum weiterer
Zucker Interaktionen für Arzneimittel Tests und diagnostische Anwendungen
erweitert werden.
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2 Abstract
This thesis describes the unification of two assembly principles for two
dimensional heterogeneous molecular orderings as well as the first glycan
cantilever array sensor that specifically detects clinically relevant proteins and
bacteria down to very low concentrations.
Self‐organized molecular monolayers offer a convenient way to create
functional surfaces. For multi component systems, up to date different host
components had to be selected for host‐guest inclusion or templated polymorph
assemblies. A Fréchet type molecule now combines these two previously
separated forms in heterogeneous molecular self‐organization. The decision
which assembly form is realized thereby depends on the type of guest molecule.
By spatially separating the interaction types within the pattern, a host – guest
assembly with saturated adamantane or a templated structure with aromatic
coronene, the guest induces one of these forms of heterogeneous assembly. This
first observation of all three material functions, the pure host assembly, host –
guest inclusion and templated polymorph assembly, unifies these different
assembly mechanisms within one molecular compound. It now allows for the
design of two‐step protocols that link the previously separated motifs in
heterogeneous molecular self‐organization.
Up to now most applications of cantilever arrays in biosensing applications
focused on questions within the genome and proteome while carbohydrates were
largely neglected. The importance of the glycome in biological functions as well as
diagnostic and therapeutic applications however is rapidly gaining focus as
synthesis and sequencing technologies for carbohydrate structures progress. The
establishment of a purely glycan based cantilever array sensor in this thesis now
allows the label‐free and specific detection of several carbohydrate binding
proteins and microorganisms against an in‐situ reference down to very low
3
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concentrations. The sensor accurately recognizes the mannose specific lectin
Concanavalin A (ConA) on nonamannose and trimannose functionalized
cantilevers against a galactose reference and discriminates individual
carbohydrate structures via larger and smaller signal sizes corresponding to their
affinity for multivalent and multisite binding. The demonstrated sensitivity in the
nanomolar range and a value for the dissociation constant compare well to
literature reports. Finally, the specificity of the protein binding was validated by a
competitive inhibition assay and by measuring in the background of nonspecific
bovine serum albumin (BSA). This demonstrated sensitivity, concentration
dependence and specificity of the recognition establish the first successful
carbohydrate based cantilever array sensor.
The application of this new the glycan cantilever array sensor to clinically
relevant proteins and bacteria demonstrates the feasibility of the system. The
protein Cyanovirin‐N (CV‐N) has been shown to have potent anti‐viral activity as
it binds and inhibits the human deficiency virus (HI‐V). CV‐N detection in
picomolar sensitivity and the derived dissociation constant agree well with
literature reports. The specificity of the carbohydrate – protein recognition was
verified via competitive inhibition and the comparison to nonspecific BSA. In a
further study, pathogen detection was demonstrated by use of the three
Escherichia coli (E. coli) strains ORN178, ORN208 and ORN206, successfully
extending the sensor’s detection capabilities from proteins to bacteria. All three
strains could be discriminated according to their mannose binding ability and
specifically detected down to about 20 cells per sample volume. These results
introduce the cantilever array technique as sensitive and specific sensing tool for
carbohydrate – protein and bacteria recognition. With its additional advantages
of label‐free detection and fast response times, this system could easily be
optimized to include a wide range of further carbohydrate interactions relevant
drug testing and diagnostic applications.
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3 Introduction
The development of new methods and tools catalyzes progress in the
biochemical sciences.[1] Coupled to advancements in biomolecular sequencing
techniques and the purification of proteins with new functionalities, novel
biosensing applications aim at specific target recognition at low detection
limits.[2‐4] Here cantilever array sensors present an innovative and label free
method

that

transduces

biomolecular

recognition

processes

into

a

nanomechanical deflection of tiny silicon springs.[5] Sophisticated concepts for
the creation of the active sensing layers heavily rely on the control and feasibility
of the patterning approach. Bottom‐up processes like self‐assembly describe a
convenient method to realize various such surface functionalities and tailor
chosen pattern properties. Images recorded with scanning tunneling microscopy
in submolecular resolution offer ideal conditions to study the intricate details of
self‐organized monolayers and the responsible assembly mechanisms.

3.1 Molecular Self-Organization
Self‐assembly is one of nature’s ways to induce order. This phenomenon
describes a process by which a pattern emerges solely by the interplay of the
lower‐level components of a system.[6] In contrast to the top‐down approach
that requires advanced technologies to miniaturize a predefined structure, this
so‐called bottom‐up approach provides an elegant way for engineering nano‐
patterned surfaces.
Self‐organized molecular monolayers offer a variety of phenomena that are
actively under study, the various fields of interest comprise surface catalysis and
chirality,[7] prediction and control over pattern formation[8, 9] and the growth of
active layers for biosensing.[2, 10] One recent trend in molecular self‐assembly
5
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goes to increasingly complex systems assembled from more than one molecular
species.[11] Usually, one of two distinct ordering categories results from these
heterogeneous molecular systems: host‐guest inclusion or templated polymorph
assembly.
In host‐guest systems the pre‐existing host pattern remains unchanged
upon the addition of guest molecules and the guests are incorporated into
inherent cavities of the host assembly.[12‐15] This method offers control over
behavior and reactivity of the included functional molecules due to selectivity and
spatial confinement of the included guest species.[11]
In contrast, templated polymorph structures rearrange after the addition
of the guest molecules to the host structure and thus template a previously
unobserved ordering motif.[16‐19] This switching into a new ordering is
accompanied by changed symmetries and intermolecular distances of the
molecular layer.
In the past the host structure for either selective host‐guest inclusion or for
conformational switching into a new templated assembly could only be realized
by choosing different molecular compounds. The crucial link, a structure that
combines both functionalities and allows host‐guest as well as templated
structures, is missing. Such a compound would allow confinement as well as
switching within one molecular system and merge both functionalities in one
convenient setup. Subsequent application of both processes would provide access
to a variety of two step protocols within one molecular material.
One main goal in the study of heterogeneous molecular layers is to bring
specific functionalities to a surface and use the molecules as an active layer for
chemical and biochemical applications.[2, 7, 10, 20] For these implementations,
strong chemical bonds between sensing molecules and the sensor surface are
desired to robustly anchor the molecular layer. Thiol groups attached via a
polyethylene glycol (PEG) or alkane linker provide a stable self‐assembly of the
functional molecular moieties on a gold coated surface. Other methods employ
so‐called “click‐chemistry” to enable surface functionalization in a two‐step
process or silanization of silicon surfaces.
In the past, such functional molecular layers have been used in biosensors
based on microarrays, quartz crystal microbalance (QCM) and surface plasmon
resonance (SPR) and have shown their potential for high throughput sensing
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applications.[2] Recently, cantilever array sensors evolved as sensitive and label
free alternative sensing method.

3.2 Bio-Recognition with Cantilever Array Sensors
The cantilever sensor technique is closely related to the more widespread
atomic force microscopy (AFM), using the same silicon levers of micrometer
dimensions to transduce the measurement signal. Typically the AFM uses a very
sharp tip attached to the end of such a lever to image a surface contour of
constant force in a scanning motion. It thereby relies on exchange interactions
like van der Waals, electrostatic or frictional forces[21] where the lever’s bending
at each point is read out by the deflection of a laser beam focused on the lever
apex. Complementary to these applications such cantilevers are also employed
for force spectroscopy to characterize the force – distance relationship of
individual tip – substrate interactions.[21]
In 1994 R. R. Schlittler and co‐workers published the first application that
uses the surface of these levers itself as a sensor for chemical reactions.[22] The
cantilever deflection corresponding to the respective analyte concentrations
again is read out via beam deflection, similar as for the AFM. Some measurement
setups today also utilize a pirezoresistive readout that relies on elements in the
microcantilever structure changing their resistance in response to an applied
strain.[23] Able to operate in vacuum, air or liquids, the cantilever technique has
proven its value as very sensitive mass sensor and as powerful, label‐free
transducer of biomolecular recognition into a nanometer deflection signal.[24,
25]
Picomolar concentrations of mRNA in total RNA background[26] as well as
a single base pair mismatch of two ssDNA strands can be detected.[27, 28]
Cells,[29] microorganisms[30], various pathogens[31] and lipids[32] have been
investigated using cantilever sensors. Antibiotic‐peptide recognition has been
probed[33] while immunosensors detect the specific recognition of prostate‐
specific antigen (PSA) in the presence of human serum albumin.[34] While the
majority of these results focuses on the genome and the proteome, the glycome
and studies investigating specific carbohydrate – ligand interactions are still
largely neglected.
7
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3.3 The Glycome and Carbohydrate Interactions
Many carbohydrate structures in nature occur as glycoconjugates in the
form of glycoproteins, proteoglycans and glycolipids and as such are mainly
found on the cell surface of organisms.[35] There these cell surface glycans
regulate the interactions of the cell with the extracellular environment. In
particular carbohydrate – protein interactions are crucial to most mammalian
physiological processes as mediators of cell adhesion and signal transduction,
and organizers of protein interactions.[36‐38] Interestingly, also the surfaces of
bacteria, viruses and parasites are decorated with carbohydrates and specific
glycans have been localized on the surface of many infectious agents and also
cancer cells.[39] Several of these carbohydrate structures are recognized by the
immune system and consequently glycans possess an enormous but
underexplored potential for eukaryotes, prokaryotes and viruses as both
diagnostic and therapeutic targets.[40, 41]. Many carbohydrate structures are
unique, which could indicate the possibility of undiscovered biological properties.
In addition, these unusual glycans show promise as a safe, fast and reliable means
to screen for the presence of cancer cells and pathogens.[39]
Recent advances in technologies for sequencing and synthesizing
carbohydrate structures revealed the structural complexity of the glycome to be
more diverse than that of the genome and proteome.[42, 43] However the
functions of many glycans are as yet unknown. To gain insight into the biological
significance of these carbohydrates, more than the pure knowledge about glycan
structures is necessary and glycan behaviors have to be analyzed in detail both
biochemically and microbiologically. In recent years, pioneering glycobiologists
have developed sophisticated technologies to efficiently measure carbohydrate –
protein interactions, such as glycan microarrays.[44‐48] However, further
complementary technologies with fast response time and low cost are necessary
to identify specific carbohydrate binding partners for successful progress in the
emerging field of functional glycomics. Here the cantilever array technique with
advantages like label‐free detection and short measurement times could offer
valuable input if a glycan sensor for clinical relevant protein and pathogens could
be established.
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3.4 Aims of this Thesis
In light of the above discussed state of scientific research, the following
scientific goals could be envisioned:
 A combination of host‐guest inclusion and the templated ordering motif for
Fréchet dendron assemblies.
To this end, guest molecules of differing assembly properties should be chosen
for heterogeneous assemblies with a Fréchet type dendron. The resulting
patterns would be observed with STM and analyzed with complementary
computational modeling techniques. The resulting observations on the pattern
formation should be examined according to the type of included guest molecule
and lead to a general rule for the assembly process.
 An application of the cantilever array technique in functional glycomics.
Various carbohydrate assemblies could be tested and optimized as active layers
for cantilever array sensing. As a crucial indicator for a sensor’s quality, the
sensitivity, concentration dependence and specificity of the binding should be
established. Complementary measurements with nonspecific binding partners
and additional test assays could aid to verify the quality of the cantilever array
sensor setup and the specificity of the biomolecular recognition.
 The specific and sensitive recognition of clinically or biologically relevant
proteins and pathogens with a glycan cantilever array sensor.
To be of value, the previously established glycan cantilever array sensor would
need to prove its capabilities for the detection of relevant biomolecular
interactions. Here again the sensitivity, concentration dependence and specificity
of the binding need to be tested to ensure the usefulness and quality of the sensor
setup.

9

4 Theoretical Concepts
The pattern formation of self‐organized molecular monolayers is studied
with scanning tunneling microscopy (STM). This technique is based on the
quantum mechanical tunnel effect. Aiming at a more realistic description, the
Modified Bardeen Approach (MBA) adds perturbation theoretical contributions
to the calculated tunneling current to account for the interaction of substrate and
tip.
The detection of carbohydrate interactions with cantilever array sensors
can be considered on the basis of three theoretical concepts. In a first approach
the nanomechanical deflection of a cantilever sensor can be described as pure
bending of a straight beam. Then, Stoney’s equation gives a relation between the
measured deflection and the surface stress generated on the cantilever surface
due to the recognition of the sample substance. Finally, the degree of cantilever
deflection in dependence on the sample concentration can be evaluated by a
Langmuir isotherm analysis.

4.1 Tunneling – The Modified Bardeen Approach
A typical STM measurement is performed with very short tip – substrate
distances of about 1‐10 angstrom (Å) from mechanical contact. To provide an
accurate theory of the tunneling phenomenon, van der Waals forces between tip
and substrate as well as the exchange interaction itself have to be considered. The
modification of the undisturbed wave functions of tip and substrate by the van
der Waals force can be treated by a stationary‐state perturbation calculation.
Following the method of Oppenheimer and Bardeen,[49] the process of quantum
transmission can then be treated by time‐dependent perturbation theory.
11
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An energy schematic of the tip‐substrate system is depicted in figure 4.1.
For the perturbation calculations describing the van‐der‐Waals force, a
separation surface is drawn between tip and substrate. The potentials for the two
subsystems of substrate (S) and tip (T), US and UT, are then defined to satisfy the
following two conditions: First, the sum of the potentials of the two subsystems
equals the potential U of the combined system
US + UT = U.

(4.1)

Outside of the interaction region where the potential barrier is
substantially lowered, the potential equals the reference point of energy, the
vacuum level. Thus, second, the product of the two potentials of the two
subsystems equals zero in the entire space
US UT = 0

(4.2)

Figure 4.1 c) shows the free and disturbed potentials of the substrate, US0
and US, respectively. If the perturbation potential VS = US0 – US is known in terms
of the free and disturbed potentials of the substrate, US0 and US, respectively,
time‐independent perturbation theory can be applied to derive the perturbed
wave functions . In principle though, the wave functions are solutions of the
Schrödinger equation
(4.3)
where



denotes the kinetic energy operator.

