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Chapter 1 General introduction

Abstract

General aspects, current developments and future challenges in the field of
Nanotechnology are introduced. The motivation, in this thesis, was to progressively
discover and understand molecular interactions that govern natural systems and beyond,
and the goal was to acquire the ability to design, direct and control complex matter.
Special focus was put on implementing and controlling supramolecular ligand interactions
on nanoparticle surfaces with an emphasis on biomolecule sensing. NMR spectroscopy
was identified as a main tool to study dynamics of complex matter and supramolecular
strategies are developed for recognizing peptides, sugars and proteins called lectins.



1.1 Introduction

anipulating and understanding matter at the nanoscale describes best the

interdisciplinary field of nanotechnology [1]. Nanotechnology is a new branch

of science (physics, chemistry, biology and engineering) that deals with

molecules and structures at the nanometer scale; typically 1-100 nm (Figure
1-1). To put it in perspective; A nanometer is one billionth of a meter as the size of a
tennis ball is one billionth of the size of the earth. The title of the most famous lecture of
Richard Feynman [2]; "There's Plenty of Room at the Bottom" summarizes the main
reason for the emergence of Nanotechnology. The reduction of size and quantities, that
the field of Nanotechnology uses, enabled us to first understand, then combine, and
manipulate the smallest units of matter, the atoms.
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Figure 1-1: Size comparison of nanomaterials with known biological and artificial structures, adapted from
https://en.wikipedia.org/wiki/Nanoscopic_scale, Paumier at al.

Nanofabrication, the synthesis of nanomaterials and nanostructures, is
performed by two main approaches; top-down and bottom-up [3, 4]. The top-down
approach refers to the sizing down (gradual slicing and curving) a bulk material into well-
defined nanostructures. Well-known techniques for this approach are photolithography,
electron beam lithography, anodization, and ion- and plasma etching [4]. The bottom-up
approach is the exact opposite strategy, where simple building blocks such as atoms and
molecules are guided by self-assembly [5-7] to form higher-order nanostructures. Physical
or chemical triggers (pH, concentration, solvent, application of an electric field etc.)
typically induce self-assembly. Self-assembled nanostructures are always a result of
thermodynamics and supramolecular forces such as hydrophobicity, hydrogen bonding,

electrostatic and van der Waals interactions [8, 9]. The bottom-up approach is inspired by
2



Nature’s strategy [8, 10] for building up functional nano, meso- and macrostructures, from
DNA and viruses to plants and animals. Programmable, self-assembled nanostructures
have given and will give rise to the most exciting functional materials and systems with
almost limitless applications [11-20].

Nanotechnology advanced rapidly in the last century due to the parallel
development of highly accurate machines and techniques. Examples of these are
advanced microscopic and spectroscopic techniques such as nuclear magnetic resonance
[21, 22], electron paramagnetic resonance [23], atomic force microscopy [24], confocal
fluorescence microscopy [24], scanning electron microscopy [25], transmission electron
microscopy [26], scanning tunneling microscopy [27], X-ray microscopy [28] and optical
tweezers [29]. These techniques enabled us to understand and control nanoscale
structures, systems and processes.

Currently, nanotechnology is entering a new era, which is described by Jean-
Marie Lehn as the era of “complex matter” [30]. Complex matter is the combination of
nanomaterials to give rise to superstructures, “structures beyond nanostructures”. Some
of the latest and most exciting advancements in nanotechnology employ superstructures
for the design and development of smart and functional structures, devices and materials
and give a small taste of the bright future of nanotechnology.

1.2 Nanostructures as building blocks for superstructures

A nanostructure is a wide term that houses many different types of
nanomaterials. Nanostructures can vary in dimension (Figure 1-2), composition and size.
They can be zero dimensional such as clusters of Au or Ag atoms, one dimensional like
nanotubes, fibers and rods, two dimensional like flat sheets and films and three
dimensional such as polycrystals [31]. In the case of the zero dimensional clusters, due to
the quantum confinement extending in all three dimensions, nanomaterial properties
remain the same regardless of directions.
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Figure 1-2: Types of nanocrystalline materials by size of their structural elements: 0D (zero-dimensional) clusters
(A); 1D (one-dimensional) nanotubes, fibers and rods (B); 2D (two-dimensional) films and coats (C); 3D (three-
dimensional) polycrystals (D) [31]

Another way of classifying nanomaterials is by their core composition, which is
either hard, composed of inorganic materials [32-34] (CdTe, Au, Ag, iron oxide etc.), or
soft [35], composed of organic macromolecules (dendrimers, polymers, liposomes,
artificial proteins).

Many of these nanomaterials have size- dependent properties like surface
plasmon resonance [36], scattering intensity [37] and fluorescence emission [38]. For
example quantum dots [38], which are semiconductor nanocrystals, have small enough
size that they exhibit quantum mechanical properties. The band-gap in a quantum dot
determines the frequency range of emitted light and is inversely proportional to its size
and shape-dependent [33, 34, 39]. Consequently, the color of emitted light shifts from
blue to red with increasing quantum dot size (Figure 1-3).
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Figure 1-3: Splitting of energy levels in quantum dots due to the quantum confinement effect, semiconductor
band gap increases with decrease in size of the nanocrystal

The first applications of nanotechnology mainly exploited the physicochemical
properties of just one nanomaterial. For example gold nanoparticles exhibit a red shift in
the surface plasmon resonance band upon assembly and also scatter strongly [40]. These
are very useful properties of gold nanoparticles, which are still heavily explored for
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biomedical imaging, chemical and biological sensing [41], catalysis applications [37, 40,
42].

As nanotechnology progressed, increasingly complex hybrid nanomaterials
were made, which consisted of different combinations of nanostructures and/or
molecules and are therefore called superstructures. Apart from the individual
nanomaterial properties, superstructures exhibit most times new collective properties [43,
44]. Examples are FRET systems of quantum dot combined with gold nanoparticles [45,
46], controlled nanoparticle clusters, sheets and assemblies [43, 47-49], complex
supramolecular helical nanoparticle assemblies [50-52], biomolecule-nanoparticle hybrids
[53] and more.

1.3 Dynamic ligand interactions at nanoscale interfaces

Engineering complex functional matter in an equivalent manner as Nature does,
remains still a big challenge for researchers. Natural meso- and macro-structures are built
from nanosized molecules which are engaged in superstructures by supramolecular
interactions [6, 8, 54]. Supramolecular interactions found in living systems are highly
selective, like a key in a lock, and also abundant and yet quite diverse resulting in unique
architectures [54]. Often the selectivity of such systems is reached through multivalency
and cooperativity, concepts that go hand in hand with molecular recognition [54-57].
Multivalency is the “operation of multiple molecular recognition events of the same kind
occurring simultaneously between two entities” [57]. For example, lectins are multivalent
proteins, which are encountered in plants, animals and microbes and bind selectively
different types of saccharides [58]. Despite the relatively low binding strength between
each binding site and a specific saccharide, lectins exhibit increased overall binding
strength by engaging more than one sugar binding sites at the same time. Through their
multivalency potency, lectins can act as mediators for cell recognition and adhesion [59].
Cooperativity in multivalent systems happens when, following a first binding event, the
second binding event is more (positive) or less favored (negative).

Artificial supramolecular nanosystems are also based on supramolecular
interactions incorporating multivalency and often cooperativity. Nanoparticles, for
example, can be functionalized with one or more types of ligands, that can even be
spatially located e.g. mixed ligand [60], striped [61], Janus [62], patchy [63] nanoparticles.
A variety of highly selective ligands bearing interaction motifs and receptors has been
synthesized. Cyclodextrins [64], crown ethers [65], calixarenes [66], coordination
complexes like bipyridyl [67], cucurbit(n)urils [68] and other biomolecule mimetic
macrocycles [69, 70] have been the building blocks for instructing assembly processes [71,
72] for creating superstructures useful in material and sensing applications(Figure 1-4).
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Figure 1-4: Molecular structures of building blocks often used for molecular recognition

The most important aspects in self-assembly are the dynamic and reversible
nature of covalent or supramolecular interactions between complimentary interacting
pairs of molecules or moieties featured on nanostructures. In supramolecular chemistry,
the most well-known interactions are based on cyclodextrin host-guest systems [73].
Cyclodextrins are natural, cheap and non-toxic cyclic oligosaccharides with a cup-like
structure. The external structure of cyclodextrins are hydrophilic and their cavity
hydrophobic, allowing them to encapsulate hydrophobic guests [73]. Cyclodextrin-
adamantane, cyclodextrin-ferrocene and cyclodextrin azobenzene constitute the most
well-known complimentary interactions on nanosurfaces. Adamantane is known to bind
very strong with B-cyclodextrin, ferrocene binding can be reversed by oxidation and
azobenzene binding is UV-light driven [73]. The ability to tune on demand many of the
cyclodextrin interactions either by physicochemical triggers or by multivalent or stronger
binding monovalent competitors has turned cyclodextrins into one of the most popular
nanomaterials [74, 75].



Despite the great advancements of Nanotechnology, one main challenge has to
be met. All living systems operate mostly out-of-equilibrium, while most artificial
nanostructures and superstructures are designed in equilibrium. For this purpose, a new
branch of chemistry, called supramolecular systems chemistry, is being developed.
Supramolecular Systems Chemistry [76] is dealing with out-of-equilibrium and far-from
equilibrium systems with some exciting [77-79], yet limited applications, like writing self-
erasing images using metastable nanoparticle “inks” [77], adamantane molecules that
hop, skip and jump on cyclodextrin surfaces [64] and spatially selective nanoparticle
functionalization driven by a DNA template [80]. Out-of-equilibrium assemblies are
kinetically trapped assemblies, thus trapped in a local minimum of the energy landscape.
It would take time, or activation energy, for them to be converted to more stable
structures. Far-from-equilibrium assemblies are dissipative systems, therefore requiring a
continuous supply of energy to be maintained.

1.4 1D, 2D and Diffusion NMR

Nuclear NMR spectroscopy [81] probes the environment of individual atomic
nuclei, thus giving information on molecular structure. By 1H NMR spectroscopy [81]
molecular structure can be derived by analyzing the chemical shifts, signal strength
(intensity) and spin-spin coupling. Two-dimensional nuclear magnetic resonance
spectroscopy (2D NMR) [81] is a set of nuclear magnetic resonance spectroscopy (NMR)
techniques which plot data in a space defined by two frequency axes instead of only one.
COrrelation SpectroscopY (COSY), J-spectroscopy, EXchange SpectroscopY (EXSY), and
Nuclear Overhauser Effect SpectroscopY (NOESY) and Rotating frame Overhauser Effect
SpectroscopY (ROESY) are some of two-dimensional NMR techniques. Two-dimensional
NMR spectra resolve molecular information in two frequency axes rather than one and are
especially useful in determining the structure of a molecule when resolution between
frequencies along the chemical shift axis is too complicated. Combination of state-of-the-
art 1D and 2D NMR methodologies make possible to measure physicochemical properties
not only of a molecule but also “beyond the molecule”, thus emerging properties of
dynamic systems and supramolecular interactions between molecules [82]. For example,
simple 1H titrations of two interacting species are used for stoichiometry and binding
constant estimation [83]. Integration of peaks rising or disappearing over time can give
insight into molecular reactions and interactions [84]. For nanoparticles, the broadening of
the capping ligand peaks gives a first confirmation for the success of the functionalization
or modification reaction [85]. Interpretation of two dimensional techniques such NOESY
and ROESY detect pairs of nuclei that are close in space directed by non-covalent
interactions, revealing the conformation and orientation of supramolecular complexes.



An indispensable NMR technique for studying systems at the nanoscale is
Diffusion Ordered SpectroscopY (DOSY NMR) [86, 87]. This spectroscopic technique
measures the translational diffusion of different species in solution, which under given
conditions (viscosity, temperature) is dependent on the species shape [88] and size [89].
Other complimentary techniques that are used for the size and shape determination are
Dynamic Light Scattering (DLS) [90, 91] and Transmission Electron Microscopy (TEM) [92,
93]. DLS is a very fast technique, giving accurate values for a wide range of sizes, from few
nanometers to a few micrometers. Main drawbacks of DLS are sensitivity to
contamination and also aggregation processes that take place. TEM provides information
on element and compound structure giving high quality and very detailed images. Main
disadvantages of TEM are the low contrast of organic molecules and potential artifacts
from sample preparation. DOSY NMR is quite advantageous and many times superior
technique in comparison to DLS and TEM, because it gives very detailed molecular
information in combination with size and shape measurements. It required no tedious
sample preparation and relatively low-volume, dilute samples. The main limitation of
DOSY is its size range capability; it can measure from sub nanometer to only a few
nanometers range.

DOSY NMR is a “virtual chromatography” [94], there is no need for physical
separation of species in a mixture and therefore allows us to study complex and diverse
systems such as natural and artificial self-assembled structures and their interactions in
equilibrium [95]. Supramolecular interactions can be measured by observing the
“apparent” diffusion of interacting species [94, 95]. For example, in nanoparticle-ligand
interactions [96] the diffusion coefficient of an interacting ligand, a relatively small
molecule, will appear to be lower because it interacts with a relatively bigger molecule,
which diffuses slower, in this case the protein. The “apparent” value of the diffusion
coefficient can help in the evaluation of binding strength of an interaction. Moreover,
guantitative information can be extracted for possible multivalency and cooperativity
effects. The usefulness of DOSY NMR is therefore evident because it has and can be used
not only for characterizing the shape and size of novel types of nanostructures but also to
evaluate selectivity, functionality and biological activity of natural and artificial
nanostructures and superstructures.

DOSY NMR gives insight into equilibrium structures, but could also be used for

the study of dynamic and kinetic processes and out of equilibrium systems with a
concentration gradient [76]. Such systems and processes gather high scientific interest,
because, as mentioned in the previous section, Nature operates mostly under out-of-
equilibrium conditions and also because recently novel artificial out-of-equilibrium
systems have been developed. Measuring accurately diffusion over time becomes an issue
only when the concentration changes exhibit from several minutes to several hours. Rapid
processes as well as very slow processes that extend for days don’t exhibit the problem of
8



diffusion inaccuracy over time. Efforts to overcome the problem of diffusion inaccuracy
over time in systems under concentration gradients have led to the development of
advanced processing software [97, 98], but still the study of such systems is in its infancy.

1.5 Nanomaterial based biomolecule sensors

Nanotechnology opened up new opportunities in the field of biomolecule
sensing. Nanomaterial-based biosensors have significant advantages over conventional
diagnostic systems in terms of simplicity, cost efficiency, sensitivity, specificity, and
portability. Main parameters [99] to be considered when designing nanomaterial-based
biosensors are a) the physicochemical properties of the nanomaterial core e.g. for
quantum dots [38] their fluorescence excitation and emission wavelength and quantum
yield, b) their surface chemistry [38] and functionalization e.g. for quantum dots can be
thiol, triphenylphosphine oxide based ligands and others c) the selectivity and binding
strength towards the target biomolecule. The majority of nanomaterial biosensors are
designed to imitate natural biomolecule receptors and for that fact, they are based on
supramolecular interactions and self-assembly [100] between the target biomolecule and
the nanomaterial. A plethora of nanosensors has been developed for sensing all types of
biomolecules; sugars [101], lipids [102], proteins [103], enzymes [104], antigens [105] and
nucleic acids [60, 106]. The latest advancements in the field of bionanotechnology are
engineered nanoparticles for theranostic applications [107]. One wonders what the future
in nanosensing is since already so many applications both in vitro [108] and in vivo [109-
111] have been developed. It is striking that despite the vast numbers of developed
nanosensors published, still only a few [99] have been marketed. Toxicity of many core
materials, reproducibility of the nanoparticle synthesis, nanoparticle or ligand instability
are major bottlenecks [112, 113] to overcome for the commercialization of nanosensors.

1.6 Motivation, aim and outline of this research

In this thesis, the motivation was to progressively discover and understand
molecular interactions that govern natural systems and beyond, and the goal was to
acquire the ability to design, direct and control complex matter. Special focus was put on
implementing and controlling supramolecular ligand interactions on nanoparticle surfaces
with an emphasis on biomolecule sensing. Special focus was put on implementing and
controlling supramolecular ligand interactions on nanoparticle surfaces with an emphasis
on biomolecule sensing. NMR spectroscopy was identified as a main tool to study
dynamics of complex matter and supramolecular strategies are implemented for designing
nanoparticle based peptide receptors based on mixed ligand monolayers and ternary
supramolecular quantum dot selective lectin sensors by varying the multivalency potency



of adamantane based sugar linkers. In detail, the following aspects are addressed in
separate Chapters of this thesis:

In Chapter 2 a difficulty in the DOSY experiments performed in concentration
evolving systems was brought to light. On such a system, the evolution of the
concentration of species interferes with the measurement process, and creates a bias on
the diffusion coefficient determination that may lead to erroneous interpretations. In this
chapter, performing random permutation of the series of gradient strengths used during
the DOSY experiment, which allows averaging out this bias, is proposed as solution. This
approach, named as p-DOSY does not require changes in the pulse sequences nor in the
processing software, and restores completely the full accuracy of the measure. This
technique is demonstrated on the monitoring of the anomerization reaction of a- to B-
glucose and can be extended to monitor the rate of reaction kinetics, to characterize in-
operando transient species and measure their diffusion coefficients, or to observe
molecular organization phenomena and dynamics effects. Specifically, in Nanotechnology,
p-DOSY is an excellent tool for monitoring reactions on nanoparticle surfaces, such as end-
group modification and ligand exchange reactions. Moreover, by p-DOSY, assembly
kinetics or aggregation of nanoparticles could be studied by observing the shift of the
diffusion coefficient to lower values.

Chapter 3 deals with the concept of multivalency and cooperativity in mixed
monolayer protected gold nanoparticles featuring functional groups on their surfaces that
can engage in interactions with peptides. Introduction of the functional groups required
for peptide recognition was achieved by decoration of AuNPs with a,w-functionalized
thiols containing as recognition moieties a terminal trimethylalkyl ammonium group, an
18-crown-6 moiety, and a phenyl group, respectively. Main goal is to recognize selectively
and bind stronger dipeptides that contain aromatic groups as a side chain, which should
exhibit trivalent interactions with the AuNPs featuring all three functional groups. The
sensitivity of DOSY NMR to the inherent size differences between ligands and receptors,
often encountered in nanoparticle molecular recognition systems, turns DOSY NMR into
the best choice for the elucidation of such interactions. Turning to DOSY NMR for
quantifying the binding efficiency and selectivity of the devised nanoparticles was
considered the most appropriate solution.

Chapter 4 explores the possibility to employ asymmetric sugar-adamantane
linkers, exhibiting different supramolecular interactions, for crosslinking cyclodextrin
nanoparticles with multivalent proteins called lectins into ternary, supramolecular
NanoParticle Networks (NPN). The three building blocks are B-cyclodextrin-capped CdTe
quantum dots, tetraethylene glycol-tethered mannose-adamantane cross-linkers
(ADTEGMan) and the tetravalent lectin Concanavalin A. Only when lectin is present,
sequential binding events take place; from quantum dot to linker and from linker to lectin,
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leading to self-organization in-situ of the sensor through the formation of ternary
supramolecular networks. The main goal of this Chapter is to selectively detect a
tetravalent lectin called Concanavalin A by monitoring the loss of fluorescence signal of
quantum dots in solution over time, caused by controlled network formation and
consecutive flocculation and sedimentation.

Chapter 5 continues and extends the study of selective lectin sensing through
controlled formation, flocculation and precipitation of ternary supramolecular quantum
dot networks. In this chapter, asymmetric tetraethylene glycol-based mannose-tri-
adamantane linkers (TriADTEGMan) are employed which, due to their multivalency
potency, are bound in a non-dynamic fashion on the nanoparticle surface in aqueous
solutions. The goal is to compare flocculation kinetics, tunability and specificity of lectin
sensors that employ either trivalent or monovalent adamantane mannose linkers and to
prove that these systems combine advantages from covalent e.g. stability, and from
supramolecular systems e.g. tunability, reversibility. Ultimately, these systems are tested
for detecting other mannose-binding lectins (Galanthus Nivalis and Lens Culinaris) as well.