The same is true for the tip with the free and distrurbed potentials UT0 and UT,
respectively, see figure 4.1 d). Again the Schrödinger equation delivers the
stationary states, here called
χ

(4.4)

Knowing the modified wave functions  and , the two subsystems can
once again be brought together. As a first step the time‐dependent Schrödinger
equation provides the wave function of the complete system. Using time‐
dependent perturbation theory the transition probability can then be determined
from its expansion coefficients. In first‐order perturbation theory this transition
probability is also known as Fermi’s Golden Rule.
12

Figure 4.1. Perturbation Approach at the Tip‐Sample Interface.
a) Atoms of the tip and surface subsystems with b) corresponding
energy scheme depicting the potential surface of the complete
system. Here EFS and EFT refer to the Fermi level, E and E to the
energy levels of substrate and tip, respectively. U denotes the
potential of the complete system. c‐d) Disturbed and undisturbed
potentials of substrate and tip, respectively.
At the beginning of the calculation each subsystem is in its disturbed but
stationary state, as described above. Without loss of generality, the following
considerations are conducted from the perspective of the surface. At t > 0 the
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perturbation potential of the tip UT is switched on and the complete system starts
to evolve according to the time‐dependent Schrödinger equation
Ψ

(4.5)

Since the tip wave functions constitute a complete and orthogonal set of
states, the time‐dependent wave function  of the combined system can be
expanded in terms of the  :
Ψ

∑

(4.6)

At t = 0, the state of the system still should be  , thus the expansion coefficients
will have to be
(4.7)
with c(0) = 0. Substituting eq. (4.7) for eq. (4.6) then leads to the following form
of the wave function  of the combined system:
∑

Ψ

(4.8)

The first term describes how  would evolve if UT would not have been switched
on, the second term describes the aberration induced by UT.
Finally, to get an expression for the c(t), eq. (4.8) again has to be substituted for
eq. (4.5), resulting in the term
∑

|

|

(4.9)

The transition probability from a state  of the substrate to a state  of the tip,
P , can now be derived from the expansion coefficients c(t):
(4.10)

→

Finally, the transition rate  in first order perturbation theory is given by P/
and its calculation leads to Fermi’s Golden Rule

²
with the tunneling matrix element
14

(4.11)

∗

(4.12)

For the calculation of the tunneling current I all states of the tip and the substrate
including their respective occupation probabilities have to be taken into account,
as well as the interplay of states described by the matrix element M.

Figure 4.2. The Tunneling Current. The energy of a state is
measured in reference to the Fermi level EF of substrate (S) and tip
(T). At an arbitrary energy ε, electrons can tunnel from an occupied
state of the substrate into an unoccupied state of the tip, case (i), or
vice versa, case (ii) (not shown).
For an arbitrary energy level  the contribution of the states of substrate
(S) and tip (T) to the tunneling current corresponds to the density of states (DOS)

, resulting in the factors
(4.13)
(4.14)
where EFS and EFT denote the Fermi level EF of the substrate and tip, respectively.
To find an expression for the occupation probabilities, the tunneling current is
divided into two parts: (i) transition from an occupied state of the surface to an
unoccupied state of the tip, see figure 4.2, and (ii) transition from an occupied
state of the tip to an unoccupied state of the surface.
If the Fermi‐Energy is used as the reference level, the occupation
probabilities F for (i) are then given by:
→

1

(4.15)
15
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with the Fermi‐Dirac distribution
(4.16)
Whereas for the transition in the reverse direction (ii), the occupation probabili‐
ties are:
1

←

(4.17)

Consequently, the factor containing the total occupation probabilities from
process (i) and (ii) reads:
→

(4.18)

←

Finally, including the fact that there are two spin states, the expression for the
total tunneling current is given by:
4
⋅

| |
(4.19)

In good approximation the matrix element M depends exponentially on the tip‐
substrate distance, explaining the atomic resolution of the STM. Only the
outermost atom at the apex of the tip contributes significantly to the tunneling
current while adjacent atoms add little to the signal.
Assuming a simplified tip geometry, Tersoff and Hamann could apply this
approach to demonstrate the ability of the STM to measure a surface of constant
density of states near the Fermi level for certain metallic samples.[50] Although
today there are more sophisticated approaches available,[51] for an adequate
explanation of the atomic resolution of the STM, C. J. Chen expanded Tersoff and
Hamann’s description of the tip geometry to include so‐called dangling bond
states. The Modified Bardeen Approach (MBA) has since proven its value for the
interpretation of scanning tunneling microscopy images of molecular
adsorbates.[52]
For molecular assemblies studied with Scanning Tunneling Microscopy
(STM), it is expected that electrons can tunnel from the highest occupied
molecular orbital (HOMO) into the lowest unoccupied orbital of the tip or from
16

highest occupied orbital of the tip into the lowest unoccupied molecular orbital
(LUMO) of the substrate. The direction the quantum transition is then given by
the sign of the applied bias. In most cases organic molecules possess a large
energy gap between the HOMO and the LUMO. When physisorbed on a metal
substrate the energy resonances derived from these orbitals are usually several
electron Volts (eV) below and above the Fermi level of the substrate as described
by Cyr et al.[53] Thus their contribution to the local density of states (LDOS) at
the Fermi level of the substrate usually is rather small, clearly indicating that the
influence of the substrate can never be neglected for the interpretation of STM
images.
The electronic structure of the adsorbate‐substrate system can be
calculated for a theoretical simulation of the obtained STM tunneling current. The
various applied techniques include effective Hückel approximations as well as
first‐principle self‐consistent methods, mainly based on density functional theory
(DFT).[54] DFT calculations in combination with the MBA for the tunneling
current were successfully applied to explain experimental STM data as is shown
by C. J. Chen.[52]

4.2 Beam Deflection – The Pure Bending
In its most basic way cantilever deflection can be described as pure
bending of a straight beam with no additional axial, shear, or torsional forces
from an isotropic and homogeneous material.[55] This concept is valid for
infinitesimal deflections under the assumption that the width and height of the
beam are small compared to its length. For these conditions a kinematic
hypotheses dating back to J. Bernoulli (1654‐1705) applies: The cross sections
perpendicular to the beam’s long axis (neutral axis) stay perpendicular to the
deformed axis. If this is the case, the neutral surface does not change its length by
the deformation and the beam bends into an arc with radius ρ, subtending an
angle dφ. Thus an element at the neutral surface retains its length ds during
deformation, while the length of a second segment of this element at a distance y
to the neutral surface becomes ds*. The strain εz of a beam can then be calculated
in terms of ds, ds* and their respective distance y, the radius of curvature ρ and
the angle dφ:
17
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Figure 4.3. Pure Bending of a Cantilever Beam. Left: Schematic of
a cantilever deflection under a force F0. Right: Beam segment ds at
radius ρ and deformation angle dφ and segment ds* under strain.
See text.
∗

(4.20)
For the here considered uniaxial stress σz Hooke’s Law states:

(4.21)
where E denotes the Young’s modulus. Substitution equation (4.21) with (4.20)
yields:

(4.22)
Considering that there are no longitudinal forces, the global balance of force in z‐
direction results in the following expression:

0

18

(4.23)
which can be converted with equation (4.22) to

0
(4.24)
since both the radius of curvature ρ and the Young’s modulus E do not depend on
the coordinate of distance y.
The corresponding torque Mb can be written with the help of equation
(4.21) as:

(4.25)
Substituting equation (4.22) and considering the definition of the area moment of
leads to the following expression for the

inertia for the x‐axis
torque Mb in equation (4.25):

(4.26)
Finally, to link the radius of curvature ρ to the beam deflection, the relation

(4.27)
can be modified to
1
1
(4.28)
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For small deflections

compared to the beam dimensions, equation (2.28)

combined with equation (4.26) yields the differential equation for the deflection
curve:
1
(4.29)
For comparison with the deflection of a cantilever sensor, the following
considerations apply to a beam of length L fixed on one side when only ordinary
bending is considered. Then, equation (4.29) can be simplified to:

(4.30)
Now a force F0 is applied at the free end of the beam. When the z‐axis is aligned
along the long axis of the beam, the corresponding torque can be written as:

(4.31)
Substituting equation (4.31) for equation (4.30) and integrating two times with
the integration constants C1 and C2 yields:

2
(4.32)
and

6
(4.33)
At the fixed end of the beam at z = L the bending and torsion vanish:
0,

0
(4.34)
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Inserting these boundary conditions in equations (4.32) and (4.33) yields the
equation describing the beam deformation v at the free end of the beam at z = 0:
0

3
(4.35)

The beam deflection

depends on the material constants L, E and I as well as on

the force F0 applied at the free end of the beam. Any contributions from thin film
coatings or thermic influences are neglected in this approach. Also, in most
applications cantilever sensors are usually not subjected to a single point load at
the free end.
For the detection of bio‐interactions, cantilever sensors are usually coated
with layer of sensing molecules and thus subjected to a uniform load when
analyte binds. In this case the relation for the deflection of the free end (0)
slightly differs from equation (4.35) and is given for a load by unit length w0
by:[56]
0

8
(4.36)

Typically this kind of bending results from surface stress that is induced by the
analyte bending. A relation for the surface stress to the measured cantilever
deflection is expressed by Stoney’s Formula.

4.3 Cantilever Bending and Surface Stress – Stoney’s
Formula
For cantilever array sensors operated in the static mode, the deflection of
the cantilever beam that arises upon analyte binding is measured. Adsorption of a
thin film induces a difference in surface stress between top and bottom side of the
beam that the cantilever relieves by bending. For the case of a steel strip with
metallic coating and based on the following two equilibrium conditions:
0
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0
(4.37)
under the assumption that the adsorbed film is thin compared to substrate, G. G.
Stoney in 1909 derived a formula that connects the surface stress P to the
resulting radius of curvature r of the beam which is independent on the adsorbed
mass.[57]
1

6
(4.38)

Here P denotes the surface stress due to a one sided coating of the beam, t is the
thickness of the coating and d the thickness of the beam. The formula assumes a
uniform film much smaller than the cantilever thickness.
This equation also assumes a uniaxial stress in the film. However for a
cantilever sensor the width of the beam, though small compared to its length, is
still much larger than the thickness of the coating. Therefore the stress in the film
is biaxial and equation (4.38) needs to be corrected by a factor 1

with υ

being the Poisson’s ratio of the material:[58]
1

6

1

∆
(4.39)

As is convention in literature, in equation (4.39) the surface stress P is exchanged
for the stress per unit thickness of the coating ∆ in units N/m that causes the
deflection.[56] By use of the geometric relation
1

2
(4.40)

the deflection
stress ∆ :
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of the cantilever beam can then be given in terms of the unit

3

1

∆
(4.41)

The cantilevers used in this thesis are 500 µm long and about 1 µm thick. The
ratio / 1

between Young’s modulus E and Poisson ratio

for Si(100) has

been calculated to 180 GPa.[59] Thus for a typical deflection of 125 nm measured
for Cyanovirin‐N – nonamannose recognition (see figure 7.8 in chapter 7.2) the
surface stress responsible for the cantilever bending amounts to ∆

30 mN/m,

which is comparable to results from other groups detecting protein binding with
cantilever sensors.[33, 60]
Stoney’s Formula (equation 4.38) assumes no interaction of the adsorbed
particles and is only an exact solution for a beam that is unrestrained on all sides.
For a measurement principle like cantilever array sensors, reading out beam
deflection due to surface stress induced by biomolecular binding, the cantilever
beam needs to be rigidly clamped on one side. Therefore some corrections have
been derived in literature, taking into account the necessary boundary
conditions[61] or other properties, for example the influence of the active layer
by separating the chemical and elastic contributions to the surface stress.[62]

4.4 Receptor Binding and Langmuir Analysis
The adsorption of proteins and other biomolecules via molecular receptors
induces surface stress and in turn cantilever bending. A quantitative evaluation of
the signal size dependence on the sample concentration allows the determination
of affinity constants that characterize the analyte – receptor binding. The
subsequent comparison with literature then can be used to evaluate the quality of
the achieved results and the sensor design.
For cantilever sensors the binding events take place on a surface, therefore
not all protein binding sites are available as would be the case in solution assays.
Thus, in a minimalistic model individual analyte – receptor binding events on the
cantilever surface can be considered independent and unaffected by neighboring
binding events (1:1 binding model). This approach includes one site specific
binding and assumes that the concentration of bound protein is negligible in
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comparison to the total protein concentration. Therefore concentration of non‐
bound protein equals the concentration of the injected protein concentration
(c[protein] bound = c[protein] total). The dissociation constant (Kd), can then be
determined by a Langmuir isotherm analysis. The Langmuir isotherm states:

(4.43)
where

is the measured deflection (maximum differential deflection), c is the

sample concentration and a is a proportionality constant.
The actual fitting of the data to the Langmuir adsorption isotherm can then
be performed by suitable software like the here used GraphPad Prism (version
5.03

for

Windows,

GraphPad

Software,

San

Diego

California

USA,

www.graphpad.com). Langmuir analyses have been successfully employed in
cantilever array sensing for various protein – protein or DNA detection
assays.[33, 63]
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5 Materials and Methods
In this chapter the materials and methods used for this thesis are grouped
according to the following categories: Chapter 5.1 describes all molecular
compounds, proteins and bacteria. This group comprises the Fréchet dendrons
and guests for the heterogeneous self‐organization discussed in chapter 6 and the
mannose specific proteins and Escherichia coli strains detected with the glycan
cantilever array sensors that are discussed in chapters 7 and 8. Chapter 5.2
describes the substrates and preparation methods. It contains paragraphs about
the graphite substrate used for scanning tunneling microscopy and the cantilever
arrays employed for biosensing as well as the preparation procedures required
for their respective experimental applications. Finally chapters 5.3 and 5.4
discuss the working principles of scanning tunneling microscopy and cantilever
array sensing, respectively, the main techniques used for this work.

5.1 Molecules, Proteins and Bacteria
A Fréchet Dendron Type Molecule (1) (methyl (3‐[3,5‐bis(butyloxy‐
phenyl)methoxy]‐5‐[3,5‐bis(octyloxyphenyl) methoxy] benzoate)[64, 65] was
used to assemble host structures for the study of self‐organized heterogeneous
molecular monolayers. This compound consists of three phenyl rings at its
molecular core. The outer rings are decorated with two octyl and two butyl
alkane chains, respectively, which allow high conformational flexibility and van
der Waals interactions with adjacent molecules during self‐assembly. The middle
phenyl ring carries an ester termination enabling the molecule to interact via
electrostatic forces with its environment. The synthesis of these Fréchet
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dendrons was conducted in the group of Professor E. Constable at the University
of Basel, Switzerland.

Figure 5.1. Molecular Structures for Heterogeneous Self‐
organization. A Fréchet type dendron (1) decorated with alkane
chains at the outer of three phenyl rings is used to assemble the host
pattern. Adamantane guests (2) were chosen as small saturated
hydrocarbons, while coronene (3) represents a small aromatic
hydrocarbon compound.
Adamantane1 (2) and Coronene1 (2) were chosen as guest molecules due
to their small sizes and electronic properties. Adamantane is a very small
diamondoid structure. As saturated hydrocarbon compound it is able to interact
via van der Waals forces with its molecular environment in a self‐organized
pattern. The small coronene molecule carries aromatic hydrocarbon rings with a
delocalized π‐electron system. These electrons can be influenced by partial
charges of adjacent molecules within the molecular monolayer. See figure 5.1 for
both molecular structures.
For the coating of the cantilever array sensors, self‐assembled monolayers
of three different carbohydrate structures were employed to build up the sensing
layers. Branched Trimannoside (4) and Nonamannoside (5) equipped with
thiol linkers were chosen as specific binding partners for lectin and bacteria (see
below) recognition. The nonamannose molecule contains three arms with three,
1
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Purchased from Sigma‐Aldrich.

two and four mannose sugars and corresponds to a structure decorating gp120, a
glycoprotein found on the surface of the Human Immunodeficiency Virus (HI‐V).

Figure 5.2. Carbohydrate Structures for Sensing Layers. A
branched trimannose (4), a nonamannose containing three arms
with three, two and four mannose sugars (5) and a monogalactose
(6) structure, each equipped with a thiol linker, were used to coat
the cantilever surface for specific and nonspecific binding of lectins
and bacteria.
The individual mannose rings of trimannose and nonamannose are
connected by glycosidic bonds. These can form between different carbon atoms of
the sugar rings and as such are individually recognized by some mannose specific
lectins like scytovirin,[66] see also chapter 8.1. Due to the larger structure of the
nonamannose compared to the trimannose molecule, binding to more than one
protein, so‐called multivalent binding can occur.[67]
Galactoside (6) represents an ideal candidate to check nonspecific binding
on the reference cantilevers as it is of similar structure but is not recognized by
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mannose binding proteins. See figure 5.2 all three carbohydrate structures. The
synthesis of these carbohydrate structures was conducted in the group of
Professor P. H. Seeberger currently located at the Max Planck Institute of Colloids
and Interfaces in Berlin, Germany.
The specificity and sensitivity of the carbohydrate sensing layers was
tested with the lectins Concanavalin A2 (ConA) and Cyanovirin‐N3 (CV‐N).
The 104 kD lectin ConA was chosen as a model system due to its well
characterized properties as a widely used standard protein. At neutral to basic pH
values ConA has a tetrameric structure of four identical subunits. Each monomer
bears one highly specific mannose binding site so that ConA can bind up to four
ligands under ideal conditions.[68]
CV‐N is an 11 kDa protein isolated from cyanobacteria. It has been shown
to have potent anti‐viral activity by recognizing mannosides on gp120, the
heavily glycosylated envelope protein of the Human Immunodeficiency Virus
(HIV).[69, 70] CV–N irreversibly attaches to the nonamannose arms on gp120,
thus preventing the conformational changes necessary for HIV‐cell fusion.[67]
The CV‐N protein folds in a 2‐fold pseudo‐symmetry with two distinct mannose
binding sites that allow multi‐site binding for up to two ligands.[71]
Strain

Description

Reference

ORN178

thr‐1 leuB thi‐1 Δ (argF‐lac) U169 xyl‐7 ara‐13
mtl‐2 gal‐6 rpsL tonA2 supE44 pilG1 Pil+ Tcr

[72]

ORN208

thr‐1 leuB thi‐1 Δ (argF‐lac) U169 xyl‐7 ara‐13
mtl‐2 gal‐6 rpsL tonA2 supE44 λr pilG1 Pil+ except
fimH::kan with adjacent tetR, Nalr

[73]

ORN206

Δ (lac‐proAB) supE thi/F´ lacIq Z Δ M15 traD36
proAB except Δ (fimBEACDFGH) and recA13 Kanr

[74]

Table 5.1: E. coli bacterial strains used for specific and nonspecific
carbohydrate recognition.
For the detection of microorganism three strands of Escherichia coli (E.
coli) with slight modifications were employed. While strain ORN178 carries the
Purchased from Sigma‐Aldrich.
Kind gift from B. O’Keefe, Laboratory of Drug Discovery Research and Development,
Division of Basic Sciences, National Cancer Institute, Frederick, Maryland.
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mannose specific protein FimH at its pilii, the deletion mutant ORN208 expresses
abnormal type I pilii with the nonbinding protein FimH*. The strain ORN206
finally is completely stripped of pilii, see table 5.1. All three of these E. coli strains
are equipped with the phosphotransferase system (PTS) for carbohydrate
uptake.[75, 76] The transporters of the PTS are able to recognize mannose[77]
and galactose moieties.
The E.coli strains ORN178, ORN208 and ORN206 were grown overnight in
LB Medium at 37°C, diluted to an optical density of 0.1 and then resuspended in
medium. After reaching an optical density of 1, the cultures were spun down
twice for five minutes at 1900 x g and then resuspended in Tris buffer (10 mM
Tris, pH 7.7, 100 mM NaCl, 1 mM CaCl2 and 0.005% Tween‐20) to inhibit further
growth. The individual samples were then diluted to the desired concentrations
immediately before each measurement was taken. The measurements on
bacterial recognition with glycan cantilever array sensors were conducted by
Andreas Mader during the course of his diploma thesis. A more detailed
description about the preparation of the E.coli samples can be found there.[78]

5.2 Substrates and Substrate Preparation
The self‐organization of heterogeneous molecular monolayers was
investigated on Highly Oriented Pyrolytic Graphite (HOPG). HOPG is a suitable
substrate for scanning tunneling microscopy under ambient conditions since it is
inert as well as conducting in these cases. It is built as a multilayer crystal with a
unit cell size of 0,246 nm from hexagonal rings of sp2 hybridized carbon, stacked
in an ABA sequence, that give rise to atomically flat terraces of several hundred
nanometers in size. Weak π‐interactions between consecutive layers allow the
preparation of clean HOPG surfaces for consecutive experiments by lifting off the
top layers with adhesive tape. Physisorption via π‐stacking and van der Waals
interactions of the molecules deposited on the crystal surface facilitates the self‐
organization process and stabilizes the molecular ordering.
The ABA stacking of the graphite layers leads to a difference in
conductivity between adjacent carbon atoms which is visible in STM images. This
effect results from the fact that only every second atom has a nearest neighbor in
the layer below.[79] The stacking of consecutive layers can also lead to several
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other defects that can disturb the measurements, the most frequently observed
being the Moiré pattern.[80]
There are several methods available to apply molecular layers onto a
substrate surface, these include thermal evaporation[81] and molecular film
deposition by the Langmuir‐Blodgett method[82] or at the liquid/solid
interface.[83] A simple and elegant way requiring only millimolar molecular
concentrations is Solution Casting, a method also suitable for experiments under
ambient conditions. Dissolving the compounds in a slowly evaporating solvent, a
droplet of the solution is placed on the crystal surface. The measurements are
then taken only after the solvent has completely evaporated, in the best case
leaving behind a molecular monolayer in the middle area of the previous
droplet.[84]
Although the molecules “self‐assemble” with no external help other than
the chosen solvent and ambient conditions, the experience of groups working in
the field of molecular self‐organization often shows that the finding of the correct
preparation protocols for such molecular layers is not straight forward.4 After
several weeks testing with slow and fast evaporating solvents and examining
concentration ranges from 0.1 mM to 20 mM, the here the self‐assembled
monolayers of the Fréchet dendrons finally could be applied from solutions in
hexane or toluene solvent in concentrations from 0.2 to 0.4 mM. For the host‐
guest inclusion, adamantane was added in in hexane (8 mM). To induce the
templated polymorph assemblies, coronene was dissolved in toluene (2 mM) due
to solubility. In both cases the guest molecules could be added in the same
solution as the Fréchet dendrons or applied in successive, evaporating droplets
with the same results.
The Cantilever Arrays5 used here for biosensor experiments consist of a
chip with eight individual silicon cantilevers (500 µm x 100 µm x 1 µm) on a
support with spring constants of 0.05 N m‐1. They are coated on the upper side
with a 3 nm titanium adhesion layer followed by a 20 nm layer of gold to allow
the anchoring of functional molecules via a thiol linker.
The

development

of

efficient

protocols

for

the

Cantilever

Functionalization is crucial for the operation and quality of the sensor results.
For new systems they are not easily transferable from established cantilever

4
5
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Private Communications.
Purchased (with gold coating) from Concentris GmbH, Switzerland.

assays and can take considerable time. For example the successful development
of the standardized DNA Detection Kit that is commercially available from
Concentris GmbH, Switzerland, took about two years effort.6 Thus unsurprisingly
several months had to be dedicated at optimizing buffer salt composition and
concentrations, carbohydrate concentrations, cantilever cleaning and coating
procedures for the more complex system building up the glycan cantilever array
sensor presented in this work.

Figure 5.3. Functionalization of a Cantilever Array Sensor.
Specific (reds) and nonspecific (blues) carbohydrate layers in sparse
(lighter colors) and denser layers (darker colors) are employed in
parallel to gain an online reference.
The following protocol for the creation of carbohydrate active layer could
be established: To remove possible residues from organic molecules, all arrays
were exposed to a UV‐Ozone atmosphere for about 45 minutes immediately
before applying the functional sensing layer. This treatment was observed to be
critical for a good carbohydrate assembly and subsequent protein recognition.
Under an optical microscope the individual cantilevers are inserted in glass
capillaries filled with the carbohydrate solutions (40 µM in 10 mM Tris buffer,
6

Private Communication.
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pH 7.7). During times between 7 and 25 minutes the carbohydrate structures self‐
assemble on the cantilever surface by forming a thiol bond with the gold coating
and thus effectively creating the sensing layer, see figure 5.3 for an illustration.
Within these times no differences of the specific protein binding between longer
and shorter incubation times, corresponding to denser and more sparse coatings,
could be observed, see the discussion in chapter 7.2.
The individual cantilevers of an array are usually coated with specific
(reds) and nonspecific (blues) carbohydrate coatings of lower and higher
densities, compare the lighter and darker colors in figure 5.3, respectively. In this
way, all eight parallel channels can be exploited to gain an in‐situ reference.
Usually the different carbohydrate coatings are applied in an alternating fashion
to counteract any effects due to the time shift of sample arrival on the individual
cantilevers that arises from the slow buffer flow through the measurement
chamber.
Before the actual cantilever sensing experiments, all arrays were tested for
quality variations due to fabrication and/or coating. Slight changes in
temperature in the measurement chamber (e.g. from 22° C to 25° C) induce a
deflection that is due to the bimetallic makeup of the cantilevers between the
silicon array and the gold coating. The larger coefficient of thermal expansion of
the gold coating on top of the silicon cantilevers should induce downwards
bending when the temperature rises, and upwards bending, when the
temperature drops. Thus, when all cantilevers behave in a comparable way,
artifacts caused by fabrication or functionalization procedures can be
excluded.[85] The behavior of the individual arrays can be monitored via optical
beam deflection inside the Cantisens Research Platform as is described in chapter
5.4. Only arrays with comparable performance were then used for further
detection experiments.

5.3 Scanning Tunneling Microscopy
With the invention of the scanning tunneling microscope (STM) in 1982 by
G. Binnig and H. Rohrer it became possible to image surfaces at atomic resolution
for the first time.[86, 87] Beyond visualization and characterization of materials
and

their

properties

like

standing

electron

waves[88,

89]

or

spin

polarization[90], scanning tunneling microscopy was and is employed to study
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atomic and molecular adlayers,[91] the induction of chemical reactions,[92]
surface chirality[93] and conformational switching.[94‐96]

Figure 5.4. Scheme of a Scanning Tunneling Microscope.
Electrons can tunnel through the small distance between the surface
and the atomically sharp tip due to an applied bias voltage UBias,
which results a pico ampere current IT. To keep the tunneling
current constant a feedback loop adjusts the position of the tip via
piezo elements. The piezo movement representing the surface image
is recorded and depicted on a computer screen.
The working principle of the STM is based on the quantum mechanical
tunneling effect, see also chapter 4.1. This extremely short ranged interaction
supplies precise height information convoluted with a contour of constant local
density of electronic substrate states (LDOS) near the Fermi level.[97] The
measured tunneling current between probe and surface is inversely exponential
to the tip – surface distance and typically in the range of pico‐ to some nano‐
Ampère.
The positioning of the tip above the sample substrate is realized with
piezo‐actuators that allow sub‐angstrom precision, see figure 5.4. Images
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typically of the size of 512 x 512 pixels are then recorded by a scanning
movement across the surface where values are taken at intervals of equal
distance. During the measurement a feedback loop, usually a proportional‐
integral‐derivative (PID) control circuit, is employed to correct the z‐position of
the tip and thus keep the tunneling current at the chosen set point.
The STM measurements for this thesis were conducted on a commercial
Nanoscope III Multimode from Digital Instruments, USA, at room temperature
under ambient conditions. All images were acquired with a constant tunneling
current (constant current mode) with a low current scan head that in
combination with a preamplifier allows tunneling currents down to the pico
ampère range. The employed STM tips were mechanically cut from a Pt/Ir wire.
All acquired images were flattened to correct for the tilt of the substrate
and equalized to enhance the contrast. When indicated, sections were correlation
averaged and corrected for thermal drift.

5.4 Cantilever Array Sensors
Since the advent of the scanning tunneling microscope (STM) in 1982 by G.
Binnig and H. Rohrer[86, 87] various spin‐off developments brought to light
successful techniques like the atomic force microscope (AFM) and cantilever
sensors. While STM and AFM use very sharp tips to probe nanoscale features on
flat materials, the cantilever sensor technique utilizes the surface of an AFM lever
itself as a reaction vessel for (bio)chemical interactions. With advantages like
label‐free detection, fast response times, in‐situ referencing and small sample
concentrations the cantilever array technique has gained acceptance as very
sensitive method for various biosensing applications,[26‐34] see also chapter 3.2
for some prominent examples.
The functionalization of the cantilever surface with an active layer for
sample recognition is typically done by thiol chemistry via self‐assembly with
thiolated molecules on a gold coating, see also chapter 5.2 for the arrays used in
this thesis, or by silane chemistry and attachment via silanization on the pure
silicon array.[3]
There are two typical modes of operation for cantilever sensors. In the
dynamic mode, very small changes in mass due to material adsorption can be
detected by the corresponding change in resonant frequency.[56] The static mode
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takes advantage of the cantilever bending due to surface stress. Here the
recognition of analyte by receptor molecules immobilized on the cantilever
surface and the subsequent adhesion leads to steric and/or electrostatic
interactions within the adsorbate layer. The resulting surface stress in turn is
relieved by the cantilever bending and is measured in real‐time and as a function
of the amount of material adsorbed,[24] compare also chapter 4.3. In principle
both the dynamic and the static mode can be operated simultaneously, however
stiffness changes resulting from anlyte binding have been shown to affect the
resonant frequency shift measured in the dynamic mode and need to be carefully
considered.[98]
In principle cantilever sensor assays can be realized by using an AFM
cantilever and the corresponding measurement setup. A more advanced
approach takes advantage of an automated liquid handling system to control the
buffer and sample flow. Here arrays with eight individual cantilevers are
employed to gain eight parallel measurement channels for in‐situ referencing. The
Cantilever Array Sensor measurements for this thesis were performed in the
static mode on a commercial Cantisens sensor platform from Concentris GmbH,
Switzerland. The device contains a measurement cell of 5 µL and is operated by
an automated liquid handling system under continuous buffer flow. To this end,
the buffer is continuously pulled through the system by a pump with a volume of
500 µl, see figure 5.5. Using a small syringe the sample solution for each
measurement is injected into a short piece of tubing called the sample loop. A
valve allows switching between the buffer reservoir on the left of figure 5.5 and
the sample tubing at any chosen time to introduce the sample solution to the
measurement chamber. The length of time until the entire sample has passed the
measurement chamber is dependent on the size and length of the sample loop
and the operating speed of the pump. For this work a sample loop with a volume
of 100 µL was employed.
After functionalization, the cantilever array is mounted in a sensor
cartridge inside the measurement cell and kept under a continuous flow of
running buffer (10 mM Tris, pH 7.7, 100 mM NaCl, 1 mM CaCl2 and 0.005%
Tween‐20) at a speed of 0.42 µL/sec and a temperature of 22°C. An integrated
temperature control with extra pre‐heating stage for the injected sample
maintains the temperature setpoint with a stability of 0.01°C. The array then is
equilibrated under these conditions for several hours until the transient
35

5 Materials and Methods
molecular rearrangements taking place on the cantilever surface result in a
constant drift of the sensor signal.[99] Only then the measurement signals due to
analyte binding can be separated from these effects and be interpreted correctly.