Chapter 6 summarizes the most important findings of every chapter. By linking
all the findings of this thesis, the questions answered are evaluated and a general
conclusion is reached. With an eye on the future, some observations to extend the
discussion further and beyond this thesis are added and new questions arisen are
identified. Finally, a conclusion is reached by providing insight, guidelines and suggestions
on designing and controlling multivalent, supramolecular interactions on the nanoparticle
bionanointerface, between nanomaterials, ligands and biomolecules.
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Chapter 2 Accurate DOSY measure for
concentration evolving systems using
permutated DOSY (p-DOSY)

Abstract

NMR spectroscopy is an excellent tool for monitoring in-situ chemical reactions.
In particular, DOSY is well suited to characterize transient species by the determination of
their sizes. However, here a difficulty in the DOSY experiments performed in
concentration evolving systems was brought to light. On such a system, the evolution of
the concentration of species interferes with the measurement process, and creates a bias
on the diffusion coefficient determination that may lead to erroneous interpretations. In
this chapter, a random permutation of the series of gradient strengths used during the
DOSY experiment is showed to average out this bias. This approach, named as p-DOSY
does not require changes in the pulse sequences nor in the processing software, and
restores completely the full accuracy of the measure. This technique is demonstrated on
the monitoring of the anomerization reaction of a- to B-glucose and can be extended to
the analysis of chemical reactions and kinetic processes away from equilibrium and can be
used to monitor the rate of reaction kinetics, to characterize in-operando transient species
and measure their diffusion coefficients, or to observe molecular organization phenomena
and dynamics effects. Specifically, in Nanotechnology, p-DOSY is an excellent tool for
monitoring reactions on nanoparticle surfaces, such as end-group modification and ligand
exchange reactions. Moreover, by p-DOSY, assembly kinetics or aggregation of
nanoparticles could be studied by observing the shift of the diffusion coefficient to lower
values.

Part of this Chapter has been published as: M. Oikonomou, J. Asencio-Hernandez, A.H.
Velders, M.-A. Delsuc, Accurate DOSY measure for out-of-equilibrium systems using
permutated DOSY (p-DOSY), Journal of Magnetic Resonance, 258 (2015) 12-16
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2.1 Introduction

iffusion Ordered SpectroscopY (DOSY) is an NMR technique separating

components in a mixture spectroscopically according to their translational

diffusion [1, 2]. Considered as an NMR chromatographic technique, DOSY

NMR has been widely used in life sciences and chemistry for the analysis of
complex mixtures, such as biological extracts [3], environmental fluids [4], supramolecular
chemistry [5, 6], nanoparticles [7, 8], or pharmaceutical formulations [9]. For spherical
shaped components the diffusion coefficient D is inversely proportional to the
hydrodynamic radius, ry as described by the Stokes—Einstein Equation 2-1:

kgT
D=

6 Tr
Equation 2-1

,where D is the diffusion coefficient, kg is Boltzmann's constant, T is the
absolute temperature, n is viscosity, r is the hydrodynamic radius. Other shapes can be
handled either with extended analytical models [10] or by a statistical description [11, 12].

A DOSY experiment typically consists in a series of spin echo or stimulated echo
spectra recorded with increasing gradient field strength. When measured with the
Stimulated Echo pulse sequence (STE), diffusion coefficients can be determined by
analyzing the signal amplitude as a function of the square of the gradient pulse area using
the Stejskal-Tanner equation, [13] given here for squared pulses in Equation 2-2:

5

_ 2,282,709

I=1,e Dy“g=6°(A—3)
Equation 2-2

where | and | are the signal intensities obtained with gradients strengths of g
and 0, respectively, D is the diffusion coefficient, & is the gradient pulse duration, A is the
effective diffusion delay defined as the time between the bipolar gradients, and y is the
gyromagnetic ratio of the spin under study; see [14-18]for details.

The analysis of the diffusion coefficients is a powerful tool to gain insight on
molecular sizes and shapes [7, 19, 20], and can also be used to investigate molecular
interactions [21-23], polymer polydispersity [18, 24], or to characterize reactive
intermediates [15-18].

However, when measuring DOSY experiment on a concentration evolving
system, a difficulty arises. According to the classical Stejskal-Tanner equation, the
intensity, at each gradient strength, depends on the intensity I, with no gradient applied.
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Usually, 1y is measured at the beginning of the DOSY experiment and considered constant
throughout the measurement. However, in concentration evolving systems, I, is not
constant anymore but varies continuously, due to evolution of the concentrations.
Consequently, throughout the DOSY measurement, the signal intensity measured for a
given species will depend on the concentration evolution as well as the increasing gradient
strength, and will appear to decay either too rapidly or too slowly, depending on the
evolution of the concentration, decreasing or increasing over the time of the
measurement, creating a bias in the analysis.

The kinetic rates of a concentration evolving system have to be taken into
account and be compared to the timeframe of the DOSY measurement. Rapid DOSY
measurements, of a few minutes or less, monitoring systems with slow kinetic rates,
where equilibrium is reached in hours, are not affected to a significant degree, because
only minor concentration changes occur over the experimental time. On the other
extreme, long DOSY measurements, lasting a couple hours, monitoring systems with fast
kinetic rates, where equilibrium is reached in a few minutes or less, are not affected
either, but fail to record dynamic information of the system such as reactive
intermediates. The effect is most obvious for systems with intermediate kinetic rates (e.g.
for first-order kinetics, rate constants between 10° to 10° sec™’) monitored by DOSY
measurements performed in an experimental time similar to the rate constant of the
chemical systems, so from few minutes to a few hours. In this case, the DOSY spectra
display a shift of the peaks along the diffusion coefficient axis leading to wrong results.

Nilsson et al. [25] proposed the use of trilinear multivariate analysis in order to
characterize both the reaction kinetics and the diffusion coefficient, in the analysis of a set
of diffusion experiments measured during the chemical reaction. In this case the
concentration variation is used as a third dimension in the multiway analysis. However, in
this approach, the DOSY measurements are supposed to be rapid compared to the kinetic
rates, and there is no compensation for the unavoidable bias in the diffusion coefficient
measure. After a literature study, the DOSY studies performed so far on concentration
evolving systems [15-17, 25, 26] seem not to have taken into account the analytical bias
caused by concentration variations.

Within a single DOSY measurement, a series of stimulated echo spectra with
pulse gradient strengths sampled in a permutated manner is proposed to be measured, as
it was already proposed in order to reduce F; artifacts in 2D NMR spectroscopy [27].

A permutation of the list of gradient strengths allows the separation of the
experimental time, during which the system evolves, from the gradient strength sampling,
thus removing the experimental bias. Knowing the actual evolution of the concentration,
an optimal permutation could eventually be designed. However, this knowledge is usually
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not available and such an optimal permutation not accessible, so random permutations of
the gradient list is performed. This permutation distributes randomly the concentration
variation over the whole range of gradients, actually transforming an experimental bias
into an additional random noise. The analysis of the permutated experiment leads to a
less precise measure (larger error-bars) but eventually more accurate (less systematic
error). Each realization of the random permutation may remove only partially the
systematic error, and the accuracy is improved with a larger number of gradient levels.

2.2 Experimental

DOSY NMR measurements were carried out both on a Bruker and on a Varian
instrument (for Varian experiments see SlI, $S3-S6). The Bruker instrument was a 500
Advance | NMR spectrometer, operating at 500.137 MHz for 1H, equipped with a 5 mm
TXI probe. The pulse sequence used was a longitudinal eddy current delay bipolar gradient
pulse (ledbpgp2s). An exponential gradient list of 32 values was created by using the
standard AU program dosy. Experiments were acquired with 8 scans, §/2 of 3.0 ms and A
of 150 ms, for an overall time of 23:09 min. A series of 15 DOSY measurements was
acquired at a temperature of 300 K for a total duration of 6.0 h. Before and after every
DOSY measurement, an 8 scans proton spectrum was recorded. The experiment was
duplicated, once with regularly increasing series of gradients, and once with a permutated
series.

The permutated series are computed by randomizing the sequential list of pulse
field gradient strengths, and the DOSY is measured with a new list of gradient strengths in
permutated order. This protocol has been named permutated-DOSY (p-DOSY). To
permutate the list of pulse field gradient strengths an ad-hoc python script (see SI, S7) is
employed, and the permutated list was used for acquisition and processing. On the Bruker
instrument, in order to perform and process a p-DOSY measurement, the files Difframp
and difflist created by the standard AU program dosy has to be replaced with the
permutated file versions of Difframp and difflist created by the python script. On the
Varian instrument, the permutation of the list of pulse field gradients is performed by
activating the randomization flag in the acquisition parameters.

The p-DOSY approach and its capacity to restore accuracy in the determination
of diffusion coefficients was tested using glucose anomerization as a test case for
concentration evolving systems. Thus, the diffusion coefficient of glucose was monitored
during the equilibration from pure a-glucose to the anomeric equilibrium of a and B-
glucose [28] (Figure 2-1).
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Figure 2-1: Anomerization of a-glucose to B-glucose with proton numbering.

The anomerization of a to B-glucose was followed by acquiring a series of 15
DOSY measurements for approximately 6.0 h, with a-d-glucose varying from 96.6% to
44.6%. A stock solution of 100.0 mM a-d-glucose in DMSO was prepared. 100 uL of the
glucose stock solution were added in 900 pL D20 resulting in final concentration of 10.0
mM. Glucose crystalizes in the a form, as a consequence, this form is dominant in the
solution just after dissolution.

The DOSY spectra acquired on Bruker were processed with the NMR notebook
program (version 2.7, NMRTEC France), using the DOSY MaxEnt implementation [29, 30].
The experiments performed on Varian were analyzed with the vnmrj (version 6.3)
software. In both cases, no modification had to be made to the computation protocol
despite the permutated entries in the DOSY file.

The final diffusion coefficients were calculated from the average position of the
anomeric signal for each species. Error bars were estimated as the standard deviation
along the diffusion axis of the different signals. Minor viscosity variations were
compensated by normalizing all measurements to the DMSO diffusion coefficient.

2.3 Results and Discussion

The diffusion coefficients in water of both species a and B-glucose are expected
to be very similar, as they have very similar shapes. However, they appear with quite
different diffusion coefficients when measured with a standard DOSY experiment,
acquired in a sequential manner, as can be seen in Figure 2-2 and Figure 2-4b. In
particular, the signals from the B-glucose, such as the p-H1 proton at 4.56 ppm, are found
initially at a markedly slower diffusion coefficient and recover the normal value over the
course of the experiment. This is the result of the progressive increase of concentration of
B-glucose over the duration of a single DOSY measurement, which creates a bias in the
exponential analysis of the signal. At the end of the 6 h experiment, thus at the 15" DOSY
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measurement, the diffusion recovery is not complete although the reaction is almost at
equilibrium (Figure 2-4a and Figure 2-4b).
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Figure 2-2: Overlay of two standard DOSY experiments with their corresponding 1H spectra, showing diffusion
bias for both glucose anomers, acquired at the beginning of glucose anomerization reaction (0-24 min) (blue
color) and (b) at the end of the reaction (at equilibrium) (336-360 min) (light blue color).

On the other hand, this bias is completely absent when the anomerization
equilibrium is monitored using the p-DOSY measurements, run under the same conditions
(Figure 2-3).
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Figure 2-3: Overlay of two p-DOSY experiments with their corresponding 1H spectra, showing the restoration of
diffusion accuracy of both glucose anomers, acquired at the beginning of glucose anomerization reaction (0-24
min) (green color) and (b) at the end of the reaction (at equilibrium) (336-360 min) (yellow color).

In both experiments, the diffusion coefficients of water and DMSO display the
standard values for all experiments run during the kinetics, indicating that the error on B-
glucose is not due to an experimental bias but solely due to the variation of the
concentration. Figure 2-4 presents the evolution of the DOSY signal intensities and of the
apparent diffusion coefficients over the course of the experiment. It shows that the initial
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B-glucose concentration is very low, and that the two populations equilibrate slowly, so
that 6 h are not sufficient to reach the complete equilibrium. When measured with the
standard DOSY experiment, the apparent B-glucose diffusion coefficient varies in an
anomalous manner before converging toward the correct value, while the p-DOSY
measure presents stable measurements for both species.
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Figure 2-4: (a) Concentration evolution of a, B-glucose over experimental time, measured as the intensity of the
anomeric proton peak based on 1D experiments interleaved during the p-DOSY experiment series; (b) evolution
of the apparent diffusion coefficients of a and B-glucose over experimental time based on a series of sequential
conventional DOSY measurements; (c) same as b, obtained with the p-DOSY experiment. In (b) and (c) the
horizontal dotted line is located at the diffusion coefficient of a-glucose, measured as the mean value of p-DOSY
value over the whole period.

The poor accuracy of the diffusion coefficient of B -glucose is attributed to
miscalculation of the analysis of the reference intensity, lo. The diffusion coefficient of B-
glucose consequently, appears to have an incorrect low value. This effect is stronger in the
first DOSY measurements since there is a higher kinetic rate. Similarly, the a-glucose that
evolves in the opposite direction, displays an apparent diffusion coefficient slightly larger
than expected in the first DOSY measurements. The effect is less marked because the
relative concentration variation of the a-glucose is less important than in the case of B-
glucose.

On the other hand, the experiment performed with a series of p-DOSY
measurements does not display this systematic error, and accurate values are determined
throughout the whole experiment. Because of the dispersion effect of the random
permutation operation, the systematic evolution of the concentration is transformed here
into random errors on the |, value. This added random noise has no effect on the analysis,
but disperses in a random manner the concentration variation over the gradient list, thus
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providing a way to average out bias. However, because of the added noise, a slightly less
precise determination of the diffusion coefficients is expected. This effect, while not very
strong, can be observed Figure 2-4c by the evolution of the error bars on the p-DOSY
determined diffusion coefficients. The error bars present a somewhat larger spreading in
the beginning of the kinetic and converge toward a minimal value.

In a nutshell, one can say that the p-DOSY experiment provides on
concentration evolving chemical systems, a slightly less precise, but much more accurate
determination of the diffusion coefficient than in the standard DOSY experiment.

2.4 Conclusion

The accurate estimation of diffusion coefficients is challenging in many systems
away from equilibrium such as chemical reactions or dissipative, far-from equilibrium
systems. An inherent characteristic of these systems is the evolution of the concentration
of the different components during a DOSY NMR experiment. Since the basis of a single
DOSY measurement is the analysis of the exponential decay of the signal with increasing
gradient strength. Concentration evolution, within the characteristic measurement time,
creates a bias, which can lead to large errors in the diffusion coefficient estimation. This
was observed for the test case of the anomerization of glucose. Randomizing the list of
gradient strength arrays within a single DOSY measurement, decouples the gradient
evolution from the concentration evolution and removes the bias in the analysis, thus
restoring the accuracy of the measure. The concentration evolution is still there though, as
a noise source, and may impact the precision of the measure compared to a static sample,
although its impact is minimal. Depending on the spectrometer software, this experiment
requires little or no modification of the standard procedure, and the produced data-set
can easily be analyzed using regular processing programs.

Altogether, the DOSY experiment with a randomized list of gradients (the
permutated DOSY or p-DOSY) is an unbiased experiment in the presence of an evolving
system, in contrast to conventional DOSY. It is perfectly suited for the analysis of chemical
reactions and kinetic processes of systems away from equilibrium. It can be used to
monitor the rate of reaction kinetics, to characterize in-operando transient systems or to
observe kinetics of assembly phenomena and dynamics effects. To measure kinetic rates,
the calculated, by fitting, | intensity values, acquired by a series of DOSY measurements,
can be plotted over time. Since intensity at zero gradients, |, is proportional to
concentration; the kinetic rates are represented by the slope of the curve. Other kinetic
processes, such as assembly kinetics, aggregation, formation of reactive intermediates and
dynamics effects in slow exchange can also be monitored by observing the appearance or
disappearance of components with different diffusion coefficient than the initial
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components of the mixture. Specifically, in Nanotechnology, p-DOSY is an excellent tool
for monitoring reactions on nanoparticle surfaces, such as end-group modification and
ligand exchange reactions. Moreover, by p-DOSY, assembly kinetics or aggregation of
nanoparticles could be studied by observing the shift of the diffusion coefficient to lower
values.

The robustness of p-DOSY can also be used to protect diffusion results from any
experimental artifact, such as temperature shift or spectrometer drift when such artifacts
are known and cannot be easily compensated for. As it does not add any burden in the
acquisition step nor at the processing step, spectroscopists are recommended to use p-
DOSY in these experimental cases.
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2.6 Supplementary Information

Details on glucose assignment of the 1H NMR peaks of glucose anomers, Varian
experiments and the script used for permutation are given in this section.

General details. Crystalized a-d-glucose (anhydrous, 96% purity) was purchased
from Sigma—Aldrich (USA). Deuterated solvents DMSO-d6 (99.96%) and D,0 (99.9%) were
purchased from Euriso-Top (France). All samples were measured in 5.0 mm tubes.

Glucose study by NMR. The a,B-D-glucose was studied by NMR and the
assignment of the molecule have been done, to be able to characterize the a and
protons for further analysis. This assignment is shown in the 1D spectrum in Figure S 2-1
and it corresponds to the numbering of both anomeric molecules in Figure 2-1.

B-H1 a-H3, + a-H6'a-H2, + a-HS
-H6' -H3, B-HS
a-H6+ B H B B H
B-H6, B-H4 B-H2
J J a-H4
5.0 4.5 40 3.5 3.0
f1 (ppm)

Figure S 2-1: Proton assignment of a mixture of a,B-D-glucose (42.7% a-D glucose and 57.4% of B-D-glucose) at
equilibrium
p-DOSY. The DOSY experiment and the p-DOSY experiment, measured on a-
glucose sample after solubilization at the beginning of the anomerization kinetics are
shown superimposed in Figure S 2-2. The bias on the diffusion coefficient can be seen for
the B-H1.
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Figure S 2-2: Overlay of two DOSY measurements acquired by the 1% DOSY measurement (0-24 minutes), by p-
DOSY arrays (green color) and sequential (blue color) DOSY arrays.
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Figure S 2-6: Combination of permutated and interleaved DOSY measurement between 0-24 minutes in Varian
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Permutated Difframp and difflist. Here is presented the "Permute” script to
permutate the Difframp and difflist for acquisition and processing the p-DOSY
experiments. The original Difframp, created by TopSpin when a DOSY experiment is
launched, has to be replaced by the permutated Difframp before running the p-DOSY
experiment. The same procedure has to been followed for the difflist before processing
the spectrum.

Randomizes a Difframp list
Created by DELSUC Marc-Andre and Julia Asencio on 2013-12-18.

import random
N=64 # Adapt to your system

lperm = random.sample(range(N-1), N-1)
perm = [0] + [i+1l for i in lperm]

print N, "points :", perm
filelist = ['difflist’, ’'/opt/topspin/exp/stan/nmr/lists/gp/user/Difframp’]

for fname in filelist:
F = open(fname,’'r’)
FF open(fname+’'P’,’'w’)
11 =[]
for 1 in F:
if not l.startswith('#’):
ll.append(1l)
elif 1[0:6] != '##END=':
FF.write(l)

F.close()
if len(ll) != N:
raise Exception( ‘This prgm is meant for %d points’%N )
for i in range(N):
FF.write(ll[perm[i]])
FF.write ('##END=")
FF.close()

Figure S 2-7: python permute.py script used to compute a random permutation of the standard Difframp and
difflist files, for acquisition and processing of the p-DOSY experiment.
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Chapter 3 Selective dipeptide binding
on mixed ligand gold nanoparticles by DOSY
NMR

Abstract

In this Chapter, the goal was to implement orthogonal selective interactions in
order to design nanoparticle based dipeptide receptors. For this purpose, mixed
monolayer protected gold nanoparticles (AuNPs) were decorated with the a,w-
functionalized thiols containing as recognition elements a terminal trimethylalkyl
ammonium group, an 18-crown-6 moiety, and a phenyl group, respectively. To evaluate
binding affinities, the suitability of 1H NMR chemical shift titrations method was tested.
Although, clearly visible downfield shifts of peptide signals were observed when increasing
the AuNP concentration, their extent combined with pronounced overlaps with AuNP
signals did not allow using this method for the quantification of binding strength. Turning
to DOSY NMR spectroscopy, the evaluation of binding equilibria that are fast on the NMR
timescale is based on the reduction of the diffusion coefficient of a small molecule once it
binds to a larger receptor. The resulting diffusion coefficient Dobs represents a weighted
average of the coefficients of the free and the bound states. The fraction x of bound
substrate on AuNPs was calculated for all combinations of peptides (Gly-Gly and Gly-Phe)
with AuNPs. The x value for Gly-Phe with the AuNPs containing all three functional groups
was found to be 78%, twice or more times higher than all other ligand combinations. To
evaluate peptide binding quantitatively, DOSY NMR titrations were performed with AuNPs
capped either with quaternary ammonium (NPQ) or a combination of the latter with
crown ether and aromatic groups (NPQPC). The resulting x values were plotted against
peptide concentration and the obtained curves were fitted to Langmuir isotherms. The
adsorption equilibrium constants K thus obtained amount to 4770 + 1180 M for NPq and
8260 + 1480 M~ for NPqpc, clearly confirming the increase of peptide affinity upon
combining the three ligands on the nanoparticle surface. In conclusion, this work proves
by DOSY NMR that combining different functional groups on the surface of AuNPs affords
selective receptors for dipeptides.