Figure 5.5. The Liquid Handling System of the Cantisens
Research Platform. The buffer flow and sample injections are
controlled via an automated liquid handling system which is
operated under constant flow. The buffer is continuously pulled
through the system by the pump depicted on the right before
reaching the waste container. The sample solution is injected via a
syringe into the sample loop (small red tube). A valve is employed to
switch between the buffer reservoir on the left and the sample loop
to introduce the sample solution to the measurement chamber.
Reprinted with permission from Concentris GmbH, Switzerland.
The nanometer sized deflection of each of the eight individual cantilevers
of an array upon analyte binding is detected in real time by sampling the
deflection of a laser beam emitted from an array of eight parallel VCSELs (Vertical
Cavity Surface Emitting Lasers) via a position sensitive photodetector (PSD). See
figure 5.6 for a schematic of this optical readout method. For all experiments very
low noise was observed, the signal‐to‐noise ratio remained well above 3 to 1 even
for the detection of picomolar protein concentrations. A LabViewTM based
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software provided by Concentris GmbH, Switzerland is employed for instrument
control and signal processing.

Figure 5.6. Optical Readout Method for Cantilever Deflection.
The nanometer sized deflection of the cantilever beam induced by
analyte binding is read out with a position sensitive photodetector
(PSD) that tracks the deflection of a laser beam focused on the
cantilever apex.
The signal curves depicted in chapters 7 and 8 were corrected for constant
drift when needed. Where indicated, the signals of identically functionalized
cantilevers were averaged. The differential signals, which are related to the
specific part of the sample binding, were calculated by subtracting the nonspecific
reference from the specific recognition signal.
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6 Unifying Host – Guest Inclusion
and Templated Polymorph
Assembly in One Molecular
Compound
This chapter describes the first observation of host – guest inclusion and a
templated polymorph assembly from one molecular compound, unifying these
two previously separated categories in heterogeneous molecular self‐
organization. This material functionality is explained by the Fréchet dendron
molecule striving to separate the different interaction types within the two
heterogeneous patterns. Parts of these results have been published.[100]
Molecular self‐organization is one of the favored ways to create functional
nanostructures from a bottom‐up approach. Here weak intermolecular forces like
van der Waals and dipole interactions allow for the high flexibility and self‐
healing capability needed for an efficient pattern formation. The interest in two
dimensional self‐assembled monolayers comprises areas such as surface
catalysis, control over pattern formation and the growth of active layers for
biosensing.[2, 7‐10]
In our previous work we demonstrated that Fréchet dendrons assemble
with the largest pattern variety observed in 2D molecular self‐organization up to
date. We expended substantial effort to understand the rules and mechanisms
guiding the assembly process.[101] We could explain the surprising phase variety
by the molecules’ high conformational freedom which leads to the first
occurrence of a multi‐hierarchical assembly found in this field.[102] For a family
of Fréchet dendron molecules with increasing structural complexity, we could
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relate the resulting increasingly rugged energy landscape to the emergence of
additional, transient states.[103]

Figure 6.1. Assembly Motifs in Heterogeneous Molecular Self‐
Organization. An open porous network assembled from the host
molecules (green boomerang shapes) is the prerequisite to host‐
guest inclusion (orange arrow). Here the ordering of the host
molecules remains unchanged when the guests (red hexagons) are
co‐assembled. A templated polymorph assembly (pink arrow) occurs
when the interactions with the added guests (blue hexagons) induce
a new molecular ordering.
As an approach to predict the various local and global ordering motifs of Fréchet
dendron self‐organization, we developed an interaction‐site model that
condenses the essential molecular properties. Monte Carlo computations for this
model successfully confirm that only basic properties of the molecular building
blocks, namely geometry and a few salient weak interaction sites, encode these
assembly motifs.[104‐106] The predictive powers of the interaction site modeling
also held for surfaces modifies with n‐alkanes. In subsequent experiments we
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could verify the resulting changes in pattern symmetry, orientation and
hierarchical assembly.[105, 107]
Equipped with these foundations in the assembly principles of Fréchet
dendrons, we sought to test the material’s potential to create functional layers
and focused on application in heterogeneous molecular assemblies. Recent efforts
in molecular self‐organization focus on these increasingly complex systems that
are assembled from more than one molecular compound.[11, 108] The reported
heterogeneous structures to date can be divided into two categories: host – guest
inclusion (orange assembly pathway in figure 6.1), where the guest molecule are
incorporated into pre‐existing cavities with no resulting change to the host
pattern, and templated polymorph assemblies (pink assembly pathway in figure
6.1), where the guest induces a new molecular ordering. Previously a molecular
host species could only form assembly types of either one category. The missing
link, a molecule that combines both assembly forms like the green boomerang
shaped structure in figure 6.1, would enable the development of two‐step
processes and thus provide a new material functionality.
An approach to unify both assembly forms of heterogeneous self‐
organization would need to demonstrate three molecular orderings: A pure host
structure containing cavities for possible selective guest inclusion, a host – guest
assembly with unchanged unit cell parameters and a templated polymorph
pattern which is not observed for the pure host compound. Finally, an
explanation for the observed orderings should be provided.

6.1 Independent Host Pattern and Host – Guest
Inclusion
This work takes heterogeneous molecular self‐organization one step ahead
of the latest results by De Feyter and co‐workers, who showed an existing but still
empty host pattern[109] and a templated assembly[16] from one molecular
species. Here, the first compound, a Fréchet type dendron, is demonstrated that is
able to organize in all three assembly forms: an empty host pattern with cavities,
guest inclusion inside these pores and a templated new polymorph ordering.
At first, pure assemblies from four closely related Fréchet dendron
molecules were studied in order to determine an appropriate host pattern with
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open, and preferably empty, cavities as prerequisite for host – guest assembly.
These Fréchet dendrons all contain three phenyl rings at their molecular core, the
middle ring carrying an ester termination, and are equipped with two octyl
chains on one side. The length of the decoration at the opposite end, and thereby
the entire width of the molecule, varies from two dodecyl, two octyl and two butyl
chains down to a simple alcohol group. More chemical details exemplified for the
butyl decorated Fréchet dendron are given in chapter 5.1.
The assemblies of the four Fréchet dendron compounds, deposited on
highly oriented pyrolytic graphite (HOPG) via solution casting from a hexane
solution, were investigated using high resolution scanning tunneling microscopy
at room temperature and under ambient conditions. Hexagonal structures were
observed for all four molecules, see figures 6.1 a)‐d) for the compounds in the
order with decreasing size as listed above. The bright moieties in these STM
measurements correspond to the molecular backbone. Three connecting dots are
attributed to the three phenyl rings of one Fréchet dendron with a higher
tunneling probability due to their π‐electron system. The darker areas in the
measurement are occupied by the less conductive alkane chains or represent
empty areas.
It is immediately notable that the patterns in figures 6.2 a)‐c) show an
open porous network. Three of the molecules here assemble in a triangular
fashion, while six of these triangles form a hexagon and build a honeycomb like
pattern. In contrast, for the alcohol decorated Fréchet dendrons in figure 6.2 d)
there are no cavities present. At a closer look at the dendrons decorated with
dodecyl and octyl chains, the pores in figures 6.2 a) and b) do not appear to be
empty and the observed contrast within is attributed to freely rotating molecules.

Figure 6.2 (next page). Hole Size Engineering. a)‐d): STM images
for four related Fréchet dendrons with decreasing molecular size
show decreasing pore diameters. UBias = ‐800 mV and Current
Setpoint: |IT| = 8 pA. e)‐h): Corresponding MM energy minimizations
confirm the interpretation of the molecular ordering. For the
compound in c) and g) the cavities remain empty from self‐inclusion,
marking it a suitable candidate to study host – guest inclusion. See
text.
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Corresponding molecular mechanics (MM) energy minimizations7 for each
of the four patterns were conducted to verify the interpretation of the molecular
ordering. The depicted simulations in figures 6.2 e)‐h) show a good fit to the
measurements in figures 6.2 a)‐d). When regarding the cavities of each pattern,
the honeycomb structures for the dodecyl and octyl decorated molecules in
figures 6.2 e) and f) allow the enclosure of a further Fréchet dendron while the
cavities of the butyl decorated molecule, figure 6.2 g), are smaller and remain
empty. The pattern for the alcohol decorated Fréchet dendron in figure 6.2 h)
finally does not exhibit pores at all. Evaluating these observations, the Fréchet
dendrons decorated with dodecyl and octyl chains were ruled out as suitable host
compound for further study of heterogeneous self‐organization due to their
already filled cavities. Similarly the assembly of the alcohol decorated molecule
was dismissed as it does not fulfill the prerequisite of a porous structure. The
remaining molecule, the butyl decorated Fréchet dendron, however organizes in a
porous network with empty cavities and thus represents the ideal candidate
heterogeneous assemblies.
For a closer look at the honeycomb pattern of the butyl decorated Fréchet
dendron the pore size in a high resolution image was determined to a diameter of
1.3 nm. The p6 symmetric unit cell (a1 = a2 = 4.7 nm, ∡=60.8°) is shown in figure
6.3 a) alongside the corresponding MM energy minimization (enthalpy per area =
187.1 kJ mol‐1 nm‐2). Again, the bright moieties in the measurement correspond to
the molecular backbone while the darker areas in the measurement are occupied
by the alkane chains of the Fréchet dendrons or represent the empty middle of
the pores, as is illustrated by the MM energy minimization.
To realize heterogeneous assemblies for this Fréchet dendron compound,
first adamantane molecules, a small saturated compound, see chapter 5.1, was
added to the assembly. After letting the hexane solvent evaporate, the host
pattern dimensions and unit cell parameters (a1 = a2 = 4.7 nm, ∡=60.4°) remain
unchanged, see the high resolution STM image and corresponding MM energy
minimization in figure 6.3 b). Now however, the bright contrast inside the pores
indicates that guest molecules have been included. The MM simulation suggests
that two adamantane molecules (yellow) could easily fit the available space.
7 All simulations were performed by C. Rohr with Materials Studio 4.4. MM calculations employed
the Forcite Plus module with a universal force field.[110] After placing the molecules on a fixed double
layer of graphite in vacuum, repeating one unit cell with periodic boundary conditions, the assemblies
were energy minimized to optimize the molecule–molecule as well as the molecule–substrate interactions.
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Figure 6.3. Host Pattern and Host – Guest Inclusion. a) High
resolution STM image of one pore of the honeycomb pattern with
marked unit cell and corresponding MM energy minimization of the
molecular arrangement. The pores are empty, marking the structure
an ideal candidate to study heterogeneous systems. b) STM image
and MM energy minimization of adamantane inclusion within one
pore. The co‐adsorption of adamantane leaves the host pattern
unchanged. Tunneling Bias: UBias = ‐700 to ‐800 mV and Current
Setpoint: |IT| = 8 to 10 pA.
To determine the number of adamantane molecules that is actually
included inside the pores, both MM and molecular dynamics (MD) simulations8
were considered. The MM simulation suggests that at most three molecules
would sterically fit within one pore of the host pattern, see figure 6.4 left. The
molecules would then be localized at their specific adsorption site inside the pore
due to steric reasons without being able to move, and the resulting shape of the
8

two fs.

MD simulations (Materials Studio 4.4) used a N‐V‐T ensemble at 298° K in 50.000 time steps of
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pore filling should appear triangular in the STM image. However, the
measurements show a six lobed structure, as the correlation averaged section in
figure 6.4, middle, illustrates. Thus a molecular dynamics calculation simulating
the trajectory of the center of mass of a single adamantane molecule was
compared to the experimental results. The trajectory within the pore recreates
the six lobed shape of the pore inclusions, compare figure 6.4, right, and the same
results are achieved when two molecules are included in the simulations. Thus it
was deduced that one or two adamantane molecules are incorporated inside the
pores of the honeycomb host – guest network.

Figure 6.4. Dynamics of Adamantane Inclusions. Left: MM energy
minimization displaying three included adamantane molecules
inside a host pore. Middle: A correlation averaged STM image of the
adamantane filled pore center shows a six lobed structure. Right:
The trajectory of the center of mass gained from a molecular
dynamics simulation of a single adamantane molecule recreates the
six lobed shape.

6.2 The Templated Polymorph Assembly
When coronene is added to the Fréchet dendron assembly, always a
distinctively different pattern is observed after solvent evaporation. The resulting
structure does not depend on whether coronene is deposited in a successive
droplet or in the same solution as the Fréchet dendrons.
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Figure 6.5. Templated Polymorph Assembly. Left: Large scale
STM image of the new pattern that emerges when coronene is added
to the Fréchet dendron assembly. Right: The high resolution close‐up
(top) with marked unit cell matches well to the DFT simulated STM‐
image of the integrated local density of states (ILDOS) with applied
Gauss filter to simulate the effect of the extended tip (bottom).
Tunneling Bias: UBias = ‐800 mV and Current Setpoint: |IT| = 8 pA.
A typical large scale measurement shows a row like assembly. In figure 6.5
left the rows are oriented from the lower left to the upper right corner of the
image. The correlation averaged close‐up on the right displays the p2 symmetric
unit cell (a1 = 2.6 nm, a2 = 3.4 nm, ∡ 81.2°). Below, the DFT9 simulated STM
image shows the calculated density contours convoluted with a Gaussian function
to mimic the shape of the STM tip. Together with the MM energy minimization
(enthalpy per area = 203.2 kJ mol‐1 nm‐2), see figure 6.6 below, the simulations
compare well to the measurements and support the interpretation of the
molecular ordering in a new templated polymorph assembly.

9 The energy‐minimized MM simulations were used as input to derive the integrated local density
of states (LDOS) by providing the atomic positions. The CASTEP module (Materials Studio 4.4) with
Perdew–Wang ’91 (PW91) generalized gradient approximation exchange correlation functionals (GGA)
and a planewave basis set with an energy cutoff at 260 eV was used to calculate the STM images.[111]
Density contours of a planar slice convoluted with a Gaussian function of a 2x a Pt dz orbital in the LDOS
were calculated to allow a comparison with the STM measurements.
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6.3 Assembly Mechanism
Several possible causes were investigated to determine the reasons behind
the change of assembly structure from host – guest inclusion to a templated
assembly. As the pore sizes are comparable in diameter for both types of
assembly patterns (1.30 nm and 1.35 nm, respectively), size selectivity[14] was
excluded as a possible cause.

Figure 6.6. MM energy minimization of the templated assembly.
The simulation fits well to the interpretation of the observed new
ordering. Insets: Calculation of the electrostatic potentials inside the
empty host‐guest (left) and templated pores (right). See text.
Often the solvent is found to influence the observed molecular ordering,
especially when the tip is immersed in the solvent/molecule solution during the
measurement and images are obtained at the liquid – solid interface.[112, 113] In
this case however the molecules were applied to the surface by solution casting,
meaning the solvent evaporates before data is taken. For these cases we
examined the solvent’s influence on pure Fréchet dendron assemblies in previous
studies. While in some cases the initially observed pattern was observed to
depend on the polar and protic solvent properties, the thermodynamic end
product observed over time remained the same. Therefore it can be concluded
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that the intermolecular interactions dominate the solvent effect in cases where
the solvent evaporates.[114] Thus they are considered of negligible impact on the
here observed switching behavior.

Figure 6.7. Separation of Interaction Types: Already within the
host pattern the molecular parts interacting via van der Waals
(yellow) or electrostatic forces (blue) are spatially separated. Added
guest adamantane (yellow) interacts by van der Walls forces and is
easily incorporated into the host pattern. Aromatic coronene (blue)
is influenced by electrostatic forces and rearranges the ordering to
create a new separation of the two interaction types.
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Finally, MM energy minimizations were employed to calculate the
respective enthalpies for both guests (adamantane and coronene) in both types of
pores (host – guest and templated). While adamantane in the experimentally
observed host – guest pattern gains 196.8 kJ mol‐1 nm‐2, in the templated
structure adamantane guests would only generate 183.5 kJ mol‐1 nm‐2. Similarly,
coronene gains 203.2 kJ mol‐1 nm‐² in the experimentally observed templated
pattern and is less favorable in the host – guest structure with only 199.8 kJ mol‐1
nm‐2.10 These results support the experiment findings yet do not clarify the
mechanism responsible for the pattern selection.
The insets in figure 6.6 illustrate the differences in electrostatic
potentials11 inside both types of pores (host – guest and polymorph assembly).
While the potential is nearly zero inside the pores of the Fréchet host pattern (left
inset) a higher intensity was calculated for those of the templated assembly (right
inset). Taking a closer look at the electronic properties of the incorporated guest
molecules, the different interaction forces between guest and Fréchet dendrons
attract attention. Adamantane interacts via van der Waals forces with the alkane
chains surrounding the host pore. Polarizable coronene mainly interacts with its
electrostatic environment forming dipole – induced dipole and maybe weak C‐
H…O hydrogen bonds.
The Fréchet dendron has two separated interaction regions, at the alkane
chains via van der Waals and at the polar molecular core also via electrostatic
forces. Looking at the pure Fréchet dendron assembly, these regions are spatially
separated, see the illustration in figure 6.7. The cores of the Fréchet dendrons
(blue) point towards each other while the interdigitation of the alkane chains
(yellow) stabilize the molecular ordering. Saturated adamantane favors
interactions with the alkane chains and thus can be incorporated into the host
pores. The polarizable coronene however is influenced by the partial charges at
the Fréchet cores. Thus the heterogeneous assembly process again separates the
interaction regions marked in blue and yellow, compare figure 6.7. Consequently,
it can be concluded that the electronic structure of the added guest molecule
decides on the type heterogeneous pattern, inclusion in a host – guest system or a
change to a new polymorph structure.
10 To calculate the corresponding enthalpies for the structures not observed, one coronene was
added in a cavity of the honeycomb pattern while four adamantanes (two per pore) were placed in the
templated structure.
11 Electrostatic potential calculations employed the Dmol3 DFT module with a PW91 GGA
functional (Materials Studio 4.4).
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6.4 Conclusions
A Fréchet type dendron combines the two previously separated categories
of heterogeneous molecular self‐organization: host – guest inclusion and
templated polymorph assembly. The decision for the respective ordering depends
on the type of guest molecule. Saturated adamantane interacts via van der Waals
with the alkane chains lining the pores of the Fréchet host pattern. Aromatic
coronene is influenced by the polar Fréchet cores. Striving to separate these two
types of interactions within the pattern, the molecules order in a new templated
arrangement. The observation of the pure host assembly, host – guest inclusion
and templated polymorph assembly unifies these different assembly mechanisms
in one molecular compound, and thus links previously separated motifs in self‐
organization. This new material function now allows the design of two‐step
protocols for guest selective inclusion and subsequent tuning of unit cell
parameters.
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7 A Novel Glycan Cantilever Array
Sensor
This chapter describes the first purely carbohydrate based glycan
cantilever array sensor. Mannose functionalized active layers sensitively and
specifically detect the generic lectin Concanavalin A (ConA) against an in‐situ,
nonspecific galactose reference. A further analysis and additional tests verify the
quality of the layer composition and the galactose reference. Parts of these results
have been published.[115]
Since the first application of cantilever array sensor in 1994 by R. R.
Schlittler and co‐workers,[22] the cantilever technique has demonstrated its
potential as a very sensitive mass sensor and as powerful and label‐free detector
for biomolecular recognition processes.[24, 25] Most assays today employing the
cantilever technique are based on the genome and the proteome,[56] while the
glycome and carbohydrate – ligand interactions are still largely neglected. These
carbohydrate structures however regulate the interactions of cells with the
extracellular environment[36‐38] and also have been found on the surfaces of
bacteria, viruses and parasites.[39] With advantages like label‐free detection and
short measurement times the cantilever array technique could prove a valuable
tool to advance the emerging field of carbohydrate based research and diagnostic
applications.
To this end, a cantilever array sensor setup would need to be established
for the detection of a generic carbohydrate binding protein. The carbohydrate
active layers are to be designed, tested and improved. To demonstrate the value
of the setup, the sensitivity, accurate concentration dependence and specific
sample recognitions require testing. Finally, complementary measurements with
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nonspecific binding partners and additional test assays should verify the quality
of the sensor design and the carbohydrate active layer.

7.1 Specific Carbohydrate – Protein Detection
Demonstrated with Concanavalin A in Nanomolar
Sensitivity
Active layers of trimannoside (Tri‐Man), nonamannoside (Nona‐Man) and
galactoside (Gal) equipped with thiol linkers were created on the cantilever
surfaces by self‐assembly. While the mannoside functionalized cantilevers serve
as specific target for lectin binding, the galactoside cantilevers serve as inherent
reference to determine the nonspecific signal. The carbohydrate coatings were
formed in parallel within one array of eight individual cantilevers, at times with
one or both mannosides present, see figure 7.1 for the last case.

Figure 7.1. Functionalization of a Cantilever Array. The scheme
illustrates how a typical array is coated with galactose reference
(blue) and trimannose (orange) and nonamannose (red) specific
layers.
As the sensor functionalization is often not achieved straight forward, the
development of the corresponding protocols posed one of the major challenges
for the following results. The details about the functionalization process and the
determined protocols can be found in chapter 5.2.
An optimized density of the carbohydrate sensing layer is crucial to
develop the maximum cantilever deflection upon protein binding and to minimize
the contribution of nonspecific binding to the final signal size. For ConA, see
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chapter 5.1, the largest signal sizes were achieved for incubation times between
10 to 15 minutes, longer incubation times up to 75 minutes did not improve the
sensor signal. At the lower and upper ranges of the carbohydrate density the
signal sizes slightly vary, as is discussed later in chapter 7.2.
For a typical injection of ConA sample, a negative deflection is apparent for
all cantilevers with significantly larger signals for the mannose than for the
galactose cantilevers. The nonamannose cantilevers undergo an even larger
deflection than the trimannose cantilevers. For an array that was functionalized
as described above, the average deflection was calculated for galactose,
trimannose and nonamannose cantilevers and plotted against time. The resulting
graphs clearly demonstrate that the sensor not only discerns galactose from
mannose coatings, but also discriminates between the two mannose structures
(tri‐ and nonamannose) via the signal size, see figure 7.2 upper panel. After an
initial, transient positive deflection accompanied by slight disturbances during
the sample injection (shaded area), followed by continuing negative deflections,
the signals begin to level out towards the end of the sample where the running
buffer returns to the measurement chamber. All three curves then continue in an
almost horizontal fashion, only for the nonamannose cantilevers a very slight
increase to a higher baseline can be observed.
Taking advantage of the in‐situ reference cantilevers, the differential signal
was calculated by subtracting the galactose reference signal from the two
mannose signals. As could be expected, the differential nonamannose signal is
considerably larger than the differential trimannose deflection, see figure 7.2
lower panel. After the end of the sample injection, both curves level with again
the nona‐mannose signal showing a slight baseline increase.
Due to its high affinity binding sites for mannosides, ConA recognizes the
nonamannose and trimannose sensor molecules. Additional nonspecific binding
can occur on other areas of the protein, the PEG linker or the cantilever surface,
and also by low affinity binding of galactose to the protein binding pocket. The
increased adsorption of ConA molecules on the sugar covered surfaces leads to a
difference in surface stress between lower and upper side of the micrometer thin
cantilever which is relieved by downward bending (so‐called compressive
surface stress).[116] Also protein – protein and protein ‐ surface interactions as
well as conformational changes upon protein binding can contribute to the
surface stress and the cantilever bending.[117‐119]
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The larger nonamannose signal is attributed to increased multivalent (due
to multivalent nonamannose) and multisite binding (due to the multiple binding
pockets of ConA).[120] This effect is visible in the average as well as differential
signals. The observed deflection for the galactose cantilevers is attributed to
nonspecific binding events as are described above. Thus the nonspecific
contribution to the binding is eliminated in the differential signals for
nonamannose and trimannose. In other words, these differential signals
correspond to the specific binding of ConA to the mannose coated cantilevers
which is illustrated by the arrows indicating the total, nonspecific and specific
signal in figure 7.2. The initial, transient positive deflections at the beginning of
the sample injection are attributed to conformational changes that occur upon
receptor binding.[119] When the buffer flow is stopped during the sample
injection, the deflection signals quickly level, inferring binding equilibrium. Due
to the continuous pull of the buffer flow this is not observed during regular
experimental conditions.
Figure 7.2 (next page). Specific ConA Recognition and Sugar
Discrimination.12 Upper panel: Averaged deflections of identically
functionalized

cantilevers

with

galactose,

trimannose

and

nonamannose coatings for a ConA sample of 2 mg/mL (19.2 µM)
(shaded area). The nonamannose signal is about four times larger
than the galactose reference, the trimannose signal about two times
larger than the galactose reference. The larger mannose signals are
attributed to the high affinity of ConA for mannoside moieties,
increased multisite and multivalent binding is responsible for the
larger nonamannose deflection. The galactose signals reflect
nonspecific binding events. Lower panel: Differential signals were
calculated by subtracting the nonspecific galactose reference from
the specific mannose signals, see the respective arrows in the upper
panel. Therefore the resulting deflection size corresponds to the
contribution of the specific ConA – mannose binding, indicated by
the arrows in the lower panel. Again the larger nonamannose signal,
compared to the trimannose, reflects the propensity for multivalent
and multisite binding of the protein. For further discussion see text.

12
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Measurement by A. Mader.

The quality of a sensor can be evaluated in terms of its sensitivity, the
concentration dependence of the signal size and the specificity of the binding. In
the following these three criteria are investigated for the detection of ConA with
this glycan array sensor.
What is the limit of detection for ConA samples with this sensor?
The sensitivity of any sensor device is crucial for its practicability and
future applications. To test the sensor’s response to very low concentrations,
ConA samples were diluted down to the nanomolar range. Even after a high
concentration of 10 mg/mL (96.2 µM) was injected initially, in an immediately
following experiment, very low concentration of only 1 µg/mL (9.6 nM) could be
clearly detected for trimannose coated sensors. Figure 7.3 shows the two
consecutive injections plotted overlaid for better comparability. To highlight the
relevant section in figure 7.3, the inset enlarges the sensor signal detecting the
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nanomolar protein concentration with a significant differential deflection for the
ConA – trimannose binding. The observed resolution is attributed to the high
affinity of ConA for mannoside structures.

Figure 7.3. Sensitivity of the Cantilever Sensor for ConA Binding.
After an injection of a very high concentration of 10 mg/mL (96.2
µM) a consecutive injection with only 1 µg/mL (9.6 nM) still yielded
a distinct differential signal of for the ConA – trimannose
recognition. The two curves were measured in sequence and
overlaid in the figure for better comparability. The inset shows and
enlargement of the relevant time frame. The sensors’ observed
sensitivity down to the nanomolar regime is attributed to the high
affinity of ConA for the mannose covered cantilevers and agrees well
with literature.
The demonstrated sensitivity of the cantilever sensor in the lower
nanomolar regime indicates the good quality of the sensor surface
functionalization. Already at the stage of the sensor’s development achieved
during this thesis, these results reach a limit of detection in the same order of
magnitude or better as measurements performed on other comparable surface
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bound sensing techniques like surface plasmon resonance (SPR, limit of
detection: 560 nM ConA monomer), quartz crystal microbalance (QCM, limit of
detection 90 nM ConA monomer) or glycan microarrays (limit of detection:
9.6 nM fluorescence labeld (FITC) ConA).[121, 122]
How well do the sensor signals reflect the affinity of the ConA – mannose binding?
First, a sensor’s response should reflect the probed sample concentrations.
Thus a series of six consecutive injections was conducted with increasing ConA
concentrations, for consistency also on a trimannose and galactose functionalized
array. There are two commonly used protocols for such concentration series:
Either the individual steps are performed in direct succession or additional
cleaning steps are included between consecutive experiments to remove the
bound analyte. The first so‐called non‐regeneration protocol was employed here,
as testing with cleaning agents like sodium dodecyl sulfate (SDS) or high salt
concentrations showed no impact on the following signal sizes for protein
detection. About 15 to 25 data points, depending on the actual protein
concentrations used, could be acquired per array before unusually low signal
sizes indicated surface saturation. This observation suggests a high carbohydrate
ligand density on the cantilever surface compared to the offered protein
concentrations,[123] see also the discussion in chapter 7.2. Consequently, no
intermediate cleaning steps were included except the return of the running
buffer. Figure 7.4 shows for the here conducted concentration series that the
differential deflections increase with the respective concentration, the sensor
consistently detects larger sample concentrations via larger signal sizes. The
increasing signal sizes for concentrations over a very large concentration range of
four orders of magnitude up to very high concentrations indicate that the sensor
is operated far from the maximum binding concentration under comparable on‐
and off‐rates.
The number of specific binding events on the sensor surface increases as
larger sample concentrations are injected, explaining the continuously larger
deflections. To quantitatively evaluate the concentration dependence, the
maximum differential deflections were plotted against their respective
concentration, see the inset in figure 7.4. A Langmuir isotherm analysis, see
chapter 4.4, was applied to determine the dissociation constant Kd. The resulting
Kd value of 15.3 µM is slightly larger than values obtained with quartz crystal
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microbalance (QCM, 1.15µM) or surface plasmon resonance (SPR, 0.26 µM)
methods.[121] This could indicate that the trimannose structures attached to the
cantilever surface cannot bind ideally to the ConA proteins and could result from
the sugars lying flat on the cantilever surface, as is also discussed in chapter 7.2.
Conversely, if the sensing layers could be further optimized in future work, an
even larger sensitivity as is demonstrated above could be realized.