Part of this Chapter has been published as: S. Yapar, M. Oikonomou, A.H. Velders, S. Kubik,
Dipeptide recognition in water mediated by mixed monolayer protected gold
nanoparticles, Chemical Communications, 51 (2015)
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3.1 Introduction

esigning a synthetic receptor typically involves arranging suitable binding sites
on a molecular scaffold that mediate the interaction with a structurally
complementary substrate. While this strategy afforded numerous potent
receptors in the past, it is usually associated with a considerable synthetic
effort. A conceptually more straightforward approach involves the use of a core structure
for receptor development that allows easy decoration with a wide range of different
recognition units. In this context, nanoparticles, in particular gold nanoparticles (AuNPs),
have recently emerged as a versatile platform for the development of polyfunctional
receptors and chemosensors with applications in biology, medicine, or catalysis [1-7].

AuNPs are relatively easy to prepare with controllable size distributions thus
allowing regulation of surface curvature and number of functional groups on the gold
core. They are stable in solution once they are protected with appropriate ligands such as
organic thiols. They can be made soluble in a wide range of solvents, including water, by
varying the structures of the surface-bound ligands. The optical properties of AuNPs allow
the facile development of sensing systems, [8, 9] and substrate recognition (including the
subsequent catalytic transformation of the substrate) can benefit from multivalent effects,
or from cooperativity of different functional groups on the surface [10, 11].

The size of AuNPs, which is typically in a similar range as that of small proteins
or nucleic acids, renders AuNPs particularly useful for designing receptors that selectively
attach to protein surfaces or DNA sequences [12]. However, also AuNP-based receptors
for low molecular weight compounds have been described. Examples are Rotello's flavine
receptor, [13, 14] Scrimin's AuNPs that catalytically cleave esters or phosphodiesters, [15-
19] the receptors for nucleotide triphosphates developed by Prins, [20-24] and Rastrelli's
and Mancin's salicylaldehyde receptor [25, 26]. Yet AuNP-based receptors for small
peptides such as dipeptides are rare’ and the hypothesis that they could be accessible by
using known strategies for developing covalently constructed peptide receptors [27, 28]
was explored. In this context, inspired by a classical receptor described by Hossain and
Schneider [29]. This compound contains a crown ether moiety and a quaternary
ammonium ion along a rigid scaffold for binding to the N- and the C-terminal ends of an
unprotected peptide, respectively. Both binding sites were carefully chosen such that they
do not interact with each other so that intramolecular conformational collapse of the
receptor or its intermolecular self-aggregation is avoided. An aromatic moiety was
introduced as a third binding site to induce selectivity for peptides with aromatic side
chains. The corresponding receptor was shown to interact with dipeptides and tripeptides
in methanol and water and indeed exhibited improved affinity for peptides with aromatic
side chains in some cases.
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Figure 3-1: Ligands Q, C, P, schematic representation of the AuNPs prepared thereof using NPqpc as an example,
and structures of the peptides used as substrates.

Based on this concept analogous mixed monolayer AuNPs were devised and
their interaction with dipeptides in water was investigated. Introduction of the functional
groups required for peptide recognition was achieved by decoration of AuNPs with the
o,w-functionalized thiols Q, C and P containing as recognition elements a terminal
trimethylalkyl ammonium group, an 18-crown-6 moiety, and a phenyl group, respectively
(Figure 3-1, for ligand syntheses, see SI, Figure S 3-1-Figure S 3-6).

A quantitative measure for the binding interactions and selectivity between the
devised mixed monolayer nanoparticles and different dipeptides is the association
constant Ka [30]. Selecting the most appropriate technique to measure association
constant is rather puzzling, since many different analytical methods have been presented
in literature [31, 32]. To choose the most appropriate technique, the physicochemical
aspects of the studied system must be considered. The physical parameter, which changes
significantly when a small ligand (e.g. dipeptides) bind on a big receptor (e.g.
nanoparticles) is the apparent ligand (dipeptide) hydrodynamic radius [33]. Since diffusion
coefficients are inversely proportional to hydrodynamic radii, binding constants can
accurately be measured by Diffusion Ordered SpectroscopY titrations [34]. In the case of
slow exchange on the NMR time scale, the association constant can be determined by
monitoring the diffusion coefficients of the peaks reflecting to the free and bound state of
the dipeptide [34]. In the case of fast exchange, the nanoparticles and dipeptides have
certain diffusion coefficients in the free state corresponding to their shape and size, but
when a binding event takes place, the observed (measured) diffusion coefficient (Dgps) is a
weighted average of the free and bound diffusion coefficients (Dgee and Dpound,
respectively) [34]. For determining the association constant from diffusion NMR
measurements, the same graphical and curve-fitting methodologies used to obtain Ka
values from changes in chemical shifts in titration experiments can be used [35]. Herein
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diffusion NMR measurements were employed in order to evaluate and quantify binding
efficiency of the devised mixed monolayer AuNPs.

3.2 Experimental

AuNP synthesis was achieved by first preparing dioctylamine-protected
nanoparticles and subsequently replacing the weakly bound amine ligands with the
functionalized thiols (see SI, Figure S 3-1-Figure S 3-6 and Table S 3-1). This strategy has
the advantage of allowing a more straightforward control over the ratio of different
ligands on the AuNPs surface than the alternative strategy starting from thiol protected
AuNPs and thiol exchange reactions [36, 37]. After purification of the obtained AuNPs by
microfiltration the 'H NMR spectra exhibited broad signals of the ligands indicating
successful ligand attachment to the gold surface and the absence of unbound species.
Altogether four AuNPs were thus prepared, NPy containing only ammonium groups on the
surface and AuNPs NPqc, NPqp, and NPgpc containing, respectively, ligands C, P, or a
mixture thereof in addition to Q. Nanoparticles without ammonium groups turned out to
be insufficiently soluble to allow binding studies in water.

TEM images of the nanoparticles were by using a JEOL JEM1011 microscope
with an acceleration voltage of 80 kV. The images were processed with the program
Imagel to determine the average diameters of the nanoparticles.

All DOSY NMR measurements were performed on a 500 MHz Bruker Avance IlI
NMR spectrometer, proton frequency 500.137 MHz, equipped with a 5 mm TXI probehead
at 300 K. The pulse sequence was a stimulated echo bipolar gradient pulse (stebpgpis)
with the DOSY spectra acquired for each sample having 32 increments (exponential array),
32 scans, gradient pulse length (8) 6.0 ms and big delta (A) 150.0 ms. Samples were
prepared in D20 (99.96%) with the same nanoparticle concentrations (0.048 mM).
Diffusion coefficients of AuNPs were used to estimate the hydrodynamic radii of the
nanoparticles by using the Stokes-Einstein equation (Equation 3-1) where k is the
Boltzmann's constant, T is the temperature (300 K), n is the viscosity of the solvent (D,0),
D is the diffusion coefficient of the AuNPs, and Ry, is the hydrodynamic radius.

_ kg T
_6rmr

Equation 3-1

The diffusion coefficients of the individual species in solution were corrected by

2 5", In the case of

considering the diffusion coefficient of water (2.18 x 10° m
overlapping signals of nanoparticle and peptide peaks (for NPg and NPgpc) Dops Values

were obtained from resolving the decay of the overlapping peaks by biexponential fitting
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and using the independently determined nanoparticle diffusion coefficient as a known
value. Diffusion of HOD exhibited excellent reproducibility throughout all measurements.

For the estimation of the fraction x of bound peptides by DOSY NMR
spectroscopy, solutions were prepared by mixing stock solutions of the nanoparticles (0.08
mM, 300 pL) and of the peptides (12 mM, 3 pL) in D,0 in NMR tubes. The total volume of
the NMR tubes was adjusted to 500 uL by adding 197 uL of D,0. After recording the DOSY
NMR spectrum of each sample, the diffusion coefficients of the peptides and of the
nanoparticles were determined separately. The fraction x of bound peptides was
calculated by using Equation 3-2.

X= (Dfree - Dobs)
( Dfree - Dbound )

Equation 3-2

For the quantitative estimation of the affinity of Gly-Phe to nanoparticles NPq
and NPgpc a series of solutions were prepared containing the same nanoparticle
concentration (0.048 mM) and increasing concentrations of the peptide. Eight samples
were prepared by mixing stock solutions of the nanoparticles (0.08 mM, 300 pL) and
peptide (12 mM, 3 to 120 pL) in D,O in individual NMR tubes and adjusting the overall
volume of each sample to 500 pL. The diffusion coefficients of the peptides D, were
determined from the DOSY NMR spectra of these solutions and the corresponding
fractions of bound peptides x were calculated from equation (2) by considering the
diffusion coefficient of free peptide Djee (5.81 x 10" m® s') and of the respective
nanoparticle Dpoung (8.05 x 10 ' m? s™* for NPq and 8.00 x 10"
Dpoung Were determined from the DOSY NMR spectra of two additional samples obtained
by mixing the nanoparticle stock solution (0.08 mM, 300 uL) with D,O (200 uL) and the
peptide stock solution (12 mM, 200 pL) with D,O (300 uL). Plotting x against the peptide
concentration afforded curves that were fitted to Langmuir isotherms according to Equation

m’s " for NPgapc). Dfree and

3-3.

(Cmax * Ka)

X7 -
(14 Ky *Cpep)

Equation 3-3

The corresponding non-linear regression yielded the equilibrium constants K
and the maximum fraction of bound peptide c,..,. Relating this concentration to the one of
the nanoparticle provided information about the average number of peptides bound to
the AuNPs.
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3.3 Results and Discussion

The prepared AuNPs were characterized by UV/vis spectroscopy, transmission
electron microscopy (TEM), and DOSY NMR spectroscopy. In the UV/vis spectra of NPy
solutions in water a very weak absorption band at ca. 515 nm was observed (see SI, Figure
S 3-8), indicating that the average diameter of these AuNPs is around 2 nm [38]. The TEM
images of the four AuNPs revealed mostly small particles with a relatively narrow size
distribution and only few larger particles (Figure 3-2-Figure 3-5).
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Figure 3-2: TEM image of NPq.
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Figure 3-3: TEM image of NPqc.
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Figure 3-4: TEM image of NPqp.
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Figure 3-5: TEM image of NPgpc.

The hydrodynamic diameters of the prepared AuNPs were calculated by using
the Stokes-Einstein Equation 3-1 from the diffusion coefficients measured by DOSY NMR
[34]. An example of a DOSY spectrum of the nanoparticles is given in Figure 3-6.
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Figure 3-6: DOSY NMR spectrum of NPq in D,0.

The average diameters dTEM of the gold cores estimated from the TEM images
are summarized in Table 3-1. This table also contains the hydrodynamic diameters of the
prepared AuNPs obtained by DOSY NMR [34]. Comparison of dDOSY with the
corresponding dTEM values indicates that the surface layers of the AuNPs have
thicknesses of ca. 1.6 nm.

Table 3-1: Averaged diameters of mixed monolayer AUNPs NPq, NPqc, NPqp, and NPgpc.

AuNP drem’ / NM D°/ m%™ dposy’ / nm
NPq 1.9 8.1x10™" 5.0
NPqc 2.5 7.3x10™" 5.6
NPgp 2.6 71x10" 5.7
NPgpc 1.9 8.0x10™" 5.0

® Average diameters determined by transmission electron microscopy; ® diffusion coefficients determined by
DOSY NMR spectroscopy in D,0 (99.96%) at 300 K; © hydrodynamic diameters calculated from D by using the
Stokes-Einstein equation.

For understanding the contribution in binding of the three different thiol ligands
on these AuNPs, the ratio of the ligands could not be estimated directly from the 'H NMR
spectra because of pronounced signal broadening (Figure 3-7).
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Figure 3-7: "H NMR spectrum of NPq in D,0 (bottom) in comparison with the spectrum of the protected ligand Q
(top) in the same solvent.

Therefore, the nanoparticles were decomposed and the ligands released by
addition of iodine to a nanoparticle solution in methanol-d, [39]. The 'H NMR spectra of
the respective solutions exhibited sharp signals, which allowed calculation of the relative
amount of each ligand in the mixture by integration of characteristic ligand signals. By
performing these measurements in the presence of an internal standard with known
concentration also allowed assessing the total amount of ligands on each nanoparticles as
well as average nanoparticle composition (Table 3-2, for details see S, Figure S 3-7). The
molecular weight of the nanoparticles was calculated by assuming the composition Auqs,
(SR)eo and considering the NMR spectroscopically determined ratio of the ligands Q, C, P
on their surfaces. Thus, it was ensured that every solution contained an almost equal
amount of AuNPs. The obtained compositions are in good agreement with compositions
calculated for such AuNPs by using the theoretical model proposed by Leff et al [40],
indicating that the chosen synthetic strategy allows a reliable control over surface
composition.

Table 3-2: Relative amounts of ligands Q, C, and P on the surfaces of AUNPs NPq, NPqc, NPgp, and NPgpc.”

AuNP Q/ c/ P/ Amount of Ligand Experimental  Theoretical Average
% % % ligands molecules/ #of ligands tof ligands Composition
per #Au atoms calculated
nanoparticle by Leff et
/mol mg™ al [39]
NPq 100 8.76 x10” 4.29 49 53 Au11Que
NPqc 53 47 7.47 x 10”7 4.84 99 92 Auss1Qs25Ca65
NP 47 53 8.21x10” 4.69 115 99 Aus41Qs4.0Pe1.0
NPqgpc 48 25 27 8.57x107 4.17 51 53 AU,11Q245C128P137

? Determined *H NMR spectroscopically after iodine decomposition of the respective nanoparticle, with an
estimated error of £ 5 %.
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Table 3-2 shows that all AuNPs contain at least ca. 50% of ligand Q to ensure
water solubility. The other half is made up of either the same type of ligand in the case of
NP, another ligand type in the case of NPqc and NPgp, or an approximate 1:1 mixture of
ligands C and P in the case of NPqpc. In light of their overall average compositions, these
nanoparticles likely feature surface arrangements with functional groups of different
ligands located in close proximity, allowing cooperative action in substrate binding.

To evaluate whether 'H NMR spectroscopy is a suitable method to quantify
binding of peptides to the prepared AuNPs, increasing amounts of NPy were added to a
solution of the dipeptide Gly-Gly in D,0. Small but clearly visible downfield shifts of
peptide signals were observed when increasing the AuNP concentration, indicating an
interaction between the dipeptide and the nanoparticles. The extent of these shifts
combined with pronounced overlaps with AuNP signals did not allow using this method for
the quantification of binding strength, however. In the case of Gly-Phe, the position and
multiplicity of some peptide signals further complicated '"H NMR spectroscopic binding
studies. Turning to DOSY NMR spectroscopy to gain insight into the correlation of surface
composition and peptide affinity was considered as an appropriate solution. The results of
these binding studies, which involved the use of dipeptides Gly-Gly and Gly-Phe as
substrates and D,0 as solvent, are summarized in Table 3-3.

Table 3-3: Fractions  of bound dipeptides to the functionalized nanoparticles.’

AuNP X (Gly-Phe) / % X (Gly-Gly) / %
NPq 38 32
NP 31 23
NPg 21 19
NPQpc 78 48

® Determined by DOSY NMR spectroscopy in D,0 (99.96%) at 300 K and total ligand concentrations of 1.9 + 0.1
mM and peptide concentrations of 0.072 mM.

Table 3-3 shows that the DOSY NMR measurements provide clear evidence for
the interaction between the peptides and the AuNPs. Moreover, the determined fractions
of bound peptides x depend on the functional groups present on the particles. AUNP NP,
containing only quaternary ammonium ions binds to Gly-Gly and Gly-Phe with similar
affinity, presumably by electrostatic interactions between the ammonium groups on the
AuNP surfaces and the peptide carboxylate groups. The additional presence of the crown
ether in NPqc or the aromatic groups in NPqp has a small and not necessarily beneficial
effect on the overall affinity although it must be considered that these AuNPs only contain
half the number of the quaternary ammonium groups in comparison to NPq. Thus, in
contrast to Schneider's low molecular weight receptor a pronounced cooperativity of the
ammonium and the crown ether groups in binding to the terminal ends of short peptides
could not be observed for NPoc [27, 28]. Nanoparticle NPqpc, however, exhibits a higher
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affinity than the other AuNPs, maybe because the presence of additional aromatic units is
required to induce an arrangement of the quaternary ammonium ions and crown ether
moieties on the particle surface that allows their cooperative action in peptide binding.
This effect is substantially more pronounced for Gly-Phe binding, indicating that aromatic
interactions are likely to contribute to complex stability.

To evaluate peptide binding quantitatively, DOSY NMR titrations were
performed with NPy and NPgc during which the Gly-Phe concentrations were
progressively increased while keeping those of the nanoparticles constant. The resulting x
values were plotted against peptide concentration and the obtained curves were fitted to
Langmuir isotherms (Figure 3-8, for details, see SI, Table S 3-3 and Figure S 3-9 and Figure
S 3-10) [41, 42]. Titrations using other batches of independently prepared nanoparticles
were performed analogously (see SI, Table S 3-5). The equilibrium constant obtained for
binding of Gly-Phe to NPq is the same as the one obtained in Table s 3-5 within the error
limits (3880 + 860 M™"). The one for NPgqpc is slightly different (6090 + 1380 M™), clearly
confirming the increase of peptide affinity upon combining the three ligands on the
nanoparticle surface. The Langmuir treatment also yielded the maximum concentration of
bound peptides as a second fitted parameter, which showed that NPy and NPqp¢ bind,
respectively, 2.6 and 3.6 peptide molecules on average (see Sl, Table S 3-5).

1.0

0.8 1

i
b

0.0 0.5 1.0 15 2.0 2.8
¢(Gly-Phe) / mM
Figure 3-8: Dependence fraction of bound Gly-Phe to NPQ (filled circles) and NPQPC (open circles) determined

spectroscopically by DOSY NMR on peptide concentration and fitting of the data to Langmuir isotherms. The
points represent the experimental data and the lines the fitted curves.

In conclusion, this work shows that combining different functional groups on
the surface of AuNPs affords receptors for low molecular weight compounds, in this case
for peptides. The individual functional groups on these AuNPs contribute to substrate
recognition by presenting specific binding sites and/or surface arrangements suitable for
substrate binding. The attractiveness of the presented approach lies in the ease with
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which the receptors can be prepared once a library of functional thiols is available and its
enormous flexibility.