Figure 7.4. Concentration Dependence of the ConA Recognition
and Dissociation Constant.13 A series of six consecutive injections
with

increasing

ConA

concentrations

shows

corresponding,

increasing signal sizes. The inset shows the maximum differential
deflection plotted against the respective ConA concentration. A
Langmuir isotherm analysis yielded a dissociation constant Kd for
the system of 15.3 µM.
To evaluate the accuracy of individual signal sizes for consecutive
measurements, 15 injections of 1 mg/mL (9.6 µM) were conducted under
comparable conditions on nine independent cantilever arrays. Their mean signal
sizes for nonamannose and trimannose cantilevers were 69 nm and 39 nm, with a
standard deviation of 19% and 12%, respectively. For a new sensor these
13
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standard deviations is within an acceptable range, as also commercially available
glucose sensors are allowed a deviation of 20% (FDA14 recommendation). Once
functionalized, the sensor could be dried, stored at ‐20°C and reused for many
consecutive injections.

Figure 7.5. ConA Binding in BSA Background.15 To imitate a more
realistic sample background, nonspecific BSA (0.007 mg/mL; 0.1
µM) was added to the running buffer. An injection of ConA (2
mg/mL; 19.2 µM) yields a signal size comparable to measurement
conditions with pure running buffer.
Are the ConA molecules recognized specifically by the mannose structures?
When aiming at more realistic applications, the sensor needs to be able to
operate in a complex background and still specifically detect the target substance.
To test the stability of the glycan cantilever array sensor, bovine serum albumin
(BSA) (0.07 mg/mL; 1.0 µM) was added to the running buffer. An injection of 2
mg/mL (19.2 µM) ConA sample on a trimannose and galactose functionalized
array resulted in consistent differential deflections compared to measurements in
pure buffer, compare figure 7.4 and 7.5. The sensor is unperturbed by the added

14
15

U. S. Food and Drug Association (FDA)
Measurement by A. Mader.
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BSA protein which demonstrates the robustness and lectin specificity of the
sensor setup.

Figure 7.6. ConA Binding Specificity. After a reference injection of
1 mg/mL (9.6 µM) ConA sample, 100 mM free mannose was added
to the running buffer to challenge the specificity of the protein –
carbohydrate binding. A repeated injection of again 1 mg/mL (9.6
µM) resulted in about one third of the original signal size. The
mannose dissolved in the buffer competes with the carbohydrates
presented on the sensor surface, leading to fewer binding events on
the sensor and consequently a smaller signal size.
Finally, the ConA – mannose binding was challenged by a competitive
inhibition assay to demonstrate the specificity of the carbohydrate – protein
complex. First a reference injection of 1 mg/mL (9.6 µM) was conducted. Then
free mannose was added to the running buffer (100 mM) and a second
measurement was conducted with identical sample concentration. The now
observed differential deflection was reduced to about one third of the original
size, see figure 7.6 for the two injections.
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The free mannose dissolved in the buffer competes with the surface bound
carbohydrates for binding to the ConA proteins. Thus less binding events occur
on the sensor surface and in turn the deflection size is reduced. The successful
competitive inhibition independently confirms the effectiveness of the cantilever
array design and the selectivity of the protein binding to the mannosides
anchored on the cantilever surface.
These results demonstrate the ability of the glycan cantilever array sensor
to specifically detect the generic protein ConA down to nanomolar sensitivity. The
following chapter aims at drawing additional conclusions from these results
regarding the molecular interactions on the sensor surface.

7.2 Signal Origin, Strength and Evolution
The biomolecular processes which take place on the cantilever surface and
induce the surface stress are complex and a comprehensive theoretical model is
still elusive. Many physical and chemical effects like conformational changes,
molecule – molecule and molecule – substrate interactions via van der Waals and
electrostatic forces add to the observed cantilever bending.[117‐119] Here the
previously described results are evaluated in this light and combined with simple
yet effective additional tests. Beyond the sensitivity and specificity of the sensor,
the following paragraphs aim to verify the quality of the sensing layers by asking
specific questions about the molecular mechanisms behind signal origin, strength
and evolution that naturally follow the evaluation of the experimental data.
How are the carbohydrate molecules oriented on the cantilever surface?
An important question for the sensor’s performance is if the carbohydrate
molecules are freely accessible for protein recognition: Are the molecules
standing upright or lying down? The slightly larger values for the dissociation
constant derived for the ConA – trimannose binding in chapter 7.1 gave a first
indication about a less than optimal binding efficiency. A further hint about the
arrangement of the carbohydrate molecules can be gained by looking at the
results of the competitive inhibition assay. Considering basic biochemistry, it is
usually not expected that monomannose dissolved in the buffer solution is able to
inhibit multivalent nonamannose binding. However, the results here indicate
otherwise as the sensor signal is clearly reduced in the presence of
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monomannose, compare figure 7.6. Thus it can be inferred that the nonamannose
structures used for this work are of lesser binding strength that means affinity,
than would be expected and monomannose can successfully compete for protein
binding. This observation could be explained by the carbohydrates lying flat on
the cantilever surface. Thus, only parts of the whole structure would be exposed
and available for binding, effectively reducing the multivalency and binding
strength of the nonamannose carbohydrates.
Why are the very first injections of a newly prepared cantilever array not
consistent?
After the preparation and functionalization of new cantilever arrays, often
inconsistent signal sizes for the respective sample concentration are observed for
the very first injections. Then, following injections compare well within
acceptable standard deviations as described in chapter 7.1 for ConA detection
(and later in chapter 8.1 for CV‐N). This indicates that an intermediate step
happens which optimizes the surface coating before reliable sensing experiments
can commence. Possibly the proteins of the first injection irreversibly attach to
any free spaces on the cantilever surface, effectively blocking these nonspecific
binding sites for the following experiments.
How many experiments can be conducted on one cantilever array?
After about 15 to 25 injections per array, depending on the actual protein
concentrations used, unusually low signal sizes indicated surface saturation.
Injections with cleaning agents like sodium dodecyl sulfate (SDS) or high salt
concentrations were not observed to influence the signal sizes of following
protein experiments, see also the discussion of the concentration series in
chapter 7.1. The increasing signal sizes for concentrations over a very large
concentration range of four orders of magnitude up to very high concentrations
indicate that the sensor is operated far from the maximum binding concentration
under comparable on‐ and off‐rates. These observations suggest a high
carbohydrate ligand density on the cantilever surface so that consecutive
injections require no intermediate cleaning step for ideal binding.[123]
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Figure 7.7. Nonspecific Adsorption and Layer Densities. a)
Nonspecific BSA (0.063 mg/mL; 0.95 µM) was injected to test the
sensor response for the three carbohydrate layers. No differential
and thus specific response was recorded. b) An injection of the small
thiolated molecule octanethiol (0.1 mM) indicates the number of
available adsorption sites on the cantilever surface. Nonamannose
cantilevers give the largest signals, followed by trimannose and
galactose. This is presumably due to the increasing layer density in
this order, resulting from the decreasing sugar group size.

How do sparse and dense active layers affect the sensor signal?
As described in chapter 7.1 for the functionalization of the arrays, shorter
and longer incubation times, and thus sparse and dense layers for all
carbohydrate structures, were tested. Counter intuition, more sparsely coated
layers show a slightly larger signal in their average deflections than the denser
coatings. The differential deflections however consistently show larger sizes for
the denser coated cantilevers, as would be expected, as was also observed for the
results in chapter 8.1. Therefore the larger average signals for sparse cantilevers
are attributed to more nonspecific binding events on these surfaces due to the
sparse coating which are eliminated in the differential signal. Longer
functionalization times than 15 minutes reduced the specific signal and were not
employed, as is described in chapter 7.1.

65

7 Novel Glycan Cantilever Array Sensors
How do the layer densities between the different carbohydrate structures compare?
Due to the different sizes of the nonamannose, trimannose and galactose
molecules, also the layers of the different mannose structures could differ even
when prepared with equal incubation times. Consequently these layer densities,
self‐assembled under identical incubation times and conditions, were compared
by their reaction to short thiolated alkanes. These molecules react very strongly
with the gold coating of the cantilever surface and provide a good tool to access
all available space not covered by the carbohydrates. An injection of octanethiol
(0.1 mM) gave the largest signal for the nonamannose coating, followed by the
trimannose and galactose layers, see figure 7.7 b). Comparing the carbohydrate
structures, nonamannose has the largest head group of the three compounds, see
chapter 5.1. Consequently it requires a larger distance between individual
molecules during the self‐assembly process, which in turn leads to a less dense
functional layer and more free binding sites on the cantilever surface than is the
case for the trimannose and the galactose molecules.
To determine if these differences in layer density show any impact on the
recognition of much larger proteins, tests with BSA were conducted. BSA does not
bind specifically to either carbohydrate, thus any differential signal would reflect
only the increased nonspecific binding due to the differences layer density under
the assumption that all carbohydrate moieties lead to the same amount of
nonspecific protein attachment. After verifying the functionality of the sensor
array for specific recognition, an injection of BSA (0.063 mg/mL; 0.95 µM)
resulted in little to now differential deflection, see figure 7.7 a). The free inter‐
molecular space on the cantilever surface created during self‐assembly is thus not
accessible to the larger protein structures. Consequently, further steps for the
passivation of these areas[34, 124] were deemed unnecessary.
Is galactose a good reference if it consistently shows a significant signal?
In contrast to other biomolecular interactions like for example avidin –
biotin recognition or DNA hybridization, the specificity of the carbohydrate –
protein binding is comparably low so that low affinity binding to other
carbohydrate structures, like galactose in this case, may occur. To demonstrate
these differences, a standard hybridization experiment of two single stranded
DNA (ssDNA) sequences was performed.[125] A cantilever array was
functionalized with the two thiolated ssDNA strands (77% homologous) Nl4‐3
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(sequence: GTT ACA ATA GGA AAA ATA GGA A) and Sf162 (sequence: CAT ACA
ACA GGA AGA ATA ATA GGA G) for 40 minutes.

Figure 7.8. Hybridization of ssDNA strands. First an injection with
the complementary of strand Nl4‐3 results in a negative deflection of
the Nl4‐3 functionalized cantilevers (red), while the cantilevers with
strand Sf162 maintain their base level. A following injection with the
complementary to Sf162 induces also here a negative deflection
(blue) and brings both signals to comparable levels.
Upon injection of the complementary to Nl4‐3 (1 µM), only the cantilevers
coated with thiol‐Nl4‐3 react and deflect downwards (red), while the cantilevers
with thiol‐Sf162 (blue) continue nearly undisturbed on their base level. A second
injection with the complementary to Sf162 (1 µM) then shows nearly no influence
on the Nl4‐3 cantilevers (red) while now Sf162 coated sensors react and reach a
comparable level of negative deflection (blue), see figure 7.8.
The negative deflections are attributed to the hybridization of the
respective complementary strands. Charged side groups on the DNA double helix
act repellant, inducing compressive surface stress and negative cantilever
bending. No deflection and thus nonspecific binding is observed for the
respectively other sequence. This infers a high specificity of the complementary
sequences under these experimental conditions (T = 30° C).
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Figure 7.9. Layer Density of ssDNA Functionalized Array. An
injection with mercaptohexanol (MCH, 0.1 mM) shows a larger signal
for strand Sf162 than for strand Nl4‐3, inferring a lesser density of
the ssDNA layer. The inset shows the functionalization of the
individual cantilevers of the array with strands Nl4‐3 and Sf162.
The high specificity of the DNA hybridization is further attested to by
looking at the layer densities for both ssDNA strands. A sample of a small
thiolated alkane chain, in this case mercaptohexanol (MCH), was injected on the
same array as used for the measurement shown in figure 7.8. All cantilevers
deflect negatively, while the smaller average signal for Sf162 infers a denser
layer, see figure 7.9. Thus, although the layer densities vary similar to those of the
carbohydrate layers, compare figure 7.7, the ssDNA hybridization shows near to
no nonspecific signal on the respective other cantilevers, as discussed above. This
observation again underlines the high specificity of the ssDNA recognition.
In contrast to the high specificity of the DNA hybridization due to the
specific base pair sequences, carbohydrate – lectin interactions allow more
variation, ConA for example is known to also recognize glucose derivatives.[126]
Thus, part of the signal observed for the galactose cantilever arrays upon
injection of a ConA sample may stem from such nonspecific binding via the
mannose binding site of the protein, as is also mentioned in chapter 7.1. As
galactose also includes such interactions, in contrast to a non‐carbohydrate
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reference layer from alkanes or polyethylene glycol, it is an ideal reference for
specific carbohydrate – protein interactions. When the galactose reference signal
is subtracted from the mannose signal, the remaining differential signal almost
ideally represents the aimed‐at contribution of the purely specific binding.
These experiments and observations thoroughly test the glycan cantilever
array sensor and give possible explanations for the processes taking place on the
cantilever surface that could provide a first step towards a more complete
understanding of the sensor response. They verify the quality of the sensor
design and underline the specificity of the lectin recognition.