3.4 Conclusion

In conclusion, this work shows that combining different functional groups on
the surface of AuNPs affords receptors for low molecular weight compounds, in this case
for dipeptides. The individual functional groups on these AuNPs contribute to substrate
recognition by presenting specific binding sites and/or surface arrangements suitable for
substrate binding. The attractiveness of the presented approach lies in the ease with
which the receptors can be prepared once a library of functional thiols is available and its
enormous flexibility. The sensitivity of DOSY NMR to the inherent size differences between
ligands and receptors, often encountered in nanoparticle molecular recognition systems,
turns DOSY NMR into an excellent candidate for the elucidation of supramolecular
interactions on nanoparticle interfaces.
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3.6 Supplementary Information

Details on the ligand syntheses, nanoparticle synthesis, functionalization and
characterization, and binding studies by DOSY NMR are given in this section.

Ligand Syntheses.

General details. Analyses were carried out as follows: melting points, Miller
SPM-X 300; NMR, Bruker DPX 400; MALDI-TOF-MS, Bruker Ultraflex TOF/TOF; elemental
analysis, Elementar vario Micro cube; IR, FT-IR System Spectrum BX, Perkin-Elmer; Silica
gel 60 A (0.06-0.20 mm) Acros Organics, Silica gel 60 (flash) (0.04-0.06 mm) Macherey-
Nagel. All starting materials are commercially available and were used without further
purification.

Synthesis of 8-(Acetylthio)octanoic Acid. To a solution of 8-bromooctanoic acid
(3 g, 13.4 mmol) in methanol (100 mL), potassium thioacetate (3 g, 26 mmol) was added
and the mixture was refluxed for 24 h. After cooling, the solvent was evaporated and the
crude product was dissolved in dichloromethane (50 mL). The solution was extracted
three times with water, the organic layer was dried, and the solvent was evaporated. The
obtained material was purified by column chromatography (Sio,,
dichloromethane/hexane, 1:1) to afford the product as beige solid. Yield: 2.5 g, 85%;

'H NMR (400 MHz, 25 °C, CDCl,) & = 2.86 (t, 2H, *J = 7.3 Hz, SCH,), 2.35 (t, 2H, *J = 7.6 Hz,
COCH,), 2.33 (s, 3H, SCOCH5); 1.65-1.55 (m, 4H, 2 x CH,), 1.38-1.34 (m, 6H, 3 x CH,) ppm;
C NMR (100.6 MHz, 25 °C, CDCl3) 6 = 196.9, 180.2, 34.6, 31.1, 30.1, 29.8, 29.6, 29.4, 29.3,
25.3 ppm; IR wavenumber/cm™: 3474 (m), 2931 (m), 2858 (w), 1723 (w), 1660 (s), 1487
(w), 1438 (m), 1408 (m), 1386 (s), 1255 (m), 1090 (s), 1063 (w), 658 (s).

Synthesis of Ligand Q. To a solution of 8-(acetylthio)octanoic acid (600 mg, 2.7
mmol) in Dichloromethane (50 mL) and dimethylformamide (5 mL), N,N'-
dicyclohexylcarbodiimide (800 mg, 3.9 mmol) and 4-dimethylaminopyridine (50 mg, 0.4
mmol) were added, followed by 2-amino N,N,N-trimethyl ethanaminium chloride (500 mg,
3.6 mmol). The reaction mixture was refluxed for 16 hours under a nitrogen atmosphere.
Afterwards, the solvent was evaporated, cold acetone (2 mL) was added to the residue,
and the solution was filtered to remove residual DCU. The filtrate was evaporated and the
addition of acetone, filtration, and evaporation was repeated twice more. The crude
product was thus obtained as light yellow sticky oil. Further purification was achieved by
flash column chromatography (SiO,, methanol). Fractions containing the product were
collected and evaporated to dryness. The residue was dissolved by addition of
dichloromethane (2 mL), and the resulting suspension was filtered to remove silica gel.
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The filtrate was evaporated to afford the product as colorless sticky oil. Yield: 650 mg,

60%;

'H NMR (400 MHz, 25 °C, CDCl3) 6 = 8.69 (s, 1H, NH), 3.74 (m, 4H, 2 x NCH,), 3.38 (s, 9H,
N(CHs)s), 2.77 (t, 2H, 3J = 7.5 Hz, SCH,), 2.25 (s, 3H, SCOCH;), 2.22 (t, 2H, 3 = 7.7 Hz,
COCH,,), 1.60-1.42 (2 x m, 4H, 4 x CH,), 1.18-1.29 (m, 6H, 3 x CH,) ppm; “*C NMR (100.6
MHz, 25 °C, CDCl;) 6 = 196.2, 174.8, 65.8, 54.2, 36.2, 34.4, 30.7, 29.4, 29.1, 29.1, 28.8,
28.6, 25.3 ppm; IR wavenumber/cm™: 3364 (m) 3252 (m), 3026 (w), 2928 (s), 2855 (m),
1687 (s), 1654 (s), 1541, 1480, 1353, 1133, 955; MALDI-TOF MS m/z (%): 303.1 (100) [M-
Cl]"; elemental analysis calcd (%) for C;5H3,CIN,0,5-0.5H,0: C 51.78, H 9.27, N 8.05, § 9.22;
found C51.64, H9.00, N 7.91, S9.13.
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Figure S 3-1: "H NMR spectrum of ligand Q in CDCls.
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Figure S 3-2: BCNMR spectrum of ligand Q in CDCls.

Synthesis of Ligand C. To a solution of 8-(acetylthio)octanoic acid (160 mg, 0.7
mmol) in dichloromethane (30 mL) and dimethylformamide (3 mL), N,N'-
dicyclohexylcarbodiimide (185 mg, 0.9 mmol) and 4-dimethylaminopyridine (12 mg, 0.1
mmol) were added, followed by 4'-aminobenzo-18-crown-6 (200 mg, 0.6 mmol). The
resulting reaction mixture was refluxed for 16 h under a nitrogen atmosphere. Afterwards,
the solvent was evaporated and the product was purified chromatographically (SiO,, ethyl
acetate) to afford a white powder. Yield: 170 mg, 54 %; mp. 113-115 °C;

'H NMR (400 MHz, 25 °C, CDCl;) & = 7.30 (s, 1H, PhH), 6.98 (s, 1H, NH), 6.76 (s, 2H, PhH);
4.11-4.05 (2 x m, 4H, 2 x OCH,), 3.83-3.85 (m, 4H, 2 x OCH,), 3.62-3.70 (m, 12H, 6 x OCH,),
2.79 (t, 2H, ¥ = 7.3 Hz, SCH,), 2.27-2.23 (m, 5H, COCH,, SCOCHs), 1.70-1.61 (m, 2H, CH,),
1.55-1.44 (m, 2H, CH,), 1.29-1.35 (m, 6H, 3 x CH,) ppm; **C NMR (100.6 MHz, 25 °C, CDCl5)
6=196.2,171.1, 149.2, 145.4, 132.2, 114.8, 112.1, 106.9, 70.8, 70.8, 70.7, 70.6, 69.7, 69.6,
69.5, 68.9, 37.5, 30.7, 29.4, 29.0, 28.7, 28.5, 25.4 ppm; IR wavenumber/cm_l: 3285 (m),
3075 (w), 2929 (m), 2854 (m), 1681 (s), 1650 (s), 1601 (w), 1544 (m), 1513 (m), 1410,
1247, 1126 (s), 1086, 1055, 947, 845, 721; MALDI-TOF MS m/z (%): 527.4 (63) [M+H]+,
550.5 (100) [M+Na]’, 566.5 (68) [M+K]"; elemental analysis calcd (%) for CysH,sNOgS: C
59.18, H 7.83, N 2.66, S 6.08; found C 59.16, H 8.06, N 2.62, S 5.67.
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Figure S 3-4: *C NMR spectrum of ligand C in CDCls.
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Synthesis of Ligand P. To a solution of 8-(acetylthio)octanoic acid (500 mg, 2.3
mmol) in dichloromethane (30 mL), N,N'-dicyclohexylcarbodiimide (700 mg, 3.4 mmol)
and 4-dimethylaminopyridine (70 mg, 0.6 mmol) were added, followed by 3-
phenylpropanamine (0.27 mL, 1.9 mmol). The resulting reaction mixture was refluxed for
16 h under a nitrogen atmosphere. Afterwards, the solvent was evaporated and product
was purified chromatographically (SiO,, acetone/hexane, 1:1). The yellow solid collected
after evaporation of the product fractions was dissolved in dichloromethane and
precipitated in cold ether. The beige product was collected by filtration, washed with
ether, and dried. Yield: 480 mg, 75 %; mp. 205-207 °C;

'"H NMR (400 MHz, 25 °C, CDCl3) & = 7.33-7.04 (m, 5H, PhH), 5.32 (s, 1H, NH), 3.22 (¢°*,
2H, %) = 6.6 Hz, NCH,), 2.78 (t, 2H, *J = 7.2 Hz, SCH,), 2.59 (t, 2H, *J = 7.6 Hz, PhCH,), 2.25 (s,
3H, SCOCHs), 2.04 (t, 2H, *J = 7.5 Hz, COCH,), 1.77 (q, 2H, *J = 7.3 Hz, CH,), 1.43-1.54 (m,
4H, 2 x CH,), 1.19-1.24 (m, 6H, 3 x CH,) ppm; *C NMR (100.6 MHz, 25 °C, CDCl3) 6 = 196.1,
173.1, 141.4, 128.4, 128.3, 126.0, 39.2, 36.6, 33.3, 31.2, 30.6, 29.4, 29.0, 28.7, 28.5, 25.6
ppm; IR wavenumber/cm™: 3325 (m), 3063 (w), 3029 (w), 2926 (m), 2851 (m), 1682 (m),
1640 (s), 1544 (s), 1452 (w), 1244 (m), 1115 (m), 1088 (m), 744, 698, 634; MALDI-TOF MS
m/z (%): 336.3 (100) [M+H]", 358.3 (56) [M+Na]’, 374.3 (10) [M+K]"; elemental analysis
caled (%) for CigHpNO,S: C 68.02, H 8.71, N 4.18, S 9.56; found C 67.44, H 8.88, N 4.07, S
9.29.
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Figure S 3-5: 'H NMR spectrum of ligand P in CDCl.
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Figure S 3-6: BCNMR spectrum of ligand P in CDCls.

General Procedure of the Deprotection of the Ligands. The protected ligands Q,
C, P (0.2 mmol) were dissolved in degassed methanol (2 mL) in separate vials and the
solutions were purged thoroughly with argon. Afterward, HCl in dry 1,4-dioxan (5 N, 2 mL)
was added to each solution and the resulting mixtures were stirred at 25 °C under argon.
The reactions were followed by '"H NMR spectroscopy, which revealed progressive
disappearance of the methyl signals of the thioacetate groups. After 4 h, each sample was
evaporated under vacuum and the thiols thus obtained were kept under argon to prevent
disulfide formation.

Nanoparticle Syntheses and Characterization

Synthesis of Dioctylamine-protected Gold Nanoparticles (NP,). A solution of
HAuCl;-3 H,0 (40 mg, 0.12 mmol) in water (15 mL) was mixed with a solution of
tetraoctylammonium bromide (2.18 g, 4 mmol) in degassed toluene (100 mL). The yellow
aqueous solution turned colorless and the organic layer became reddish-orange. Di-n-
octylamine (2.78 mL, 9.2 mmol) was added and the mixture was vigorously stirred for 40
min while the color disappeared. Afterwards, a solution of NaBH, (37 mg, 0.97 mmol) in
H,0 (10 mL) was added within 20 s under vigorous stirring. The solution was stirred for
another 3 h. Then, the aqueous layer was separated and the remaining resulting
nanoparticle solution was kept under a nitrogen atmosphere for 24 h at 10 °C.
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Synthesis of Mixed-Monolayer Gold Nanoparticles. Deprotected ligands Q, P,
and C were dissolved in degassed methanol (2 mL) separately or as mixtures in the desired
ratios and added to the solution of NP, (40 mL) under an argon atmosphere in a closed
vial. This reaction mixture was stirred for 2 h at 25 °C. Afterwards, water (2 ml) was added
and the nanoparticles were transferred to the aqueous layer by stirring for 30 min. The
aqueous layer was separated, the solvent was removed, and the nanoparticles were
purified four times by dissolving them in methanol and removing the solvent by
centrifugation through a molecular weight cutoff membrane (Hydrosart membrane, 5K).
The nanoparticle layer was collected and dried. Purity was checked by 'H NMR
spectroscopy using D,0 as solvent. Typical yields: 15-20 mg.

Table S 3-1: Conditions used for the preparation of nanoparticles NPq, NPqc, NPqp, NPgpc.

nanoparticles NP4 solution / mL Q/ mmol C/ mmol P/ mmol
NPq 40 0.04 - -
NPqc 40 0.02 0.02 -
NPqp 40 0.02 - 0.02
NPqpc 40 0.015 0.015 0.015

lodine Decomposition. lodine decomposition of the nanoparticles in the
presence of an internal standard (2,4,6-trimethoxy-1,3,5-triazine) followed by 'H NMR
spectroscopic investigation of the resulting solution was used to determine the ratio of
ligands bound to nanoparticle core. To a sample of a functionalized nanoparticle (3 mg, ~
0.06 pmole) in an NMR tube, a solution of iodine (25 mg, 0.098 mmole) in methanol-d,
(0.5 mL) followed by a stock solution of 2,4,6-trimethoxy-1,3,5-triazine (73 mM, 100 pL) in
methanol-d, were added. The resulting mixture was sonicated for 30 min at 40 °C to
complete the decomposition of the nanoparticles. Afterward, a 'H NMR spectrum was
recorded and the ratio of the integrals of characteristic signals from the individual ligands
were estimated by also considering the respective number of absorbing protons.
Specifically, the signal of the N-methyl group of Q at 3.09 ppm, corresponding to 9
protons, the signals of aromatic protons of C at 7.20 and 6.90-6.77 ppm, corresponding to
1 and 2 protons, respectively, and the signal of the aromatic protons of P between 7.16-
7.02 ppm, corresponding to 5 protons, were used. Complete decomposition of the
nanoparticles was ensured by relating the integral of the signal of the internal standard
(3.95 ppm) to the experimental integrals of ligand signals as well as the expected ones
calculated on the basis of the amount of nanoparticles used and their composition.
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Figure S 3-7: "H NMR spectrum of NPgpc in methanol-d, after I, decomposition.

UV/vis Spectroscopy. NPy was characterized by UV/vis spectroscopy (Varian
Cary 100 Conc UV/vis Spectrophotometer) to estimate the average size of the
nanoparticles. To this end, a solution of NPy (2 uM) in water was prepared and the UV/vis
spectrum recorded in the range 200-800 nm. The spectrum exhibits a very weak
absorption band at ca. 515 nm indicating that the average diameter of gold core of NPq is

below 2 nm.
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Figure S 3-8: UV/vis spectrum of NPq (0.2 uM) in water.
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Estimation of the fraction x of bound peptides by DOSY NMR spectroscopy.

Table S 3-2: Diffusion coefficients Dfree of peptides Gly-Phe and Gly-Gly (4.8 mM) and of the prepared mixed
monolayer nanoparticles Dbound (0.048 mM) in water and diffusion coefficients Dops of the peptides (0.072 mM)
in the presence of nanoparticles (0.048 mM).

Diree Dbound Dobs X

/x10°m?s™ /x10°m? s /x10°m? s /%

NPq + Gly-Phe 5.81 0.81 3.93 38

NPqc + Gly-Phe 5.81 0.72 474 31
NPgp + Gly-Phe 5.81 0.74 4.24 21
NPgpc + Gly-Phe 5.81 0.80 1.91 78
NPq + Gly-Gly 7.49 0.81 5.36 32

NPqc + Gly-Gly 7.49 0.72 5.94 23
NPgs + Gly-Gly 7.49 0.74 6.22 19
NPgpc + Gly-Gly 7.49 0.80 4.25 48

Quantitative evaluation of peptide affinity.

Table S 3-3: Results of the titration of NPq with Gly-Phe.

Cpep /MM Dobs X
/x10"°m?st
0.072 3.93 0.377
0.144 4.58 0.248
0.288 4.88 0.188
0.567 5.17 0.131
0.096 5.41 0.083
0.120 5.39 0.086
0.144 5.46 0.073
0.216 5.44 0.076
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Figure S 3-9: Dependence of the DOSY NMR spectroscopically determined fraction of bound Gly-Phe to NPq on

peptide concentration.

Table S 3-4: Results of the titration of NPqpc with Gly-Phe.

Cpep Dobs
10
/x10"m*s*

X

0.072

0.779

0.288

0.395

0.096

0.786

0.547

0.144
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Figure S 3-10: Dependence of the DOSY NMR spectroscopically determined fraction of bound Gly-Phe to NPgpc on
peptide concentration.

Table S 3-5: Summary of the results of the titrations

AuNP K/ M71 Cmax/ mM cmax/ Cnp
NPq 4770 + 1180° 0.100 2.1
NPgpc 8260 + 1480° 0.143 3.0

a The calculated errors describe the goodness of the fit of the regression curve and the experimental results.
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Chapter 4 Ternary quantum dot
supramolecular networks for selective lectin
detection

Abstract

A versatile, tunable and selective nanoparticle-based lectin biosensor is
presented, based on flocculation of ternary supramolecular nanoparticle networks (NPN),
where NPN form due to sequential binding events of three orthogonal building blocks. The
three building blocks are B-cyclodextrin-capped CdTe quantum dots, tetraethylene glycol-
tethered mannose-adamantane cross-linkers (ADTEGMan) and the tetravalent lectin
Concanavalin A. The working principle of this selective sensor lies in the dual orthogonal
molecular interactions of the linker, combining, on one hand, adamantane- B-cyclodextrin
interactions and on the other hand, mannose-lectin interactions. Only when lectin is
present, sequential binding events take place; from quantum dot to linker and from linker
to lectin, leading to self-organization in-situ of the sensor through the formation of ternary
supramolecular networks. Monitoring the loss of fluorescence signal of quantum dots in
solution over time, caused by controlled network formation and consecutive flocculation
and sedimentation, leads to selective, qualitative and quantitative lectin detection.
Fluorescent sedimented networks can be observed by naked-eye or under UV illumination
up to 10°® M. Quantitative detection is possible at 100 minutes with lower quantitation
limit of approximately 4.0 x 10° M.

Part of this Chapter is based on: M. Oikonomou, J. Wang, R.R. Carvalho and A. H. Velders,
Ternary Supramolecular Quantum Dot Network Flocculation for Selective Lectin Detection,
Accepted in Nano Research.
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4.1 Introduction

upramolecular Nanoparticle Networks (NPN) have been employed lately as a

biosensing methodology for detection of a wide range of biomolecules such as

nucleic acids [1-3], proteins [4, 5] microbes [6, 7], cell-receptors [8] and even

in vivo cells or tissues as a whole [9]. NPN biosensors are advantageous
because they combine the intrinsic properties of the core nanoparticle material with the
orthogonality and dynamic nature of the supramolecular interactions [10]. These
properties can be tuned on demand to design ultrasensitive, highly selective, versatile and
often on-spot biosensors [1, 2, 11-13].

The majority of supramolecular NPN biosensors are based on the formation of
secondary supramolecular networks, which consist of two building blocks, functionalized
nanoparticles bearing recognition moieties and the target biomolecule. In secondary NPN
biosensors, the biosensing strategies can be categorized in monitoring the assembly
process or the concomitant disassembly of NPN [2] caused for example by competitor
molecules [3, 14] enzyme cleaving of linkers [14], or other physicochemical triggers [3, 15,
16]. The next step for improving the tunability and selectivity of biosensors, is the
transition from secondary to ternary supramolecular NPN [17, 18] where NPN form due to
sequential binding events of three orthogonal building blocks. The three building blocks
are functionalized nanoparticles and bifunctional bridging molecules orthogonal to both
the nanoparticle ligand and the target biomolecule.

The wide occurrence of lectins in nature (plants, animals, bacteria and viruses)
with numerous biological roles is subject of study in various scientific fields such as plant
biology, immunology, food science and clinical biochemistry [6, 17, 19-24]. NPN
biosensors [25-27] have been extensively applied to unravel the occurrence, pattern
recognition and biological role of multivalent sugar-specific-binding proteins called lectins
[28]. For example, NPN have been used for plant lectin classification [20] discriminating
each lectin from a mixture of lectins. Clinically some of the theranostic applications of
lectins include bacterial detection, [6, 21] HIV inhibition, [23] and cancer detection [19]. In
food science, NPN-based assays have been developed for the detection and screening of
toxic and allergenic lectins [24]. Thus, developing label-free, easy to use and highly
selective lectin-based biosensors has an enormous potential use in many scientific fields.

Samanta et al have recently shown an elegant approach applying ternary
supramolecular networks for isolation of lectins using magnetic nanoparticles; fluorescent
labels were separately added to follow and characterize the process [17]. Herein a
guantum-dot based sugar-selective fluorescent lectin sensor is reported, which assembles
in-situ upon addition of a sugar-specific lectin. The building blocks of the sensor are B-
cyclodextrin-capped CdTe quantum dots (B-CD-QD) with maximum emission wavelength
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at 671 nm, tetraethylene glycol-tethered mannose-adamantane linkers (ADTEGMan) and
Concanavalin A (ConA). ConA was chosen as a model lectin since it is a very well-studied,
tetravalent mannose-binding lectin with various biomedical applications [6, 29-31]. The
success of this sensor lies in the dual orthogonal molecular interactions of the ADTEGMan
linker. The linker exhibits binding not only with the B-CD-QD but also with the lectin. Thus,
the sensor self-organizes in-situ, forming ternary supramolecular networks, only when the
lectin is present. Consequently, upon addition of ConA in a mixture B-CD-QD and
ADTEGMan, the fluorescence intensity decreases, as the networks form, flocculate and
sediment (Figure 4-1).
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Figure 4-1: Representation of formation of ternary supramolecular network upon addition of ConA to a solution
of B-CD-QD and ADTEGMan; once formed the NPN sediment and the solution loses fluorescence

In the past, when designing and using lectin biosensors, sedimentation of NPN
was considered rather unwanted because the detection was based typically on SPR signal
or UV-Vis absorption [32, 33]. Moreover, identification and isolation of lectins was
possible upon application of a magnetic field [17]. Recently, however, there have been a
few examples in literature, where flocculation and sedimentation was induced on purpose
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for developing a new generation of sensors. Based on nanoparticle flocculation assays,
Wee et al. presented a rapid, qualitative DNA sensor [1]. In another case, demonstrated
by Earhart et al., the inhibition effect of a glycoprotein on the flocculation kinetics of
nanoparticle-Concanavalin A networks, allowed for screening the biochemical activity of
the synthesized nanoparticles [34].

Therefore, the lectin sensor was designed such as controlled assembly,
flocculation and sedimentation of ternary supramolecular networks leads to qualitative
and quantitative detection [35]. This is the first example of ternary supramolecular
networks that quantitatively detect biomolecules by flocculation assay reported in
literature. On-spot detection by naked-eye or UV illumination is also possible up to a
concentration of 10® M of ConA.

4.2 Experimental

Water-soluble CdTe quantum dots capped with thioglycolic acid [36] exhibiting
emission at 67010 nm were purchased from Plasmachem (Germany). Dolichos biflorus
(DBA), Ricinus communis | (RCA;50), Soyabean Agglutinin (SBA) and Wheat Germ agglutinin
(WGA) were purchased from Vector Labs. Concanavalin A was purchased from Sigma
Aldrich with and without fluorescent label. Five fluoresceins were estimated to be
attached on Concanavalin A by comparing it to the fluorescence of free fluorescein. For
binding studies samples were prepared in PBS buffer saline 0.01 M with MgZ+ 0.015 mM,
Mn* 0.011 mM, Ca*”0.011 mM and 0.008 % w/v NaNs.

B-CD-QDs were synthesized by exchanging carboxyl-terminated monothiol
ligands of the capped quantum dots with heptakis-thiolated B-CD after overnight stirring
in water [37]. Purification of B-CD-QD is performed by spin-filtration. Heptakis-thiolated
B-CD used for the ligand exchange is synthesized in two steps and ADTEGMan in three
steps comprising only one column purification. Both building blocks are synthesized by
modified protocols reported elsewhere; see supporting information for details [38-40].

For characterizing the modified B-CD-QDs 1H NMR, DOSY NMR and TEM was
used, see supporting information. For monitoring and characterizing the network
formation, flocculation and sedimentation DLS, steady-state fluorescence and TEM was
used.

For the quantitative assay at different lectin concentration, 8.0 x 10° M of B-CD-
QD and ADTEGMan at 1.4 x 10 M was used. For obtaining quantitative fluorescence data,
the quantum dot emission peak at 671 nm was monitored in time, as the networks form,
flocculate and precipitate. For the selectivity experiments four different lectins (Dolichos
biflorus (DBA), Ricinus communis | (RCA;,;), Soyabean Agglutinin (SBA) and Wheat Germ
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agglutinin (WGA)) were used. In these experiments, the quantum dot fluorescence at 671
nm was monitored in time. For calculating the binding stoichiometry, fluorescein labeled
Concanavalin A was used and the fluorescence emissions of quantum dots, at 671 nm and
also at 519 nm the fluorescein attached on Concanavalin A was monitored.

4.3 Results and Discussion

The synthesis of ADTEGMan involved three steps (see SI, Figure S 4-1). First,
bromoadamantane was coupled to tetraethylene glycol, then a peracetylated mannose
was attached and last deprotection of the mannose moiety yielded the final linker. The
synthesis of heptakis-thiolated B-CD used for the ligand exchange involved two steps, first
the bromination of B-CD and then thiolation with thiourea (see S, Figure S 4-2). For the
guantum dot modification with B-CD, a ligand exchange reaction was performed by adding
excess of heptakis-thiolated B-CD. The reaction successfully exchanges coordinating
monothiol ligands such as thioglycolic acid with thiols of higher valency [41].

Verification of the ligand exchange was performed by 1H NMR and DOSY NMR.
By 1H NMR broad cyclodextrin peaks are observed, indicating the confinement of
cyclodextrin on the nanoparticle surface.

The size of the core of the modified B-CD-QD was characterized by TEM and
found to be 2.2 nm (see SI, Figure S 4-4). According to DOSY NMR, the broadened
cyclodextrin peaks of the proton spectrum correspond to nanoparticles with a
hydrodynamic radius of 3.0 nm, proving that the cyclodextrins are covering the
nanoparticle surface (see Sl, Figure S 4-4). Considering that cyclodextrin has a half-height
of 0.8 nm, the hydrodynamic radius obtained by the DOSY agrees perfectly with the
expected theoretical radius size (2.2 nm+0.8 nm=3.0 nm). The fluorescence emission B-
CD-QD is at 671 nm by exciting at 450 nm.

For developing a supramolecular sensor, the choice of the amounts and
respective ratios of the amounts between all building blocks is crucial. The estimation of
the number of cyclodextrins was done by the following rationale. Every quantum dot
(r=2.2 nm) has a surface area of approximately a sphere, thus 61 nm” and, in an ideal
monolayer, every cyclodextrin (r=0.45 nm) occupies a surface area of a circle, thus 0.64
nm’. Considering that the packing of circles on a sphere is approximately 90% [42], then
every quantum dot is considered to bear ideally 86 cyclodextrins, if there is no steric
hindrance. For the quantitative assay, B-CD-QD and linker concentrations were optimized
in order to obtain fast response times upon addition of lectins (see SI, Figure S 4-6 and
Figure S 4-7). After optimization, in all cases 8.0 x 10® M of B-CD-QD and ADTEGMan at 1.4
x 10° M were used. Since 146 of cyclodextrins are estimated to be on one quantum dot,
the ratio of the effective concentration of B-CD and ManTEGAD is 0.4, there is therefore
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an excess of linker. The binding strength of the adamantane-cyclodextrin interactions is
7.2x10" M [38] and the binding strength of each sugar binding lectin site with mannose is
around 8.2x10° M* [43]. Hence, the cross-linker ADTEGMan engages in two
supramolecular asymmetric binding interactions.

As a proof of principle for the network formation, flocculation and
sedimentation, normal photographs and TEM micrographs were recorded from blank
samples containing only B-CD-QD (Figure 4-2a) and on networks of -CD-QD, ADTEGMan
and ConA formed after five-hour incubation (Figure 4-2b).

Photographs under UV illumination are given of a solution of B-CD-QD and
ADTEGMan (Figure 4-2a right) and the same solution after networks formed upon addition
of ConA (Figure 4-2b right). Before addition of ConA all luminescent Quantum Dots are
clearly in solution, whilst loss of fluorescence from solution and concomitant
sedimentation of fluorescent assemblies at the bottom after incubation with ConA is
evident. Qualitative detections are possible up to a concentration of 10° M, where by
naked eye brown-red precipitates or red fluorescent precipitates upon UV illumination.

The TEM micrographs in Figure 4-2b (left) do not provide the exact size of the
ternary supramolecular networks formed after addition of ConA as they were obtained
from resuspended solutions by mild vortexing. The NPN are smaller than the network size
determined by DLS, vide infra, but they still clearly show the difference between blank
samples and the networks.
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Figure 4-2: TEM images of B-CD-QD (scale bar 100 nm) (a) and suspension of sedimented networks of -CD-QD,
ADTEGMan and ConA after 24h incubation (scale bar 500 nm) (b). The photos on the upper and bottom right
belong to the mixture of B-CD-QD and ADTEGMan before, respectively, after the addition of ConA and are
illuminated from the bottom by a UV lamp.

For quantitative detection and further investigation of the process, flocculation
assays were performed by monitoring the QD-fluorescence intensity over time upon
adding different amounts of ConA (1.6 x 10°-3.2x10% M) (Figure 4-3A).

67



A B 2000
Y =
100% — — 1750
z o 3 %* = < 1500
=]
g 7" « 1 * X i T 1250
£ * i S
9 x + £ 1000
2 50% . % ¥z E
g Phy 3% £ 750
: gy o
S 25% 2 500
w > !
N T 250
0% 0
0 50 100 150 200 250 300 0 100 200 300
time (min) time (min)

#160E-06 WO62E-07 ABALEQ7  X2UEO7 (oo s0E07

X% 1.60E-07 9.62E-08 3.21E-08 1.60E-06 x 4.80E-08

Figure 4-3: Fluorescence flocculation assays at different concentrations of ConA (A.) DLS measurements
monitoring the kinetics of network formation induced by ConA at different concentrations in terms of
hydrodynamic radius (B).

The assays reveal sigmoidal binding kinetics with a lectin concentration
dependent rate [35]. At first, a lag phase is observed, where small assemblies are formed.
Then a growth phase follows, where small aggregates assemble further into big
aggregates, which eventually sediment. At last, equilibrium is reached when the majority
of big assemblies have already sedimented. With increasing lectin concentration, the
assembly and sedimentation rate increase, while the time of lag phase and time to reach
equilibrium (plateau) both decrease. Observation in-situ of the fluorescent sediments
along with the quantitative information from the flocculation assays suggest that the
networks form and stay in solution until a critical size is reached, which leads eventually to
sedimentation.

To further study and investigate the flocculation process, the kinetics of
network formation in terms of hydrodynamic radius (Ry) by DLS at three representative
levels of concentration were monitored (Figure 4-3B). The changes in hydrodynamic radius
provide size information of the flocculates over time due to the selective, sequential,
orthogonal assembly of B-CD-QD, ADTEGMan and ConA in solution. When ConA is added
to a solution of B-CD-QD and ADTEGMan, an immediate increase in hydrodynamic radius
(Ry) is observed while the Ry of control samples (ConA and B-CD-QD) is constant
throughout the experimental time. With increasing ConA concentration, the initial Ry
value increases, while the time point of slope change and for the plateau to be reached is
decreased. After the addition of 1.6 x 10'6, 4.8x10" and 4.8 x 10 of ConA, the initial Ry (at
time zero of the flocculation kinetics) are 346, 240 and 108 nm respectively and increase
within time. In the cases of 1.6 x 10° and 4.8 x 10" M of ConA added, plateau is reached
while in the case of 4.8 x 10 of ConA plateau is not reached within 5 hours. For 1.6 x 10°®

68



M of ConA, a slope change around 20 minutes is observed, which is in good agreement
with the observed time point when fluorescence intensity starts to decrease. For 4.8 x 10”7
M, the slope change is around 40 minutes and the evolution profile of Ry over time is
constantly below the one of 1.6 x 10° M. Judging from hydrodynamic radius curves
obtained in time at two concentrations; 1.6 x 10® and 4.8 x 10~ M, the critical
sedimentation radius Ry is estimated to be approximately 0.9 um. The critical
sedimentation radius is regarded as the point of slope change.

To demonstrate the orthogonality of the sensor, control tests of five-hour
incubated samples of B-CD-QD with ConA (without linker), and 3-CD-QD with ADTEGMan
(without ConA) were performed, by monitoring the fluorescence intensity decrease of the
quantum dots at 671 nm (Figure 4-4). The results clearly show that ConA is detected only
due to orthogonal assembly of B-CD-QD, ADTEGMan and the lectin. If one of the three
building blocks is missing, no change in fluorescence is observed.

100% -
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40% -

%Fluorescence Intensity

20% -

0% I

ConA ManTEGAD ManTEGAD+ConA

Figure 4-4: Fluorescence intensity % of B-CD-QD after 5 hours incubation time of different control samples
demonstrating orthogonality of the sensor. The concentration of B-CD-QD is 8.0 x 10° M and concentration of
ConAis 1.6 x 10° M. In blue are the control samples, in grey is the Concanavalin A positive test sample.

Subsequently, selectivity was tested by monitoring the fluorescence intensity
decrease of the quantum dots at 671 nm against of five-hour incubated samples
containing four different lectins. The four lectins used for the selectivity tests were
Dolichos Biflorus (DBA), Ricinus Communis | (RCA;,,), Soyabean Agglutinin (SBA) and
Wheat Germ agglutinin (WGA) (Figure 4-5). DBA, RCA;,,, SBA and WGA recognize mainly
galactosamine, galactose, galactose/galactosamine, glucosamine sequences [43].
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Figure 4-5: Fluorescence intensity % of -CD-QD remaining in solution at 671 nm or Fluorescein at 519 nm
remaining in solution after 5 hours incubation time of different control samples. The concentration of B-CD-QD is
8.0 x 10 M and concentration of lectins is 1.6 x 10 M. In blue are the control samples, in grey is the B-CD-QD
signal (671 nm) tested with non-labeled Concanavalin A (positive test A), in red is the B-CD-QD signal (671 nm)
tested with fluorescently labeled Concanavalin A (positive test B) and in green is the fluorescein fluorescence
signal (519 nm) attached on ConA.

Whilst is known that monosaccharides bind not as specifically and strongly as
complex polysaccharides [20, 44], the selectivity of the ternary NPN for ConA against DBA,
SBA, and WGA is excellent with minimal intensity loss over 5 hours of incubation. RCA;,,
seems to exhibit weak quantum dot binding and flocculation, since there is approximately
17% fluorescence intensity loss after 5 hours of incubation. The sensor response to RCA;,g
is attributed to similar specificity of the lectin towards mannose, glucose, galactose as
reported [20, 44, 45] and possibly influenced by other parameters as well, such as the
lectin geometry and size. In comparison to previously reported selectivity studies, these
results are similar and in some cases even significantly improved [4, 46, 47]. The improved
selectivity is attributed to the fact that even if nonspecific interactions or weak
nanoparticle-lectin interactions occur, these do not lead to sedimentation of quantum
dots. In the case non-specific or weak binding does lead to flocculation and sedimentation,
like RCA1,p, the kinetics are much slower than the ConA kinetics, yielding again to better

selectivity.

Binding stoichiometry between B-CD-QD and ConA mediated by ADTEGMan
linkers is a fundamental parameter for the success of the sensor, since, at least two, and
maximum four binding lectin sites need to be engaged in network formation. To quantify
the binding stoichiometry between B-CD-QD and ConA mediated by ADTEGMan linkers,
fluorescently labeled ConA which bears five fluorescein molecules was used and the
fluorescence intensity change of fluorescein at 519 nm emission wavelength in respect to
fluorescence intensity change of B-CD-QD at 671 nm was analyzed (Figure 4-5). In the case
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of fluorescein-labeled ConA, slightly different kinetics were observed, compared to the
non-labeled ConA kinetics, which probably occur due to the proximity of the bulky
fluorescein molecules to the mannose binding sites of ConA [48]. This allowed us to
quantify the B-CD-QD/ConA ratio that is engaged in the network formation. The amount
of Concanavalin A engaged in the networks is 2%, since the fluorescein signal intensity
(519 nm) decreased by 2% five hours after the lectin was added in solution, as seen in
Figure 4-5. Consequently the amount of lectin engaged in the networks is: 1.60 x 10° M x
0.02 =3.2 x 10® M. The B-CD-QD concentration is by 76% engaged, when fluorescein-
labeled-Concanavalin A is added, thus 4.0 x 10° M x 0.76 =3.04 x 10° M. The quantified
the ratio of B-CD-QD/ConA is approximately one, which means that on average all four
binding sites of Concanavalin A bind through an ADTEGMan to a quantum dot.

To quantify the amount of ConA present in solution, the dependency of
flocculation kinetics on lectin concentration was analyzed. As shown before in Figure 4-3,
the process of flocculation and sedimentation follow sigmoidal binding kinetics with a
lectin concentration dependent rate. To quantify, the analysis was performed at a certain
time point, where the quantum dot fluorescence intensity values of samples containing
different amounts of lectin were plotted against lectin concentration. At the beginning of
the growth phase, a linear dependence is found. For example at 100 minutes the following
linear response curve %Fl =-416271C+1.0176, R? = 0.9974 was obtained. At later times
(equilibration regime), kinetics exhibit a power law dependence on lectin concentration.
The lower detection limits of this sensor are constrained by the concentration of B-CD-QD
in solution and are approximately 4.0 x 10° M.

4.4 Conclusion

A sensitive, versatile, and selective supramolecular sensor for qualitative and
guantitative detection of ConA with a limit of quantitation of 4.0 x 10® M was presented.
Key feature is the formation and controlled flocculation of supramolecular nanoparticle
networks based on orthogonal ternary interactions of simple building blocks. The sensor is
easy to use, since B-CD-QD and ADTEGMan only have to be mixed in fixed concentrations.
Moreover, on-spot, qualitative detection is possible by observing the formation of
fluorescent sediments by naked-eye or UV illumination. Quantitative data can be
extracted at different time points either in the linear regime (~100 minutes) or later in the
power-law regime (> 160 minutes). The sensing response times can be tuned on demand
simply by changing the linker or B-CD-QD concentration and their respective ratios (see S,
Figure S 4-6 and Figure S 4-7).

The presented supramolecular methodology is well suited for detection of ConA
and can be extended to the detection of other lectins in solution. Hence it could be used
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for sensing other multivalent mannose binding lectins. Apart from detecting other
mannose binding lectins, also other sugar binding lectins can be detected, if different
sugar linkers are synthesized.

Main advantage of a ternary supramolecular system against covalent systems
with two components is its dynamic, self-organizing character based on the sequential
binding and self-organization of three orthogonal components. Sequential binding from
quantum dots to linkers and from linkers to lectins, leads to selective flocculation and
sedimentation excluding in most cases weak or non-specific binding. Preliminary tests
show that ConA can also be detected in human serum, although the partial inhibition of
the ConA flocculation kinetics, require a recalibration of the sensor (see Sl, Figure S 4-8),
which is currently further pursued. Altogether, this study opens new opportunities for the
development of a new generation of sensors for sensing multivalent biomacromolecules
in vitro.
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4.6 Supplementary information

Details on the ligand syntheses, nanoparticle functionalization and
characterization, and binding studies are given in this section.

Ligand Syntheses.

General details. All starting materials were purchased by Sigma-Aldrich, except
otherwise stated, and were used without further purification. NMR solvents were
purchased by Euriso-top (France). The synthesis of ligands was performed as described
previously [38].