7.3 Conclusions
The results described in this chapter establish the first purely
carbohydrate based cantilever array sensor for protein recognition. The glycan
cantilever array sensor specifically and sensitively detects the generic protein
ConA down to nanomolar concentrations. Additionally the sensor discriminates
between different mannosides due to increased multisite and multivalent binding
and indicates nonamannose and trimannose functional layers via larger and
smaller sensor signals, respectively. Even after highest sample concentrations,
ConA could be clearly detected down to 9.6 nM, representing a limit of detection
comparable or better to similar methods. A Langmuir isotherm analysis applied
to a series of consecutive injections of increasing sample concentrations
determines the dissociation constant Kd to 15.3 µM slightly above literature
values which was attributed to the fact that the carbohydrate structures are not
ideally accessible for protein binding when attached to the cantilever surface.
Measurements conducted in the background of BSA and a competitive inhibition
assay with free mannose dissolved in the running buffer each independently
confirm the specificity of the ConA – mannoside binding and the effectiveness of
the sensor design.
To verify the quality and specificity of the layer design and aiming at a
more complete understanding of the molecular interactions leading to the sensor
signal, these experimental findings were further analyzed. As a result, the glycan
cantilever array sensor might operate in the following way during a typical
experiment:
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Figure 7.10. Model of the Molecular Processes on the Cantilever
Surface. On a trimannose (orange) functionalized cantilever ConA
proteins bind specifically (dark green) and nonspecifically (light
green). On galactose (blue) coated cantilevers ConA binds
nonspecifically to the galactose or the cantilever surface. See text.
After self‐assembly on the gold coated array, the carbohydrate molecules lie
down flat on the cantilever surface, see the cartoon representations for a
trimannose and galactose cantilever in figure 7.10. The first protein injection
irreversibly blocks nonspecific binding sites on the cantilever surface (light green
ConA molecules in figure 7.10) so that consecutive experiments deliver consistent
results for specific ConA recognition (dark green proteins in figure 7.10). Many
subsequent injections can be performed before the sensor surface saturates. Up
to the optimum carbohydrate density range, sparse cantilevers result in a slightly
larger average signal, but a smaller differential deflection, due to increased
nonspecific binding. The large nonamannose molecules assembly in the least
dense layer, followed by trimannose and galactose, however this has almost no
effect on protein recognition. To eliminate the contribution of the nonspecific
binding, galactose cantilevers serve as an ideal reference for binding of mannose
specific ConA.
In all, the cantilever array technique could be successfully introduced to
carbohydrate – protein detection by demonstrating nanomolar sensitivity and a
value for the dissociation constant of the mannose – ConA binding, both
comparable to literature reports. The specificity of the recognition could be
verified by competitive inhibition and a comparison to nonspecific BSA binding.
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The next logical step now asks for the application of this sensor to the detection
of clinically and biologically relevant proteins and pathogens.
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8 Sensitive Detection of Anti-Viral
Proteins and Pathogens with
Glycan Cantilever Array Sensors
This chapter describes the application of the first glycan cantilever array
sensor established in chapter 7 to the specific and sensitive detection of the anti‐
viral protein Cyanovirin‐N (CV‐N) down to picomolar concentrations. The
recognition of a second anti‐viral protein, Scytovirin (SVN), demonstrates the
versatility of the sensor setup. In a second application the detection and
discrimination of three different Escherichia coli (E.coli) strains down to a
concentration of a few cells per sample unit successfully extend the sensor’s
capabilities from protein to pathogen detection. Parts of these results have been
published.[115]

To be of value, the glycan cantilever array sensor established in chapter 7
needs to be applied to the detection of scientifically relevant systems. The most
obvious step forward from detecting the generic protein ConA would involve the
testing of proteins currently under clinical trial for diagnostic or therapeutic
applications. A second field of interest that would profit from a low cost and fast
sensing approach would lie in the detection of microorganisms and pathogens for
environmental control and general health issues.
For a successful application of the system, the glycan cantilever array
sensor would need to demonstrate a high sensitivity, concentration dependence
and specificity for the detected proteins and bacterial samples.
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8.1 Specific Detection of Anti-viral Cyanovirin-N down
to the Picomolar Level
Cyanovirin‐N (CV‐N), an 11 kDa mannose isolated from cyanobacteria with
potent anti‐viral activity against Human Immunodeficiency Virus (HIV) was
chosen as the first application for the glycan cantilever array sensor. CV‐N has
been shown to irreversibly bind to the nonamannose arms decorating gp120, the
heavily glycosylated envelope protein of HIV, preventing the conformational
changes necessary for HIV – cell fusion.[67, 69, 70] A need for accurate and
sensitive sensor systems for CV‐N detection has been voiced to determine and
assess its therapeutic potential.[127]
To this end, CV‐N is detected on trimannose and nonamannose cantilever
sensors against a galactose reference. The cantilever arrays were prepared as
described in chapters 7.1 and 5.2. Again both sparse and dense coatings were
tested to optimize carbohydrate densities for CV‐N recognition. As CV‐N is of
smaller size than ConA possibly denser layers are required.
The signals for a typical injection with CV‐N (0.1 mg/mL; 9.1 µM) on a
trimannose and galactose functionalized array were recorded and the average
and differential deflections plotted against time. All cantilevers react with
negative deflections, the trimannose cantilevers however give significantly larger
signals as the galactose layers, similar as was described for ConA in chapter 7.1.
For both carbohydrates, the more sparsely coated cantilevers result in a slightly
larger average, see figure 8.1, upper panel. Also the differential deflections were
derived as before by subtractin g the galactose from the trimannose deflections.
As was discussed in chapter 7.2, now a larger signal is observed for the denser
coating, see figure 8.1, lower panel. All curves show a slight upward trend after
the sample (shaded area in figure 8.1) has ended.
The larger mannose deflections are attributed to the high affinity of CV‐N
to mannoside residues.[67, 70] Similar as for ConA, see chapter 7.1, also
nonspecific binding to other areas of the protein, the PEG linker or the cantilever
surface may contribute to the signal. The deflections of the galactose cantilevers
are related to purely nonspecific binding events. The specific and nonspecific
protein recognition on the cantilever surface induces surface stress and in turn
the observed cantilever deflection.[117‐119]
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Figure 8.1. Detecting Cyanovirin‐N. Upper panel: The averaged
deflections of trimannose cantilevers in reaction to a CV‐V sample of
0.1 mg/mL (9.1 µM) (shaded area) are about 3 – 4 times larger than
the averaged deflections of the galactose reference signal. Lower
panel: The corresponding differential deflection is assumed to reflect
the specific binding. The slow recovery after return of the running
buffer indicates the dissociation of nonspecific binding events. See
text.
The larger average signals observed for the sparse layers are attributed to
the less effective surface coating of the mannosides due to their larger
monosaccharide headgroups in comparison to galactose. The resulting additional
adsorption sites on the cantilever surface give rise to increased nonspecific
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binding, which has also been explained in chapter 7.2. Since the differential
signals represent only the specific part of the protein – carbohydrate recognition,
here the denser coatings show the expected larger deflection. The observed
upward deflection towards the end of the measurement may result from protein
desorption due to the return of the running buffer.

Figure 8.2 (next page). Sugar Discrimination by CV‐N Binding.
An array was functionalized with four nonamannose, two
trimannose and two galactose cantilevers. Upon an injection of CV‐N
(0.1 mg/mL; 9.1 µM) the nonamannose cantilevers react about 20%
stronger than the trimannose cantilevers, both clearly exceeding the
galactose references. Due to increased multivalent and multisite
binding, the sensor successfully discriminates between different
oligomannose structures.
CV‐N has been reported to have a high affinity to high mannose
oligosaccharides.[67] Thus, a sensor was functionalized with nonamannose and
trimannose as well as galactose cantilevers to test if these carbohydrates
structures could be differentiated via the sensor signal. A sample injection with
CV‐N (0.1 mg/mL; 9.1 µM) resulted in deflections that were about 20% larger for
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nonamannose than for trimannose cantilevers, and significantly smaller
deflections for the galactose coatings, see figure 8.2. Presumably due to increased
multisite and multivalent binding to nonamannose,[67] see chapter 5.1, more CV‐
N proteins bind to the nonamannose than to the trimannose sensors and induce
the observed larger deflections. As discussed before, the signal for the galactose
cantilevers is attributed to nonspecific protein binding. These results
demonstrate that the sensor is able to discriminate CV‐N recognition by different
mannoside structures.

Figure 8.3. Sensitivity of CV‐N Recognition. The sensor’s
sensitivity

was

successfully

tested

down

to

picomolar

concentrations. Even after an injection of 10‐2 mg/mL (0.9 µM)
depicted by the dark green curve, the sensor shows a significant
differential deflection, light green curve, for a concentration as low
as 10‐6 mg/mL (90.9 pM). The two injections were recorded in
sequence but are overlaid here for comparability. The inset shows an
enlargement of the picomolar resolution for better clarity. See text.
What is the limit of detection for CV‐N proteins with this sensor?
To determine the sensor’s sensitivity for very small amounts of protein,
concentrations down to the picomolar range were tested. Even after a large
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sample concentration of 10‐2 mg/mL (0.9 µM), a subsequent injection with a very
small concentration of 10‐6 mg/mL (90.9 pM) resulted in a significant differential
deflection of about 12 nm, see figure 8.3. Both injections are depicted overlaid for
better comparability, while the inset again enlarges the injection with the small
concentration to increase the graph’s resolution. For CV‐N recognition this
experiment successfully demonstrates the sensor’s sensitivity down to the
picomolar regime. This low detection limit more than qualifies the sensor as tool
in biological applications, as the relevant CV‐N concentrations here lie in the
nanomolar regime.[71, 127] The picomolar sensitivity of the glycan cantilever
array sensor surpasses other cantilever assays that detect protein – protein
binding[128, 129] and matches an immunosorbent competition assay especially
developed for CV‐N detection in plasma.[127]
How does the affinity of the CV‐N binding reflected on the sensor signals?
For a detailed investigation of the sensor’s performance, a series with
increasing CV‐N concentrations was conducted. Again larger differential
deflection sizes were observed for larger sample concentrations, see figure 8.4.
Comparing individual injections, an overview of six independent cantilever arrays
showed that five out of six of the compared deflection sizes were reproducible
within a standard deviation of 30%. With continuing preparation and handling
experience the sensor performance improved and the standard deviations for the
ConA signals discussed in chapter 7.1, which were derived after the CV‐N
experiments, already decreased to acceptable values below 20%.
To quantify the CV‐N concentration dependence, a Langmuir isotherm, see
chapters 4.4 and 7.1, was fitted to the results of the concentration series and
plotted in the inset in figure 8.4. Three independent concentration series and
subsequent Langmuir analyses yielded an average Kd value of (1.06 ± 0.69) µM for
the CV‐N – trimannose binding. As could be expected this value for a trimannose
is slightly better than a Kd value for a CV‐N ‐ di‐mannoside binding that was
published as 1.5 µM.[130] The sensor therefore accurately reproduces the
binding affinity of the CV‐N protein.
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Figure 8.4. Concentration Dependence of CV‐N Binding and
Dissociation Constant. Increasing concentrations of CV‐N samples
were injected and the corresponding increasing signal sizes
recorded. The inset shows the maximum differential deflections
plotted against the respective concentration and fitted to a Langmuir
isotherm to determine the dissociation constant Kd. See text.
Is CV‐N specifically recognized by the mannose covered sensor surface?
The specificity of CV‐N recognition by nonamannose and trimannose
sensors was challenged by a competitive inhibition assay. First an injection
(0.1 mg/mL; 9.1 µM) was performed in regular buffer. After adding free mannose
(100 mM) to the running buffer a subsequent injection of the same concentration
of 0.1 mg/mL (9.1 µM) then resulted in only about one third the original signal
sizes for both carbohydrate structures, see figure 8.5. As was explained for the
competitive inhibition with ConA in chapter 7.1, the free mannose competes with
the mannosides on the sensor surface and thus reduces the binding events on the
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cantilever surface and the resulting deflection. The reduction of the signal size in
mannose buffer successfully verifies the specificity of the CV‐N – carbohydrate
binding.

Figure 8.5. CV‐N Binding Specificity. To confirm the specificity of
the CV‐N recognition, the binding is challenged with free mannose
(100 mM) added to the running buffer. After a first reference
injection (0.1 mg/mL; 9.1 µM), the differential deflection of a
consecutive injection with the same CV‐N concentration is reduced
to about one third when mannose is added to the buffer. This
reduction of the signal size confirms the specificity of the CV‐N
recognition. See text.
To examine the versatility and general usefulness of the sensor setup for
lectin recognition, a second anti‐viral protein currently under study for its
potential to inhibit virus entry and thus HI‐V infection, is tested. Scytovirin (SVN)
is a 9.7 kDa protein isolated from the cyanobacterium Scytonema varium with
high affinity for mannosides.[131] In contrast to CV‐N, the binding mechanism for
SVN has been reported to be distinctly different as both recognize different
glycosidic linkages in high mannose oligosaccharides.[66]
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Figure 8.6. Detecting Scytovirin.16 Two consecutive injections of
SVN with a high (10‐2 mg/mL; 1 µM) and a low concentration
(10‐6 mg/mL; 103 pM) were overlaid for comparison, see the two
arrows for both concentrations. The sensor’s ability to recognize
SVN over four orders of magnitude, illustrates the generality of the
sensor concept for the detection of clinically relevant proteins down
to very low concentrations.
The differential signals of two subsequent injections of SVN with
10‐2 mg/mL (0.9 µM) and 10‐6 mg/mL (90.9 pM) were overlaid for comparison in
figure 8.6. Two distinct signals were recorded that correspond in their size to the
respective sample concentration. The cantilever bending is attributed to similar
mechanisms of protein recognition and interactions as are described for ConA
and CV‐N in chapters 7.1 and 8.1, respectively. The observed sensitivity for SVN
down to the picomolar level demonstrates that the sensor is able to successfully
detect these proteins over a concentration range of four orders of magnitude. In
combination, these results confirm the applicability of the method in detection
assays for clinically relevant proteins that recognize different structural
components of the carbohydrate sensing layers.
The glycan cantilever array sensor could be extended from the detection of
the generic lectin ConA to the sensitive, concentration dependent and specific
16

Measurement by A. Mader.
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recognition of anti‐viral CV‐N. By successful detection of SVN, a second anti‐viral
protein, the generality of the sensor setup has been demonstrated. Thus a next
logical step would be to test the sensor’s potential in other areas where
carbohydrate interactions dominate the recognition process, such as the
detection of certain pathogens and bacteria.

8.2 Specific Detection of Escherichia Coli down to a few
Cells per Sample
The sensitive recognition of microorganisms and pathogens is critical for
environmental control and clinical applications.[5, 132] Traditional methods
require several hours to days before the result becomes available,[133] here the
short detection times of the cantilever sensor technique could provide a great
advantage. To test the glycan cantilever array sensor setup established in chapter
7.1 for their potential, the recognition of three different strands of Escherichia coli
(E. coli), see chapter 5.1, was investigated. All of these stands (ORN178, ORN206
and ORN208) recognize mannose via their phosphotransferase system (PTS).
Additionally strand ORN178 is equipped with the mannose binding protein FimH
at its pilii. ORN208 is equipped with the non‐binding protein FimH*, while
ORN206 contains no pilii at all. All of the measurements on E.coli recognition
discussed in the following were performed by A. Mader for his diploma
thesis.[78]
As a first feasibility test, a typical signal for a sample of E.coli strain
ORN178 in an optical density (OD) of 0.05 on a cantilever array functionalized
with nonamannose, trimannose and galactose was recorded and the average
deflections plotted against time in figure 8.7, upper panel. All cantilevers reacted
with compressive surface stress and corresponding negative deflections. The
largest deflections were observed for the nonamannose layers, followed by
trimannose and the considerably smaller signal of the galactose layers.