Synthesis of 2-(2-(2-(2-(adamantan-1-yloxy)ethoxy)ethoxy)ethoxy)ethan-1-ol (1)

1-Bromoadamantane (10.7g, 50 mmol) and TEA (20 mL, 144 mmol) were
dissolved in tetraethylene glycol (175 mL). The reaction mixture then was stirred overnight
at 180°C. After cooling to room temperature, DCM (170mL) was added to the reaction
mixture. The organic layer then was washed four times with HCl (2M, 50mL) and once with
brine. To the water layer, DCM (50mL) was added and then the organic layers were
combined. The organic layer was dried with MgSQO,, filtered and concentrated by rotary
evaporation. Column chromatography is optional (Ethyl acetate : Hexane, 97:3) (1) (15.6 g,
47.5 mmol, Yield: 95%)

1HNMR (500 MHz, CDCl;, 300 K): & = 1.59 (q, 6H, 20-,22-,24-H), 1.72 (d, 6H, 16, 17, 21-H),
2.12 (s, 3H, 18-,19-,23-H), 2.84 (s, 1H, OH), 3.57 (m, 6H, 7, 8, 13-H), 3.64 (d, 8H, 9-12-H),
3.70 (d, 2H, 14H).

Synthesis  2-(2-{2-[2-(adamantan-1-yloxy)ethoxy]ethoxy}ethoxy)ethyl  2,3,4,6-Tetra-O-
acetyl-a-D-mannopyranoside (2)

Mannose pentaacetate (1.5 g, 3.8 mmol) was added in 10 ml DCM and 2-(2-(2-
(2-(adamantan-1-yloxy)ethoxy)ethoxy)ethoxy)ethan-1-ol (1) (3.7 g, 11.4 mmol) in a 50-ml
round-bottomed flask. The reaction vessel was purged with nitrogen and the mixture was
cooled to 0 °C in an ice bath. Then BFs-Et,0 (2.43 ml 15.2 mmol) was added through the
addition funnel (addition takes 30 min) and the reaction was left overnight by gradually
warming it up to room temperature. Then, the reaction mixture was quenched with
triethylamine and 30 ml of water and the product was extracted five times with DCM (100
ml). The combined organic layers were dried over Na,SO, (10 g) while stirring filtered
through filter paper and the solvent was evaporated using a rotary evaporator; pale
brown oil is obtained (368 mg, 0.57 mmol Yield: 15 %). Then a SiOH column was
performed with 1:1 (vol/vol) hexane: ethyl acetate as the eluent.
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H NMR (500 MHz, CDCl, 300 K): & = 1.61 (g, 6H, 20-,22-,24-H), 1.77 (d, 6H, 16, 17, 21-H),
2.18 —2.01 (m, 15H, 18-,19-,23-H, 3 x OAc), 3.88-3.58 (m, 16H,7-14-H), 4.15 — 4.06 (m, 2H,
5-,6-H), 4.28-4.36 (m, 2H, 6-H), 4.90 (d, 1H, 1-H), 5.41-5.26 (m, 3H, 2-,3-,4-H) ppm

Synthesis 2-(2-{2-[2-(adamantan-1-yloxy)ethoxy]ethoxy}ethoxy)ethyl a-D-
mannopyranoside (3) (ADTEGMan)

(2) (368 mg, 0.57 mmol) was dissolved in dry methanol (5 mL) under an
atmosphere of argon and a solution of NaOMe (catalytic amounts) was added. The
reaction was monitored by TLC. By addition of Dowex HCR-W?2 in its hydrogen form the
solution was neutralized. The mixture was stirred for 15 min and was then filtered.
Methanol was evaporated off to yield pure product as colorless oil (268 mg, 0.55 mmol,
Yield: 96%).

H NMR (500 MHz, CDCl;, 300 K): 6 = 1.64 (q, 6H, 20, 22, 24-H), 1.76 (d, 6H, 16,
17, 21-H), 2.16 (s, 18, 19, 23-H), 3.84-3.56 (m, 19H, 3, 4, 5, 7-14 -H), 3.96-3.76 (m, 3H, 2-,6-
H), 4.91 (s, 1H, 1-H) ppm.
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Figure S 4-1: 1H NMR spectrum of 2-(2-{2-[2-(adamantan-1-yloxy)ethoxy]ethoxy}ethoxy)ethyl a-D-
mannopyranoside (3) (ADTEGMan) in CDCl.
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Nanoparticle Syntheses and Characterization.

General details. Carboxy-terminated water-soluble CdTe quantum dots with
6701210 nm emission were purchased from Plasmachem (Germany).

Synthesis of heptakis(6-bromo-6-deoxy)-B-cyclodextrin.

The synthesis of heptakis(6-bromo-6-deoxy)-B-cyclodextrin was adapted from
Chmurski et al [39]. 11.35 g (10 mmol) of B-cyclodextrin were dissolved in dry DMF (300
mL) under nitrogen atmosphere. N-Bromosuccinimide (24.92g, 140 mmol) and
tripenylphosphine (36.72g, 140 mmol) were added. The reaction mixture was stirred for
3.5h at 75 °C. After cooling to room temperature, 100 mL of methanol were added then
stirred for 30 minutes. The reaction mixture was evaporated to about 100 mL and
subsequently 100 mL of methanol were added. The pH was adjusted with saturated
NaOMe in methanol (PA grade) to a pH 8-9 and stirred for 30 minutes. This mixture was
poured slowly in 1.6L of ice water and stirred for 10 minutes. The crude pink precipitate
was filtered off and dried under vacuum. The pinkish solid was dissolved in 200 mL of
methanol and stirred for 10 minutes. The solid was then filtered off, washed with
methanol and dried in high vacuum. For further purification, the solid was suspended in
ethanol (c.a. 200 mL) and refluxed for 2h. After cooling down the solid was filtered off,
washed in ethanol and dried in high vacuum (12.3 g, 7.8 mmol, Yield: 89%).

Synthesis of heptakis-(6-thio-6-deoxy)-B-cyclodextrin

The synthesis of heptakis(6-thio-6-deoxy)-B-cyclodextrin was adapted from
Rojasi et al [40]. Heptakis-(6-bromo-6-deoxy)-B-cyclodextrin (1 g, 0.635 mmol) was
dissolved in DMF (10 mL); thiourea (0.320g, 4.2 mmol) was then added and the reaction
mixture heated to 70°C under nitrogen atmosphere. After 19h, the DMF was removed
under pressure to give yellow oil which was dissolved in water (50 mL). Sodium hydroxide
was added (0.26 g) and the reaction mixture heated to a gentle reflux under a nitrogen
atmosphere. After 1h, the resulting suspension was acidified with aqueous KHSO, (1g, 10
mL demi water, 0.7 M) and the precipitate filtered off, washed thoroughly with distilled
water and dried. To remove the last traces of DMF, the product was suspended in water
(50 mL) and the minimum amount of potassium hydroxide was added to give a clear
solution. The product was then reprecipitated by acidifying with aqueous KHSO, (0.7 M).
The resulting fine precipitate was carefully filtered off and dried under vacuum over P,0s
to yield heptakis-(6-thio-6-deoxy)-B-cyclodextrin as an off-white powder. (299.7 mg, 0.240
mmol, Yield: 38%). & H (400 MHz, DMSO0-d6): 2.13 (7 H, t, -SH), 2.76 (7 H, dd, 6a-H), 3.19 (7
H, d, 6b-H), 3.35 (14 H, d, 2, 4-H), 3.61 (7 H, t, 3-H), 3.69 (7 H, t, 5-H), 4.93 (7 H, s, 1-H),
5.97 -5.66 (14 H, m, 2, 3-OH)
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Figure S 4-2: 1H NMR spectrum of heptakis(6-thio-6-deoxy)-B-cyclodextrin in DMSO

Functionalization of carboxy-terminated quantum dots with heptakis(6-thio-6-
deoxy)-B-cyclodextrin (B-CD QD). Functionalization of carboxy-terminated, monothiol
protected quantum dots with heptakis(6-thio-6-deoxy)-B-cyclodextrin was performed by
ligand exchange. In an aqueous solution of 1.2 x 10° M of quantum dots, 300 equivalents
of heptakis(6-thio-6-deoxy)-B-cyclodextrin was added and the reaction was stirred
overnight. Afterwards, the quantum dots were washed at least 5 times with deionized
water by spin filtration (Amicon Ultra, 10kDa, Millipore) and were reconstituted with
water to 1.2 x 10° M.

Transmission Electron Microscopy (TEM). TEM micrographs of the nanoparticles
were by using a JEOL JEM1011 microscope with an acceleration voltage of 80 kV. The
micrographs were processed with the program Imagel to determine the average
diameters of the nanoparticles. The average diameter is 4.44+0.8 nm after analysis of 46
nanoparticles.
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Figure S 4-3: TEM image of B-CD QD with 100 nm scale bar

DOSY NMR Spectroscopy. DOSY NMR for quantum dot measurements were
performed on a 500 MHz Bruker Avance Ill NMR spectrometer, proton frequency 500.137
MHz, equipped with a 5 mm TXI 1H-13C/ 15N Z-GRD 78161/ 80 probehead at 300 K. The
pulse sequence was a stimulated echo bipolar gradient pulse (stebpgpls) with the DOSY
spectra acquired for each sample having 32 increments (exponential array), 32 scans,
gradient pulse length (8) 6.0 ms and big delta (A) 120.0 ms. Samples were prepared in D,0
(Euriso top, France) (99.96%).

F1 [m2/s *1e-9]

10 8 6 4 2 F2[ppm]

Figure S 4-4: DOSY NMR spectra of B-CD QD quantum dots after ligand exchange with heptakis(6-thio-6-deoxy)-
B-cyclodextrin
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Diffusion coefficients of B-CD QD were used to estimate the hydrodynamic radii
of the nanoparticles by using the Stokes-Einstein Equation S 4-1) where k is the
Boltzmann's constant, T is the temperature (300 K), n is the viscosity of the solvent (D20),
D is the diffusion coefficient of the B-CD QD, and Rh is the hydrodynamic radius.

_ kgT
- 6 Tr

Equation S 4-1

Hydrodynamic radii, R, of CdTe quantum dots after ligand exchange with
heptakis(6-thio-6-deoxy)-B-cyclodextrin are estimated to 3.0 nm.

Binding Studies.

General details. For all binding studies all samples were prepared in PBS buffer
saline 0.01 M with Mg®* 0.015 mM, Mn** 0.011 mM, Ca** 0.011 mM and 0.008 % w/v
NaNs. Dolichos biflorus (DBA), Ricinus communis | (RCA;,0), Soyabean Agglutinin (SBA) and
Wheat Germ agglutinin (WGA) were purchased from Vector Labs. Concanavalin A was
purchased from Sigma Aldrich with and without fluorescent label. Five fluoresceins are
estimated to be attached on Concanavalin A by comparing it to the fluorescence of free
fluorescein.

Transmission Electron Microscopy. TEM micrographs of the nanoparticle
networks were by using a JEOL JEM1011 microscope with an acceleration voltage of 80 kV.

Figure S 4-5: TEM image of B-CD QD with 500 nm (left side) and 200 nm scale bar (right side)

Dynamic Light Scattering (DLS). DLS measurements were performed using an

ALV instrument equipped with an ALV-7004 multiple tau digital correlator, a Uniphase

Model 1145P He-Ne laser (632.8 nm with an output of 22 mW), and a 2 off ALV/Dual High

QE APD Detector Unit. The position of the latter is located 90° relative to the laser source.

All samples prior to measurement were filtrated with a cellulose acetate 0.1 um disc filter
(mdi, US). All measurements were processed with ALV-7004 Version 3.0 software.
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Fluorescence measurements. Steady-state fluorescence measurements were
done on a Cary Eclipse fluorescence spectrophotometer (Varian) at 22°C. The software
used is Cary Eclipse version 1.2(147). Quartz cuvettes of 3.5 ml nominal volume (Hellma)
were used for the samples and all samples were prepared to a final volume of 3.0 ml.
Excitation and emission slits were at 10 nm, detection voltage was at 600 V and excitation
wavelength was at 450 nm. Scans of every sample were performed every 5 or 10 minutes
from 500-800 nm. All fluorescence intensity data were analyzed at maximum fluorescence

emission at 671 nm.

Binding fluorescence measurements were performed twice and the
measurements related to the optimization of the sensor (quantum dot and linker effect)
and the selectivity were performed once.

For testing the linker dot effect the concentration of the quantum dots and
Concanavalin A was kept constant at 4.0x10® and 1.6x10° M respectively. For testing the
quantum dot effect the concentration of the linker and Concanavalin A was kept constant
at 1.4x10° and 1.6x10° M respectively.
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Figure S 4-6: Linker (ADTEGMan) effect on binding kinetics of Concanavalin A. (Concentration of quantum dots
and Concanavalin A was kept constant at 4.0x10° and 1.6x10° M respectively)
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Figure S 4-7: Quantum dot effect on binding kinetics of Concanavalin A. (Concentration of ADTEGMan and
Concanavalin A was kept constant at 1.4 x 10 and 1.6 x 10° M respectively)

‘:;100% PRE B A XX X x XX XXX x XXX XXX KX KX XK XK

c ogn

Q * 8

£ 75% Ylra,.

Q *

Q . (L]

£ 5% T it

Q o0

g

§ 25%

S

X 0%

0 100 200 300

time (min)

+ QD+ManTEGAD+ConA (HS 0.33%)
= QD+ManTEGAD+ConA (HS 3.33%)

QD+ManTEGAD+ConA (acqueous)
x QD+ManTEGAD (HS 100%)

Figure S 4-8: Human serum effect on quantum dot stability and binding kinetics of Concanavalin A.
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Chapter 5 Selective supramolecular
lectin sensors by triadamantane sugar linkers

Abstract

In this Chapter the study of selective lectin sensing through controlled
flocculation of ternary supramolecular quantum dot networks is continued. The goal is to
compare the impact on lectin sensing between the use of monovalent (ADTEGMan) or
trivalent (TriADTEGMan) linkers, exhibiting dynamic or non-dynamic interactions with B-
cyclodextrin-capped CdTe quantum dots (B-CD-QD), respectively, and to, ultimately, prove
that the non-dynamic, supramolecular systems, combine the advantages from covalent
e.g. robustness, and from supramolecular systems e.g. tunability, reversibility and to
compare. The building blocks of the lectin sensor are B-cyclodextrin-capped CdTe
qguantum dots (B-CD-QD) with maximum emission wavelength at 671 nm, tetraethylene
glycol-tethered mannose-adamantane linkers, either monovalent (ADTEGMan) or trivalent
(TriADTEGMan), and the mannose-binding lectins; Concanavalin A, Lens Culinaris and
Galanthus Nivalis. The differences in terms of dynamics and binding were revealed by 1H
NMR titrations and DOSY measurements, where the triadamantane linkers on the B-
cyclodextrin quantum dots are proved to yield supramolecular, non-dynamic systems, in
contrast with the dynamic, monovalent cyclodextrin-adamantane interactions. The
differences in terms of dynamics between the two linkers are found to influence several
features of the lectin sensors, such as flocculation kinetics, robustness, tunability and
selectivity. Lastly, both types of linkers, allow for sensing and studying flocculation kinetics
of other lectins, such as Galanthus Nivalis and Lens Culinaris as well. Supramolecular
nanoparticle sensors are indispensable platforms for sensing lectins in solution, since they
combine on-spot detection with simplicity, speed, selectivity, robustness and tunability.

Part of this Chapter is based on: M. Oikonomou, G. Viilup, K. van der Ploeg, R. Steijsijger,
N. Vos and A. H. Velders, Non-Dynamic Supramolecular Quantum Dot Functionalization for
Improved Lectin Sensing, Manuscript in preparation.
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5.1 Introduction

anoparticle functionalization for biomedical sensing requires decoration of

nanoparticles with ligands that have affinity for the nanoparticle surface and also

bear biorecognition moieties [1, 2]. Ligand affinity for the nanoparticle surface is

either achieved by chemisorption or physisorption. In either of these cases,
chemisorption or physisorption, the ligand needs to be modified with biorecognition
moieties, in order to exhibit affinity to biomolecules. Modification of the ligands with
bioreceptors can be performed before or after the nanoparticle decoration and two main
strategies are used; covalent conjugation or non-covalent assembly (Figure 5-1). Both
strategies exhibit advantages and disadvantages. By covalent modification, better control
and stability over a big range of concentrations and environmental conditions can be
achieved. Characterization of covalently immobilized ligands is more straightforward since
the nature of covalent bonds is permanent. At the same time, non-covalent strategies are
harder to control and characterize, since they are based on weaker, dynamic interactions,
which are equilibrium dictated. On the other hand, the dynamic nature of these
interactions provides more versatile, tunable and often reversible biorecognition
interactions at the nanoparticle interface. Recently, other alternative chemical strategies
for nanoparticle functionalization for biomedical sensing started to being explored.
Dynamic covalent functionalization [3] and non-dynamic non-covalent functionalization of
surfaces [4] (Figure 5-1) has given rise to nanosystems with exciting properties such as
reversibility, robustness and tunability.

Covalent , non-dynamic Non-covalent, dynamic
Covalent , dynamic Non-covalent, non-dynamic

> 5

. Atom or moiety with affinity for the surface

@ Biorecognition atom or moiety

Figure 5-1: Dynamic chemistries, either covalent or non-covalent for functionalizing nanoparticles with
bioreceptor ligands

Here, strongly-bound, non-dynamic, supramolecular, ligand-nanoparticle
systems are explored as a functionalization strategy for biomedical sensing. For this
purpose, a widely used orthogonal supramolecular pair for self-assembly is employed
which is B-cyclodextrin with adamantane [5, 6]. Cyclodextrins are cyclic oligosaccharides
that form inclusion complexes with many hydrophobic molecules such as adamantane [5].
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Adamantane and its derivatives form 1:1 B-cyclodextrin inclusion complexes with high
binding constants [7-9]. Impressive binding constants have been reported by integrating
multivalency in such systems [10, 11]. According to previous research 1:1 monovalent
interaction with a binding constant of =10* M, a divalent one typically has a binding
constant of =10’ M ™" and a trivalent interaction can exhibit a binding constant of =10 m™
[12]. Of course, the ligand length and flexibility, as well as the surface dimensions and
cyclodextrin coverage are crucial parameters that can radically change the respective
binding values [13]. For example, bivalent interactions at the cyclodextrin SAMs resulted
in a binding constant of 10" M™, three orders of magnitude higher than that for the
corresponding bivalent interaction in solution (10’ M7Y) [12]. This large effect brings the
discussion to the impact of regional effective concentration. An uncomplexed adamantane
close to a surface has approximately double probability into interacting with a cyclodextrin
in respect to the case where the cyclodextrin is in solution. The third sequential binding of
adamantane in the case of the trivalent adamantane linkers would exhibit even higher
binding effect, in the range of 10" M'and possibly more, since on surface [4, 14]. Exciting
applications that take advantage of the differences in binding strengths between
monovalent, divalent and trivalent adamantane linkers on flat surfaces has been shown in
the work of Hsu et al, Perl et al and Krabbenborg at al [4, 15, 16], where trivalent
adamantane linkers don’t exhibit exchange kinetics when free cyclodextrin is added in
solution, while the divalent adamantane analogue exhibits directional movement along a
concentration gradient. Based on these observations, the hypothesis that triadamantane
based linkers are bound in a very strong, almost covalent fashion, on multivalent
cyclodextrin nanoparticles as for example quantum dots (B-CD-QDs) is tested. These
systems are expected to combine the advantages of both covalent and non-covalent
chemistry, since they fall under the category of “supramolecular, non-dynamic chemistry”.
Non-dynamic, supramolecular systems are expected to be highly robust and at the same
time still tunable. Higher stability can be achieved over a wide range of environmental
conditions such as pH, salt, temperature and competitor molecules, and still maintaining,
tunability, in terms of ligand density, and to a certain point, reversibility by addition of
excess of free cyclodextrin. With an eye on the future, the great potential of this approach
lies within the field of multiplex chemical and biological sensing. For example, this strategy
could be advantageous for selectively sensing lectins. Lectins are proteins that exhibit
strong and specific binding towards certain carbohydrate moieties [17]. Targeting lectins is
important for diagnosis of diseases [18] and detection of microbes [19]. In this work, the
advantages and pitfalls of using monovalent, dynamic and trivalent adamantane mannose
linkers in nanoparticle-based lectin sensors are compared. The building blocks of the
sensor are B-cyclodextrin-capped CdTe quantum dots (B-CD-QD) with emission maximum
at 671 nm, tetraethylene glycol-tethered mannose-adamantane linkers, either
monovalent (ADTEGMan) or trivalent (TriADTEGMan), and Concanavalin A (ConA). ConA
was chosen as a model lectin since it is a very well-studied, tetravalent mannose-binding
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lectin with various biomedical applications such as for bacterial and food analysis, HIV
inhibitor, glycosylation probe of glycoproteins [20-23]. The success of this sensor lies in
the dual orthogonal molecular interactions of the mannose-adamantane linkers. The
linkers exhibits binding not only with the B-CD-QD but also with the lectin. Thus, upon
addition of ConA in a mixture B-CD-QD and linker, supramolecular networks form,

eventually flocculating and sedimenting (Figure 5-2).
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Figure 5-2: Representation of formation of ternary supramolecular network upon addition of ConA to a solution
of B-CD-QD and TriADTEGMan; once formed the NPN sediment and the solution loses fluorescence
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The success of this sensor lies in the dual orthogonal molecular interactions of
the mannose-adamantane linkers. The linkers exhibits binding not only with the B-CD-QD
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but also with the lectin. Thus, upon addition of ConA in a mixture B-CD-QD and linker,
supramolecular networks form, eventually flocculating and sedimenting.

5.2 Experimental

Water-soluble CdTe quantum dots capped with thioglycolic acid exhibiting
emission at 670+10 nm were purchased from Plasmachem (Germany) [24]. B-CD-QDs
were synthesized by exchanging carboxyl-terminated monothiol ligands of the capped
quantum dots with heptakis-thiolated B-CD after overnight stirring in water [25].
Purification of B-CD-QD is performed by spin-filtration. Heptakis-thiolated B-CD used for
the ligand exchange is synthesized in two steps and ADTEGMan in three steps comprising
only one column purification. Both building blocks are synthesized by modified protocols
reported elsewhere [12, 26, 27] , (see Sl for details and Chapter 4). For NMR binding
studies, precursor compounds are employed, which were used in the synthesis prior
attaching the mannose moiety.

For characterizing the modified f-CD-QDs 1H NMR, DOSY NMR and TEM was
used (see Sl). 1H and DOSY NMR measurements were performed on a 500 MHz Bruker
Avance lll NMR spectrometer, proton frequency 500.137 MHz, equipped with a 5 mm TXI
1H-13C/ 15N Z-GRD 78161/ 80 probehead at 300 K. The pulse sequence was a stimulated
echo bipolar gradient pulse (stebpgpls) with the DOSY spectra acquired for each sample
having 32 increments (exponential array), 256 scans, gradient pulse length (§) 7.0 ms and
big delta (A) 200.0 ms. Samples were prepared in D,0 (Euriso top, France) (99.96%).

For lectin binding studies all samples were prepared in PBS buffer saline 0.01 M
with Mg®* 0.015 mM, Mn®* 0.011 mM, Ca** 0.011 mM and 0.008 % w/v NaNs. Peanut
Agglutinin (PNA), Ricinus communis | (RCA120), Soyabean Agglutinin (SBA), Wheat Germ
agglutinin (WGA), Lens Culinaris Agglutinin (LCA) and Galanthus Nivalis Agglutinin (GNL)
were purchased from Vector Labs. Concanavalin A (Con A) was purchased from Sigma
Aldrich. For the fluorescent assays 2.4 x 107 M of B-CD-QD was used and therefore an
active cyclodextrin concentration of 2.1 x 10 M was assumed. For obtaining quantitative
data from the fluorescence assays, the quantum dot emission peak at 671 nm was
monitored in time, as the networks form, flocculate and sediment. For the selectivity
experiments, four different lectins (Peanut Agglutinin (PNA), Ricinus communis | (RCA15),
Soyabean Agglutinin (SBA) and Wheat Germ agglutinin (WGA)) were used. Also, in these
experiments, the quantum dot fluorescence at 671 nm was monitored in time.
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5.3 Results and Discussion

The synthesis of monovalent linkers is described in Chapter 4 and the synthesis
of trivalent linkers involved six steps in order to obtain the final product (see SI). First,
bromoadamantane was coupled to tetraethylene glycol and converted it into the tosylate
analogue. Then, the tosylate was reacted with the gallate ester and later, the ester was
hydrolyzed to obtain the respective acid (TriADTEG). For utilizing the TriADTEG linker in
lectin sensing further modification with propargylamine was needed to obtain the alkyne
equivalent. Then the copper catalyzed click reaction was used in order to attach a
peracetylated mannose moiety. The last step involved the sugar deprotection and yielded
the trivalent adamantane mannose linker (TriADTEGMan). The synthesis of heptakis-
thiolated B-CD used for the ligand exchange involved two steps, first the bromination of B-
CD and then thiolation with thiourea (see Sl). For the quantum dot modification with B-
CD, a ligand exchange protocol is followed by adding excess of heptakis-thiolated p-CD
(see Sl). The estimation of the number of cyclodextrins was done by the following
rationale. Every quantum dot (r=2.2 nm) has a surface area of approximately a sphere,
thus 61 nm” and, in an ideal monolayer, every cyclodextrin (r=0.45 nm) occupies a surface
area of a circle, thus 0.64 nm’. Considering that the packing of circles on a sphere is
approximately 90% [28], then every quantum dot is considered to bear ideally 86
cyclodextrins, if there is no steric hindrance. To determine the stoichiometry and
dynamics of binding of the B-CD-quantum dots with TriADTEG or ADTEG, 1H titrations
were carried out by adding stepwise, increasing amount of B-CD-quantum dots (Figure 5-3
and Figure 5-5).
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Figure 5-3: Overlay of 1H spectra with increasing, from 1 to 9, amounts of red 3-CD-QDs. The ratios between
TriAD and that correspond to each sample can be found in Table 5-1.
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By adding, stepwise, increasing amounts of B-CD-QDs, gradual intensity loss of
all linker peaks is observed in Figure 5-3 for the case of TriADTEG. This is attributed to the
non-dynamic binding of the linker, in combination with its confinement close to the
nanoparticle surface. For quantifying the changes observed, the integral changes at 7.24
and 1.56 ppm in respect to DMF peaks, used as internal standard, are followed (Table 5-1).
The differences in the observed changes between the aromatic peak integral and the
adamantane peak integral are probably due to integration accuracy, as the aromatic peak
rises from the signal of only two protons, while the adamantane peak, due to spectral
overlap, represents 36 protons.
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Table 5-1: Series of samples measured by 1H NMR and the respective integrals and relative integral changes by
stepwise addition of B-CD-QDs

Sample Nr. Ratio TriAD and Integral at 7.24  Integralat 1.43-  Al%, 7.24 ppm Al %, 1.56 ppm

B-CD ppm, s, 2H 1.70 ppm, m,
36H

1 - 0.0420 1.0270 = =

2 0.22 0.0373 0.6707 88.81% 65.31%
3 0.43 0.0271 0.4267 64.52% 41.55%
4 0.65 0.0158 0.1963 37.62% 19.11%
5 0.86 0.0093 0.0754 22.14% 7.34%
6 1.08 0.0079 0.0158 18.81% 1.54%
7 1.51 0.0008 0.0027 1.90% 0.26%
8 2.16 0.0001 0.0024 0.29% 0.23%
9 3.23 0.0001 0.0020 0.24% 0.19%

Next, for determining the stoichiometry of the complexes formed on
nanoparticle surfaces, the relative integral changes, lo-1/l, against the ratio of effective B-
CD concentration to linker concentration are plotted (Figure 5-4).
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® adamantane, m, 1.56 ppm ¢ aromatic, s, 7.24 ppm

Figure 5-4: Relevant change of integrals, lo-1/1o, of adamantane or aromatic proton peaks by adding stepwise
increasing amounts of red B-CD-QD

From Figure 5-4, it can be seen that for both data sets the slope changes at an
approximate ratio, of B-CD concentration to linker, of between two and three, which
strengthens the hypothesis that the linker binds in a trivalent fashion on the cyclodextrin

nanoparticle surface.
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The same experiments were performed for the monovalent adamantane linker
(ADTEG) (Figure 5-5), in three times higher concentration of the ADTEG in respect to
TriADTEG, in order to keep the effective adamantane concentration the same.
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Figure 5-5: Overlay of 1H spectra with decreasing, from 1 to 9, amounts of B-CD-QDs. The concentration of
ADTEG was three times more in order to have the same effective adamantane concentration in all 1H
experiments.

In Figure 5-5 broadening and shifting of the adamantane peaks is found with
increasing B-CD-QD but without a change in integrals in respect to the internal standard,
DMF. By comparing the B-CD-QD binding effect between the two linkers on the 1H peaks,
the dynamics of the binding are found to differ significantly. In the case of the ADTEG is
evident that a dynamic complex is formed, whereas in the case of TriADTEG the loss of
intensity is associated with a non-dynamic binding.

To further prove the non-dynamic nature of the linker binding, the diffusion
coefficients, obtained by DOSY NMR, of two samples containing either TriADTEG or ADTEG
at stoichiometric ratio in respect to the cyclodextrins found on the quantum dots (Figure
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5-6). These experiments were repeated, with the case of monovalent adamantane linkers,
where the dynamic exchange is fast on the NMR timescale and compared all results.
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Figure 5-6: Overlay of two DOSY NMR spectra; in red is the spectrum of the ADTEG and in blue the spectrum of
TriADTEG, both in stoichiometric ratio in respect to the number of cyclodextrins found on quantum dots.

As seen in Figure 5-6, the trivalent linker (TriADTEG) is found in the same
diffusion line with the quantum dots, proving that the binding is non-dynamic and that the
linkers are kinetically trapped on the cyclodextrin quantum dot surface. The strong, non-
dynamic binding between TriADTEG and quantum dots leads to the formation of highly
stable and robust complexes. On the contrary, due to dynamic binding, the monovalent
linker (ADTEG) has an apparent diffusion coefficient D, representing a weighted average
of the coefficients of the free and the bound states, [29] (see also Chapter 3).

Next the reversibility and binding strength tunability on the linker-nanoparticle
assemblies in the presence of free B-cyclodextrin was investigated. Addition of different
amounts of free B-cyclodextrin in a constant, stoichiometric ratio of B-CD-QDs to
TriADTEG, enables the study the multivalency potency of the linkers and to tune on
demand the binding strength of the TriADTEG linker. Four experiments were performed by
adding 110.0 mM, 11.0, 1.1 and 0.11 mM of free B-cyclodextrin, measuring a series of 1H
NMR before the addition of B-cyclodextrin (Figure 5-7) and after the addition of B-
cyclodextrin Figure 5-8.
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Figure 5-7: Samples containing TriAD linker (9.6 x 10”° M) and from top-down increasing amount of B-cyclodextrin
(Nr1: of 110.0, Nr2: 11.0, Nr3: 1.1 and Nr4: 0.2 mM) before the addition of B-CD-QDs
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Figure 5-8: Samples containing TriAD linker (9.6 x 10”° M) and from the top-down increasing amount of B-
cyclodextrin (Nrl: of 110.0, Nr2: 11.0, Nr3: 1.1 and Nr4: 0.2 mM) after the addition of -CD-QDs.

Before adding B-CD-QDs in the mixture of TriADTEG and B-cyclodextrin
differences in the chemical shifts of adamantane were observed when different amounts
of free B-cyclodextrin are added. As seen in Figure 5-7, when excess of B-cyclodextrin is
added (Nr1, Nr2 and Nr3), only one set of quartets at 1.56 ppm and one set of doublets at
1.70 ppm is observed, whereas in the top spectrum (Nr4), two sets of quartets and two
sets of doublets are found. In the fourth sample the amount of B-cyclodextrin is below the
active concentration of adamantane, thus below molar stoichiometry, which means not all
adamantanes are in the same chemical environment and, thus, able to complex with B-
cyclodextrin. The fact that only above stoichiometry only one set of quartets and doublets
is observed proves that TriAD forms 1:3 complexes in solution with B-cyclodextrin.

97



In Figure 5-8, the results after the addition of 5uL B-CD-QD in the samples,
shown in Figure 5-7, are given. In all cases there is a gradual decrease in the integrals of
the TriADTEG peaks with decreasing amount of B-cyclodextrin. The more B-cyclodextrin in
solution, the less the decrease, implying that the binding can be tuned and even
completely reversed with a (high) excess of B-cyclodextrin.

For a comparison between monovalent and trivalent linkers, the sensor
response times to ConA (6.4 x 10° M) were tested in three linker concentration levels;
below molar stoichiometry (7.3 x 10°® M), at, approximately, molar stoichiometry (2.8 x 10°
® M) and in excess (5.7 x 10°M) in respect to the active cyclodextrin concentration (~2.1 x
10” M). The results of these experiments are shown in Figure 5-9, where the % quantum
dot fluorescence intensity is followed for 500 minutes.

100%
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—#— ADTEGMan stoichiometry
#— TriADTEGMan stoichiometry

Figure 5-9: % Fluorescence intensity of B-CD-QD at 671 nm over 500 minutes to test the sensor response times to
ConA (6.4 x 10°° M) against three linker concentration levels; below stoichiometry (7.3 x 10° M), at,
approximately, stoichiometry (2.8 x 10° M) and in excess (5.7 x 10”° M) in respect to the active cyclodextrin
concentration (~2.1 x 10°° M).

In the case of the monovalent linker, as seen in Figure 5-9, due to the dynamic
fashion of binding, there is a much larger impact of linker concentration in the flocculation
kinetics. This result is correlated to all types of dynamic systems, where is crucial to use
molar excess of linker, even higher than the ones shown in Figure 5-9. For example, as
seen in Figure 5-9 in the case of linker excess, only 1 adamantane is found in complex with
B-cyclodextrin tethered on quantum dots, calculated from the association constant
equation where the association constant (Ka) between adamantane and B-cyclodextrin to
be ~5 x 10° M™%, In the case of the trivalent linker, due to the non-dynamic fashion of
binding, the impact of linker concentration is minimal, in concentration ranges close to
stoichiometry and above. The comparison between the flocculation kinetics of the
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monovalent and trivalent linker for every concentration level, provides insight for the
dynamics and tunability. In all cases, the trivalent linker exhibits faster kinetics than the
monovalent, although, when linkers are used in excess, all kinetics is comparable. The
sensor based on the monovalent linker is better in terms of tunability by varying linker
concentration. But, as shown in the NMR experiments (Figure 5-7 and Figure 5-8), the
tunability in response times of the lectin sensor based on the trivalent linker, should be
possible by the addition of free cyclodextrin in solution, prior to the addition of the B-CD-
QDs. Indeed, in Figure 5-10, the tunability in response times, due to the presence of
different amounts of free cyclodextrin in solution (0.3 mM, 1.5 mM and 15.0 mM), is

observed.
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Figure 5-10: % Fluorescence intensity of B-CD-QD at 671 nm over 500 minutes to test the sensor response to
Concanavalin A (6.4 x 10° M) based on the trivalent linker, when different amounts of free cyclodextrin in
solution (0.0 Mm, 0.3 mM, 1.5 mM and 15.0 mM) is present.

Extending the application of ternary, supramolecular nanoparticle networks for
the sensing of other lectins, the monovalent and trivalent linker, in excess in respect to
the amount of cyclodextrins bound on the quantum dots, were tested against two other
mannose-binding lectins (6.4 x 10°® M); Galanthus Nivalis and Lens Culinaris (Figure 5-11).
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Figure 5-11: Schematic representation of Lens Culinaris (L: 16 nm, W: 9 nm), Concanavalin A (L: 13 nm, W: 7 nm)
and Galanthus Nivalis (L: 14 nm, W: 7 nm) in complex with a-mannopyranoside, as adapted by
http://www.ebi.ac.uk/

These results were also compared with the flocculation kinetics of ConA (Table
5-2). Galanthus Nivalis Lectin (GNL) has 12 binding sites, Lens Culinaris Agglutinin (LCA)
possesses two binding sites and Concanavalin A (ConA) is a tetravalent lectin.

Table 5-2: % Fluorescence intensity of B-CD-QD at 671 nm at 500 minutes to test the sensor response to
Galanthus Nivalis, Lens Culinaris and Concanavalin A (6.4 x 10° M) in excess or substoichiometry of THADTEGMan
or ADTEGMAN in respect to the amount of cyclodextrins bound on the quantum dots

EXCESS (5.7 x 10° M) SUBSTOICHIOMETRY (7.3 x 10° M)

time=500 minutes ADTEGMan TriADMan ADTEGMan TriADMan
LCA 39% 49% 89% 73%
CONA 14% 8% 21% 21%
GNL 89% 83% 99% 86%

As seen in Table 5-2, faster responses for GNL are achieved when TriADMan is
added, instead of ADTEGMan, although in all cases, the flocculation kinetics are very slow,
without reaching equilibrium. For LCA, a faster response for both linkers is observed in
respect to GNL flocculation kinetics. For LCA, the monovalent and the trivalent linker,
either in excess or substoichiometric amounts exhibit similar kinetics. LCA flocculation
kinetics is in all cases faster than GNL flocculation kinetics. Overall, for both linkers at two
concentration levels, the ConA flocculation kinetics is the fastest in respect to LCA and
GNL. When the linkers are used in excess, there is significant difference in response times
between the trivalent and the monovalent, where the trivalent yields much faster kinetics
(see also

Figure 5-9). LCA has only two binding sites in respect to ConA, so the slow
kinetics is possibly due to the lesser multivalency potency of that lectin. For GNL, 12
binding sites are available for binding mannose in very close proximity. So, not all binding
sites can be occupied by quantum dots and, therefore, participate in network formation
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due to steric hindrance between quantum dots located in neighboring GNL binding sites.
To sum up, the lectin multivalency potency is not the only parameter influencing the
flocculation kinetics. Possible steric hindrance between quantum dots is possible, when
lectin binding sites are situated too close to each other. For both TriADMan and
ADTEGMan, excess in respect to effective cyclodextrin concentration seems to speed up
network formation, flocculation and sedimentation. When dynamic interactions are
employed, there is a slower response in the network formation and flocculation. However,
seems to interfere less when the linkers are used in excess.

To test and compare the selectivity of the supramolecular sensors based on trivalent or
monovalent adamantane linkers, four lectins, which do not bind mannose were used
(Figure 5-12). Peanut Agglutinin (PNA), Ricinus communis | (RCA120) and Soyabean
Agglutinin (SBA) bind galactose and galactose derivatives while Wheat Germ agglutinin
(WGA) binds glucosamine and sialic acid residues [30].
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Figure 5-12: Fluorescence intensity % of 3-CD-QD remaining in solution at 671 nm, after 500 minutes incubation
time, for selectivity testing against Peanut Agglutinin (PNA), Ricinus communis | (RCA 1), Soyabean Agglutinin
(SBA) and Wheat Germ Agglutinin (WGA) . The concentration of B-CD-QD is 2.4 x 107 M, of lectins is 6.4 x 10° M
and of linkers 5.7 x 10°. In blue are the samples tested with ADTEGMan and in red the samples tested with
TriADTEGMan.