82

Figure 8.7. Specific Recognition of E.coli ORN178 and
Carbohydrate Discrimination. Upper panel: Averaged deflections
of galactose (Gal), trimannose (Tri‐Man) and nonamannose (Nona‐
Man) cantilevers for an E.coli injection (shaded area) with an optical
density (OD) of 0.05. The mannose sensors show significantly larger
deflections than the galactose cantilevers, indicating specific binding
by the mannose binding protein FimH at type I pilii. Due to increased
multivalent and multisite binding, the nonamannose signal is
stronger than the trimannose response, while the galactose signal is
attributed to nonspecific binding. Lower panel: Corresponding
differential deflection for nonamannose and trimannose recognition
calculated by subtracting the galactose reference. The resulting
signal representing the specific binding consistently shows a larger
response for nonamannose than for trimannose cantilevers. See text.
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The larger average signals for the mannose cantilevers can be explained by
an increased number of binding events on these surfaces. This increased bacterial
adhesion is attributed to the specific recognition of the FimH protein, which is
located at the end of type I pilii, by the mannoside sensor coating. Additionally
mannose binding via the phosphotransferase system (PTS) could contribute to
the sensor signal, as the PTS is responsible for sugar uptake in E.coli and also
contains mannose transporters. More multivalent and multisite binding events
between nonamannose and bacterial cells increases the deflection for the
nonamannose layers, similar as is described in chapters 7.1 and 8.1 for protein
recognition. The galactose signal finally is attributed to nonspecific adhesion of
bacteria on the galactose sugar moieties, the linker or the cantilever surface and
possibly a less effective galactose transporter in the PTS system.[76] In all, the
glycan cantilever array sensor successfully transduces the differences in binding
strength of E.coli to the nonamannose, trimannose and galactose carbohydrate
layers via larger and smaller cantilever deflection sizes.
Can different E.coli strains be differentiated?
To determine the versatility of the glycan cantilever array sensor for
bacterial detection, the differential sensor signals for three E.coli strains differing
in their mannose binding abilities, see also chapter 5.1, were compared on a
nonamannose and galactose functionalized array. For this test, the related strains
ORN178 (containing mannose binding FimH), ORN208 (containing nonbinding
FimH*) and ORN206 (containing no pilii) were employed. Consecutive injections
for each strain with an OD of 0.1 were recorded. The results are plotted in
figure 8.8 overlaid on one timescale for better comparability.
The signal of mannose specific ORN178 resulted in a significantly higher
deflection than that for ORN208. Strain ORN206 surprisingly gave the largest
sensor response. The specific recognition of the nonamannose molecules by the
FimH protein on the E.coli pilii as was described before leads to more binding
events on the cantilever surface and consequently a larger signal for strain
ORN178 than for strain ORN208. The signal for ORN208 in contrast is related to
mannose recognition purely by the phosphotransferase system (PTS) of the E.coli
cells.
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Figure 8.8. Differantiation of Three E.coli Strains. Differential
deflections of a nonamannose cantilever sensor for three
consecutive injections of the strains ORN178, ORN208 and ORN206
in this order with an OD of 0.1 plotted overlaid for better
comparability. Strain ORN178 with mannose binding FimH shows a
larger deflection than ORN208 with nonbinding FimH*. Conversely
ORN206 shows an even larger signal, attributed to less steric
hindrance due to the missing pilii.

Figure 8.9. Schematic of E.coli Differentiation. Strain ORN178 can
bind via the mannose specific FimH protein (red) at the end of its
pilii, while in strain ORN208 the corresponding FimH* (blue) is
rendered inactive. Both additionally recognize mannose via the
sugar transporters of the PTS (green). Strain ORN206 does not
contain obstructing pilii and thus binds in increasing number via the
PTS transporters. See text.
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The largest deflection that is observed for strain ORN206 could be explained by
less steric repulsion due to the missing pilii, which could lead to increased
binding on the cantilever surface via the mannose recognition of the PTS and a
corresponding larger signal, compare the schematic representation in figure 8.9.
Thus, the glycan cantilever array sensor is able to successfully discriminate three
E.coli strains by their different equipment and accessibility of their respective
mannose binding sites.

Figure 8.10. Sensitivity of E.coli Recognition. Even after an
injection with high concentrations (OD 10‐1) the sensor detects a
very low concentration (OD 10‐6) of strain ORN178, corresponding
to about 200 cells per milliliter. Both sensor signals were overlaid
for better comparability. The inset shows an enlarged section of the
OD 10‐6 injection, demonstrating the high sensitivity of the glycan
cantilever array sensor for bacterial recognition.
What is the limit of detection for bacterial recognition?
The sensitivity of bacterial recognition was tested by comparing a high
concentration of OD 10‐1 from strain ORN178 with a subsequent measurement in
an OD of only 10‐6, see figure 8.10. Even after these very high concentrations, the
small sample concentration resulted in significant differential deflections. The
enlarged representation depicted in the inset in figure 8.10 again demonstrates
the sensor’s high sensitivity down to very low bacteria concentrations.
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Figure

8.11.

Concentration

Dependence

of

Bacterial

Recognition. The bar chart represents a series of experiments with
increasing and decreasing concentrations of E.coli strain ORN208.
Injections of the same concentrations, represented by the same
color, deviate no more than 25% for the worst case and thus
demonstrates the high reproducibility of the sensor response.
To determine the actual number of bacterial cells that are contained in
these low sample concentrations, preliminary measurements showed that an
optical density of 10‐6 corresponds to about 200 cells per milliliter for this
particular strain.[78] As a total sample volume of 100 µl was employed here, this
means that only about 20 bacteria were available during the entire injection for
binding to one of the eight individual cantilevers. Although further test are
required to verify the exact cell count, already these result indicate an impressive
limit of detection. Similar sensitivity could be obtained for the recognition of
strain ORN208, so that the glycan cantilever array sensor offers a sensitivity that
is one order of magnitude better than previously reported results for E.coli
recognition with microarrays, piezoelectric excited cantilevers or carbohydrate
functionalized quantum dots.[133‐135]
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Figure 8.12. Specificity the E.coli – Nonamannose Binding.
Following a reference injection with ORN178 (OD 0.05), free
mannose (100 mM) was added to the running buffer and the
experiment repeated with identical concentration (OD 0.05). For the
second injection, the signal was reduced to about one half of the
original size. The free mannose competes with the bacteria in
solution, inhibiting E.coli binding to the cantilever surfaces and
effectively reducing the signal size.
How good is the reproducibility of the signal size for specific E.coli concentrations?
A series of injections with increasing, followed by decreasing concentrations was
performed to investigate the reliability of the signal sizes. The resulting
differential deflections for each concentration, color coded in the bar chart
depicted in figure 8.11, were in good agreement for each repetition. The overall
evaluation of 25 signal pairs for identical concentrations showed a maximum
deviation of 25%,[78] which compares well with the results reported for protein
detection in chapters 7.1 and 8.1.
Are the bacteria specifically recognized by the glycan cantilever array sensor?
Finally, the specificity of the glycan cantilever array sensor for E.coli
recognition was challenged by a competitive inhibition assay. First, an injection of
strain ORN178 (OD 0.05) was performed to gain a reference signal size. Then,
free mannose (100 mM) was added to the running buffer and the experiment
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repeated with the identical bacteria concentration (OD 0.05). Now a signal size of
only about one half was observed when compared to the previous reference
injection, see figure 8.12. This signal reduction can be explained by the
competition of the free mannose dissolved in the buffer with the mannosides on
the cantilever surface. The resulting lower number of binding event in this
situation consequently leads to the smaller observed deflection, effectively
demonstrating the specificity of the glycan cantilever array sensor for E.coli
recognition via its mannoside binding sites.
The specific detection and discrimination of three different E.coli strains
down to only a few cells per sample volume extends the successful application of
the glycan cantilever array sensor from protein recognition to mannose specific
bacteria. This technique presents a first approach towards a low cost bacterial
sensor with short processing times requiring no preliminary bacterial
enrichment step that could easily be advanced to the detection of a broad range of
other carbohydrate – pathogen interactions.

8.3 Conclusions
The specific and sensitive detection of the anti‐viral lectin CV‐N
successfully expands the application of the glycan cantilever arrays to clinically
relevant proteins. Larger and smaller sensor signals signify increased multisite
and multivalent binding to nonamannose and trimannose functional layers,
respectively, and thus allow the discrimination between different mannoside
structures. Even after high sample concentrations, the sensor recognizes CV‐N
down to 90.9 pM which matches the limit of detection reported for an
immunosorbent competition assay and easily allows the sensor’s application in
the biologically relevant regime of nanomolar concentrations. The dependence of
the sensor signal on the sample concentration could be established via a
concentration series, the corresponding Langmuir isotherm analysis resulted in
an average Kd value of (1.06 ± 0.69) µM which agrees well with literature. A
competitive inhibition assay with free mannose dissolved in the running buffer
independently confirmed the specificity of the CV‐N – mannoside recognition for
this sensor design. In summary, the label‐free detection and fast response times
of the cantilever sensing method in combination with these results may provide
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an advantage over immunosorbent and other techniques for pharmacokinetic
studies of anti‐viral proteins.
In a further study the glycan cantilever array sensor is extended to the
sensitive and specific detection of bacteria. The three different E. coli strains
ORN178, ORN208 and ORN206 can be discriminated according to their mannose
binding ability via corresponding and reproducible deflection sizes. Samples with
concentrations as low as approximately 20 cells per injection could be
successfully detected, which is one order of magnitude better than other reported
E.coli sensors. Finally, the specificity of the E.coli recognition could be verified by
a competition assay with free mannose added to the running buffer. The glycan
cantilever array sensor requires no sample pre or post processing and is
characterized by simple sensor preparation and fast response times. In contrast,
traditional techniques used for bacterial detection require culturing and post
processing techniques like gel electrophoresis or polymerase chain reaction
(PCR) for bacterial identification that altogether can take hours up to several
days. The here demonstrated bacterial sensor thus offers a novel method for very
sensitive, fast and accurate bacterial detection.
In conclusion, the glycan cantilever array biosensor developed in this work
could be established by detailed experiments with the generic protein ConA and
subsequently transferred to the sensitive and specific detection of mannose
specific lectins and microorganisms critical for clinical and environmental safety
applications. With advantages like label‐free sensing, in‐situ referencing and fast
response times this technique may provide advantages or complementary
support where such properties are critical in future applications.
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9 Conclusions and Future Prospects
9.1 Heterogeneous Molecular Self-Organization
The use of multi component 2D molecular structures offers the convenient
advantages of a bottom‐up approach to surface functionalization. The first
observation of all three forms of assembly, a pure host structure, host‐guest
inclusion and a templated polymorph pattern now unifies the different
mechanisms of heterogeneous self‐organization in only one molecular compound.
This new material function opens up possibilities for two‐step protocols that link
the two previously separated motifs in heterogeneous self‐organization. A variety
of processes could be devised that allow switching between guest‐selective
inclusion and rearrangement of the pattern structure. The unity of two material
functions in one compound could thus aid in areas of surface engineering where
variable nano‐patterning is desired. To this end, the shapes and properties of
further guest molecules could be employed to influence and fine tune the
molecular arrangement. As these experimental conditions seem critical to the
assembly process, the use of substrates with different symmetries and work
functions as well as solvents varying in their polar and protic properties could
help to gain accurate control over the assembly mechanism and the resulting
pattern function. In a more synthetic based approach the assembly properties of
the Fréchet dendron molecules could be further exploited to act as adapter for
functional groups linked to the molecular core. Thus various interaction sites
could be engineered that act as specific receptors for guest components. Finally,
as the understanding and control over the heterogeneous assembly mechanism
progress, three, four or more component systems could aid in the development of
molecular structures with very specific functions for applications in nano‐
engineering, catalysis or biosensing.
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9.2 Glycan Cantilever Array Sensors
The here described glycan cantilever array sensor successfully establishes
a new tool for the rapidly growing field of carbohydrate based research. The
sensor sensitively and specifically detects mannose specific lectins and
microorganisms of biological relevance. Using prerecorded fingerprints of certain
bacterial species might enable screening for a variety of different microbes in
complex sample background with this technique. Employing an extended set of
high mannose oligosaccharides with different glycosidic linkages, detailed studies
could be devised to learn more about the specific binding mechanisms of proteins
and pathogens. The development of successful vaccines and prophylactic
therapeutics from proteins like CV‐N and SVN critically relies on such knowledge
about the recognition processes. Other immunological active proteins like
Dendritic Cell‐Specific Intercellular adhesion molecule‐3‐Grabbing Non‐integrin
(DC‐SIGN), which is currently under investigation in the group of Prof. Seeberger
at the MPI Berlin for its ability to recognize and bind to mannose decorated
viruses, could be studied with this device. Such assays in general could aid drug
and vaccine development against mannose decorated pathogens like Human
Immunodeficiency Virus (HIV), malaria parasites or anthrax spores.
Although the quality of the sensor setup has been demonstrated, the
carbohydrate sensing layer might be further optimized by sophisticated blocking
methods to better inhibit nonspecific binding and thereby further increase the
sensitivity and signal reliability. Technical efforts into easy to handle system
operation and fail‐safe functionalization protocols could then enable the
utilization of the technique in routine clinical and diagnostic applications.
A further effort should also be aimed at a detailed understanding of the
origin of surface stress due to analyte interactions on the cantilever surface.
Although the general principles are known and approaches exist to combine the
various effects, additional details about the intermolecular interactions on the
cantilever surface might provide a more general theoretical model. Such
knowledge might aid the improvement of surface functionalization protocols and
thus enhance the sensor quality. It might significantly advance the technique to
be useful as standard lab equipment, similar as could be achieved for surface
plasmon resonance (SPR) or quartz crystal microbalances (QCM).
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9.3 Anti-Viral Protein and Bacteria Detection
To gain versatility, the current sensor setup comprised of a carbohydrate
active layer and a lectin sample could be inverted so that now a protein coating
embodies the sensing layer. Many reported cantilever based assays have proven
the feasibility of a protein sensing layers for antigen – antibody recognition. Cells,
viruses and microorganisms decorated with glycoconjugates could then be
detected. Since many functions of these cell carbohydrates are yet unknown, such
an assay could aid to clarify their significance and push the progress of vaccine
and drug development.
As the biocompatibility of synthetic materials advances, implantable,
miniaturized cantilever sensor chips might be envisioned for the continuous
monitoring of metabolites. However, the properties of suitable readout methods,
for example based on the piezoelectric effect, would first need to improve to
ensure high sensitivity and reliability of the sensor signal.
In all, with a comparable performance like surface plasmon resonance
(SPR) and quartz crystal microbalances (QCM) the glycan cantilever array sensor
offers advantages like label‐free sensing, in‐situ referencing and fast response
times that could serve well in future research focused or clinical laboratories for
applications investigating binding mechanisms or in high sensitivity pathogen
detection.
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