In Figure 5-12, comparison of the fluorescence intensity of 500-minute-
incubated samples with PNA, WGA, SBA and RCA | reveals excellent selectivity of the
supramolecular sensor based on the monovalent (ADTEGMan) linker for three (PNA, SBA,
RCA 1) out four lectins. For WGA the selectivity is still satisfactory, although the
fluorescence intensity decreased significantly over time (26%). For the trivalent
adamantane linker, excellent selectivity is observed for PNA and SBA, but in the case of
RCA | and WGA, the sensor is much less selective, since a significant decrease in
fluorescence intensity is observed (31% and 84% respectively). By comparing the
selectivity results between the two linkers it can be concluded that selectivity of the
supramolecular sensors based on monovalent linkers is better than when trivalent linkers
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are used. Better performance of the monovalent linker, in terms of selectivity, is
attributed to the fact that even if nonspecific interactions or weak nanoparticle-lectin
interactions occur, these do not lead to substantial sedimentation of quantum dots, due
to the dynamic nature of the adamantane- B-cyclodextrin interaction. In the case, where
non-specific or weak binding does lead to flocculation and sedimentation, like RCA;,, and
WGA, the kinetics are much slower than the ConA kinetics, yielding again to better
selectivity. In all cases, since the supramolecular sensors are based on flocculation
kinetics, selectivity results can be time-dependent. This gives an excellent advantage in
terms of selectivity and sensitivity over sensors based in analytical readouts based on

equilibrium structures.
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Figure 5-13: Fluorescence intensity % of 3-CD-QD remaining in solution at 671 nm, after 300 minutes incubation
time, for selectivity testing against Peanut Agglutinin (PNA), Ricinus communis | (RCA 1), Soyabean Agglutinin
(SBA) and Wheat Germ Agglutinin (WGA) . The concentration of B-CD-QD is 2.4 x 107 M, of lectins is 6.4 x 10° M
and of linkers 5.7 x 10°. In blue are the samples tested with ADTEGMan and in red the samples tested with
TriADTEGMan.

For example, if an earlier timepoint for selectivity is chosen e.g. 300 minutes, as
in Figure 5-13, where the ConA kinetics have reached equilibrium (Figure 5-9), then the
selectivity results are excellent for all cases except the trivalent linker-WGA lectin

combination.

5.4 Conclusion

In summary, the multivalency potency of trivalent adamantane linkers on
cyclodextrin nanoparticle surfaces was exploited as a supramolecular nanoparticle
functionalization strategy such as for building gluconanoparticles. The triadamantane
linkers bind on the cyclodextrin quantum dot surface in a non-dynamic fashion, yielding
supramolecular, non-dynamic systems which are very robust. Nonetheless the binding
strength of such complexes is highly tunable by the addition of free cyclodextrin in
solution.
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Using supramolecular chemistry strategies, either dynamic or non-dynamic, is
more advantageous in respect to covalent chemistry. First, supramolecular systems can
self-organize in-situ providing simplicity and speed in building-up selective lectin sensors
for on-spot detection. Response times of supramolecular sensors can be easily tuned
either by varying concentration or by adding competitor molecules. In terms of selectivity,
both sensors give excellent results, except when tested against WGA, if the timepoint for
testing selectivity is carefully chosen.

Lectin sensors which are based on the non-dynamic, supramolecular
interactions of trivalent adamantane-mannose linkers with B-cyclodextrin decorated
guantum dots, exhibit certain advantages over the case of their monovalent, dynamic
equivalents. Not only trivalent adamantane linkers are more robust, being affected less by
concentration changes, but also more faster in response times, good in selectivity, and
highly-tunable by either varying their concentration or by adding cyclodextrin as
competitor molecule. Lastly, both types of linkers, allow for sensing and studying
flocculation kinetics of other lectins, such as Galanthus Nivalis and Lens Culinaris as well.
To sum up, supramolecular nanoparticle sensors are advantageous platforms for sensing
lectins in solution, since they combine on-spot detection with simplicity, speed, selectivity,
robustness and tunability.
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5.6 Supplementary information

Details on the ligand syntheses, nanoparticle functionalization and
characterization, and binding studies are given in this section.

Ligand Syntheses.

General details. All starting materials were purchased by Sigma-Aldrich, except
otherwise stated, and were used without further purification. NMR solvents were
purchased by Euriso-top (France). The synthesis of ligands was adapted from a protocol as
described previously [12].

Synthesis of 2-(2-(2-(2-(adamantan-1-yloxy)ethoxy)ethoxy)ethoxy) ethyl 4-methyl-
benzenesulfonate (5)

22 18 16
9 5
17 O
/ 14
21 s 012319 1
20 770 O
O 3 7 4
15
6 2

ADTEG (7.4g, 22.5 mmol) was dissolved in DCM (100 mL). 4-methylbenzenesulfonyl
chloride (5.2 g, 27 mmol), TEA (3.7 mL, 27 mmol) and DMAP (180 mg 1.5 mmol) were
added and the mixture was stirred overnight at room temperature. The reaction mixture
was quenched with 1 M HCI (150 mL), was washed with water (2x) and with 2 M HCI (1x).
The organic layer was dried with MgS0O4 and was concentrated giving an oily product (5)
(10.51g, 21.8 mmol Yield: 85%). Column chromatography is optional (ethyl acetate:
hexane, 70:30).

1H NMR: (400 MHz, CDCI3) & = 1.61 (q, J = 8.4 Hz, 6H, 1,2,3-H), 1.73 (dd, J = 6.5, 2.9 Hz, 6
H, 7,8,9-H), 2.45 (bs, 3H, 4,5,6-H), 3.57 — 3.69 (m, 16H, 11-14-H), 4.16 (s, 3H, 22-H), 7.41
(d, ) = 8.25, 2H, 19, 21-H), 7.93 (d, J = 8.25, 2H, 18,20-H).
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Synthesis of Methyl-3,4,5-tris(2-(2-(2-(2-(adamantan-1-
yloxy)ethoxy)ethoxy)ethoxy)ethoxy)benzoate (2)

18 21

16

20
12
14 13

Methyl gallate (0.44 g, 2.39 mmol) was dissolved in dry acetone. Potassium
carbonate (3.26 g, 23.6 mmol) and 1 (3 g, 6.2 mmol) were added. The reaction was stirred
under reflux conditions and a nitrogen atmosphere for 6 days. The pink reaction mixture
was filtered to remove the potassium carbonate, yielding a wine-red solution. The solvent
was evaporated and the crude product was redissolved in dichloromethane and washed
with water (40 mL), 1M HCI (40 mL) and again with water (50 mL). The organic layer was
dried over MgSO, and the solvent was removed under reduced pressure. Column
chromatography (SiO,: ethylacetate-hexane (98:2)) was applied to remove the by-
products with only one (R¢: 0.50) or two (R;: 0.32) TEG-adamantane tails; the column was
consequently flushed with dichloromethane-methanol (90:10, R;:0.13) to give pure
product as a brown oil (710 mg, 0.637 mmol, 27%).

'"H NMR (400 MHz, CDCl;): 6 = 1.54 (q, J = 9.8 Hz, 18H, 13-,19-,20- H), 1.67 (d, J = 3.0 Hz,
18H, 15-,17,18-H), 2.06 (bs, 9H, 12-,14-,21-H), 3.44 — 3.84 (m, 45H, 9-11-,22-H), 4.09 — 4.18
(m, 6H, 8-H), 7.23 (s, 2H, 2-,6-H) ppm.

Synthesis of 3,4,5-Tris(2-(2-(2-(2-(adamantan-1-loxy)ethoxy)ethoxy)ethoxy)ethoxy)benzoic
acid (3)

9 10 18 21
16,
e LA O D
8 1

14 13

Compound 2 (0.71 g, 0.63 mmol) was added to a solution of lithium hydroxide
(88.7 mg, 3.71 mmol) in water/methanol (50/50, 35 mL). The mixture was stirred for 2
days under reflux conditions. The solvents were evaporated and the residue was
redissolved in dichloromethane (40 mL) and washed with HCl (2x 2M, 50 mL) and water
(2x 50 mL). The organic layer was dried over MgSO, and the solvents were evaporated off
to yield pure product as yellow oil (540 mg, 0.49 mmol, 77%).
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'"H NMR (400 MHz, CDCl3): 6 = 1.56 (q, J = 8.4 Hz, 18H, 13-,19-,20- H), 1.70 (dd, J = 6.5, 2.9
Hz, 18H, 15-,17,18-H), 2.09 (bs, 9H, 12-,14-,21-H), 3.50 — 3.84 (m, 42H, 9-11-H), 4.14 - 4.21
(m, 6H, 8-H), 7.34 (s, 2H, 2-,6-H) ppm.

Synthesis of 3,4,5-Tris(2-(2-(2-(2-(adamantan-1-yloxy)ethoxy)ethoxy)ethoxy)ethoxy)-N-
(prop-2-yn-1-yl)benzamide (4)

25 21

o) 9 10 18
O 0J6
\\\lzi 7 R R= (\eﬂo 3 11 20
24 H > 15 12
R

22 14 13

Compound 3 (1.2 g, 1.09 mmol) was dissolved in dimethylformamide (20 mL). 1-
Ethyl-3-(3-dimethylaminopropyl)carbodiimide (0.621 g, 4,00 mmol) and
hydroxybenzotriazole (0.534 g, 4.02 mmol) were added. The mixture was stirred for 30
minutes under a nitrogen atmosphere. Propargylamine (0.3965 g, 7.20 mmol) and n-
methylmorpholine (0.4021 g, 3.98 mmol) were added. The mixture was stirred overnight
under a nitrogen atmosphere. The solvents were evaporated and the mixture was
redissolved in chloroform (25 mL) and washed with brine (2x 30 mL), water (2x 30 ML),
saturated NaHCOj; solution (2x 30 mL) and again with water (2x 30 mL). The organic layer
was dried over MgS0O, and the solvent was removed under reduced pressure. Column
chromatography (SiO,: dichloromethane-methanol (95:5)) was applied to yield pure
product (0.32 g, 0.28 mmol, 26%).

'H NMR (400 MHz, CDCl5): 6 = 1.60 (9,)=11.9 Hz, 18H, 13-,19-,20- H), 1.73 (dd, J = 9.3, 2.9
Hz, 18H, 15-,17,18-H), 2.13 (bs, 9H, 12-,14-,21-H), 2.25 (t, J=2.5 Hz, 1H, 25-H), 3.53 — 3.86
(m, 42H, 9-11-H), 4.17 — 4.25 (m, 8H, 8-,23-H), 7.01 (s, 1H, 22-H), 7.18 (s, 2H, 2-,6-H) ppm.
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Synthesis of 2,3,4,6-Tetra-O-acetyl-a-D-mannosepyranosyl monoazide (5)

10
OAc 7

6 OAc
oAcO~\3—10

8 ACO—32 1

Man5Ac (1.00 g, 2.56 mmol), SnCl, (800 mg, 3.08 mmol) and Me;SiN; (355 mg,
3.08 mmol) were dissolved in chloroform (10 mL). The solution was stirred overnight at RT
and afterwards washed with distilled water (10 mL), brine (10 mL) and again water (10
mL). The organic layer was dried over MgSQO, and the solvent was evaporated off to give
Man5AcN; (5) as a brown oil (910 mg, 2.44 mmol, 95%).

"HNMR: (400 MHZ, CDCls, 298 K) 6 = 1.73-1.91 (4s, 12H, 7-, 8-, 9-, 10-H), 3.91
(m, 2H, 4-, 5-H), 4.02 (m, 1H, 2-H), 4.89 (s, 1H, 3-H), 4.98 (m, 2H, 6-H), 5.17 (bs, 1H, 1-h).

Synthesis  of  N-((1-(2,3,4,6-tetra-O-acteyl-a-D-mannosepyranosyl)-1H-1,2,3-triazol-4-
yl)methyl)-3,4,5-tris(2-(2-(2-(2-(adamantan-1-yloxy)ethoxy)ethoxy)ethoxy)ethoxy)-N-
(prop-2-yn-1-yl)benzamide (6)

35

s 10 18 21
16
R= JJO{\B/\O 3 11 ° 20

14 13

Compound 4 (151 mg, 0.13 mmol) and compound 5 (865 mg, 0.21 mmol) were
dissolved in dimethylformamide. Catalytic amounts of copper(l)iodide were added and the
suspension was stirred overnight at 60° C. Afterwards the solvent was evaporated and the
mixture was redissolved in chloroform. The solution was washed with brine (50 ml) and
water (2x 50 mL). The organic layer was dried with MgSO, and the solvent was removed
under reduced pressure. The crude product was purified via column chromatography
(SiO,: dichloromethane-methanol (90:10)) and was obtained as a slight yellow waxy solid
(30 mg, 0.01 mmol, 8%).
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1H NMR (400 MHz, CDCI3): & = 1.41-1.68 (m, 18H, 13-,19-,20-H), 1.71 (dd, J = 9.2, 2.7 Hz,
18H, 15-,17-,18-H), 1.86-2.34 (m, 22H, 12-, 14-, 21-, 32-, 33, 34-, 35-H), 2.95-4.43 (m, 50H,
9-, 10-, 11--H, 31-H), 4.56 -4.69 (m, 1H, 30-H), 4.69-4.85 (m, 1H, 29-H), 5.20-5.43 (m, 1H,
28-H), 5.87 (m, 1H, 27-H), 5.95 (t, J = 4.2 Hz, 1H, 26-H), 7.16 (d, J = 13.9 Hz, 2H, 2-,6-H),
7.80-7.91 (m, 1H, 25-H) ppm.

Synthesis of N-((1-(a-D-mannosepyranosyl)-1H-1,2,3-triazol-4-yl)methyl)-3,4,5-tris(2-(2-(2-
(2-(adamantan-1-yloxy)ethoxy)ethoxy)ethoxy)ethoxy)-N-(prop-2-yn-1-yl)benzamide (7)
35
OH =32
g 31 OH

34 HO? QO
33 HO 28 27

-

N
I\\l\ / 25
N—2 24

Compound 7 (30 mg, 0.01 mmol) was dissolved in dry methanol and a solution

of NaOMe (catalytic amounts) in methanol was added. The mixture was stirred at room
temperature until TLC signaled a complete conversion. Afterwards the solution was
neutralized by addition of Dowex HCR-W2 ion exchange resign in hydrogen form. The
suspension was stirred for 15 minutes and was then filtered. The crude product was
purified via column chromatography (SiO,: dichloromethane-methanol (90:10)) and was
obtained as a white powder (10 mg, 0.005 mmol, 37%).

1H NMR (500 MHz, CDCl3): & = 1.57-1.72 (m, 18H, 13-,19-,20-H), 1.72-1.78 (m,
18H, 15-,17-,18-H), 2.09-2.19 (m, 9H, 12-,14-,21-H), 3.34-3.37 (m, 2H, 23-H), 3.48-3.96 (m,
50H, 8-, 9-, 10-, 11-, 29-, 30-H), 4.09-4.11 (dd, J = 8.4, 3.6 Hz, 1H, 28-H), 4.23- 4.25 (m, 3H,
22-,31-H), 4.60-4.72 (m, 1H, 27-H), 5.98 (d, J = 2.6 Hz, 1H, 26-H), 7.29 (s, 2H, 2-,6-H), 7.62
(dd, J = 15.7, 10.0 Hz, 1H, 23-H), 7.80-7.91 (m, 1H, 25-H), 8.15 (s, 1H, 22-H) ppm.
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Figure S 5-1: 1H NMR spectrum of N-((1-(a-D-mannosepyranosyl)-1H-1,2,3-triazol-4-yl)methyl)-3,4,5-tris(2-(2-(2-

(2-(adamantan-1-yloxy)ethoxy)ethoxy)ethoxy)ethoxy)-N-(prop-2-yn-1-yl)benzamide in CDCl3

Nanoparticle Syntheses and Characterization.

General details. Carboxy-terminated water-soluble CdTe quantum dots with
670+10 nm emission were purchased from Plasmachem (Germany).

Synthesis of heptakis(6-bromo-6-deoxy)-B-cyclodextrin. The synthesis of
heptakis(6-bromo-6-deoxy)-B-cyclodextrin was adapted from Chmurski et al [26].

Synthesis of heptakis-(6-thio-6-deoxy)-B-cyclodextrin. The synthesis of heptakis(6-thio-6-
deoxy)-B-cyclodextrin was adapted from Rojasi et al [27].

Functionalization of carboxy-terminated quantum dots with heptakis(6-thio-6-
deoxy)-B-cyclodextrin (B-CD QD). Functionalization of carboxy-terminated quantum dots
with heptakis(6-thio-6-deoxy)-B-cyclodextrin was performed by ligand exchange. In an
aqueous solution of 1.2 x 10° M of quantum dots, 300 equivalents of heptakis(6-thio-6-
deoxy)-B-cyclodextrin was added and the reaction was stirred overnight. Afterwards, the
quantum dots were washed at least 5 times with deionized water by spin filtration
(Amicon Ultra, 10kDa, Millipore) and were reconstituted with water to 1.2 x 10° M.
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Binding Studies.

DOSY NMR Spectroscopy.
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Figure S 5-2: Overlay of two DOSY NMR spectra; in red is the spectrum of the free TriADTEG and in blue the
spectrum of TriADTEG in stoichiometric ration in respect to the number of cyclodextrins found on quantum dots.
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Figure S 5-3: Overlay of two DOSY NMR spectra; in red is the spectrum of the free ADTEG and in blue the
spectrum of ADTEG in stoichiometric ration in respect to the number of cyclodextrins found on quantum dots.

Fluorescence measurements. Steady-state fluorescence measurements were
done on a Cary Eclipse fluorescence spectrophotometer (Varian) at 22°C. The software
used is Cary Eclipse version 1.2(147). Quartz cuvettes of 3.5 ml nominal volume (Hellma)
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were used for the samples and all samples were prepared to a final volume of 3.0 ml.
Excitation and emission slits were at 10 nm, detection voltage was at 600 V and excitation
wavelength was at 450 nm. Scans of every sample were performed every 5 or 10 minutes
from 500-800 nm. All fluorescence intensity data were analyzed at maximum fluorescence
emission at 671 nm.
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Chapter 6 General discussion

Abstract

In this thesis, the motivation was to progressively discover and understand
molecular interactions that govern natural systems and beyond, and the goal was to
acquire the ability to design, direct and control complex matter. Special focus was put on
implementing and controlling supramolecular ligand interactions on nanoparticle surfaces
with an emphasis on biomolecule sensing. This Chapter summarizes the most important
findings of every chapter. By linking all the findings of this thesis, the questions answered
are evaluated and a general conclusion is reached. With an eye on the future, some
observations to extend the discussion further and beyond this thesis are added and new
questions arisen are identified. Finally, a conclusion is reached by providing insight,
guidelines and suggestions on designing and controlling multivalent, supramolecular
interactions on the nanoparticle bionanointerface, between nanomaterials, ligands and
biomolecules.
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6.1 Introduction

he motivation was to progressively discover and understand molecular

interactions that govern nanoscale natural systems and beyond, and the goal

was to acquire the ability to design, direct and control complex matter. In this

context, supramolecular ligand interactions on nanoparticle surfaces were
designed and implemented with an emphasis on biomolecule sensing.

In this Chapter, the most striking findings of this thesis are linked and evaluated
to reach a general conclusion. Three main topics are addressed:

e NMR as a tool in Nanotechnology to study reactions and supramolecular
interactions between molecules, nanoparticles and biomacromolecules.

e Supramolecular Orthogonal Interactions at nanoparticle surfaces.

e Applications of Supramolecular Orthogonal Interactions for biomolecule
recognition and sensing.

With an eye on the future, some observations regarding these topics are added
in order to extend the discussion further and beyond this thesis and to identify new
questions arisen.

Coming to the conclusion, general guidelines and future outlook on designing
and controlling multivalent, supramolecular interactions on the nanoparticle interface are
provided.

6.2 NMR as a tool in Nanotechnology

Throughout this thesis, reactions and supramolecular interactions between
molecules, nanoparticles and biomacromolecules were investigated by 1H-, 2D- and
Diffusion Ordered SpectroscopY (DOSY NMR) for qualitative and mostly quantitative
analysis [1-6].

6.2.1 NMR for kinetic processes at the nanoscale

In Chapter 2 the development of an acquisition technique, named p-DOSY, was
achieved in order to improve diffusion accuracy in concentration evolving systems.
Although, a model reaction of known kinetics, in specific the glucose anomerization, was
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used, this technique can be implemented also for other kinetic processes. To monitor
kinetic processes with DOSY NMR, typically a series of DOSY NMR measurements are
acquired throughout the duration of the process. DOSY measurements, at high analyte
concentration, last for a few minutes and can last for several hours if analyte
concentration is very low. Chemical reactions expand over many orders of magnitude,
from femtoseconds to years. The timescale of the kinetic process itself in comparison to
the timescale of each DOSY measurement has to be matched. If each, single DOSY
measurement is longer than the timescale of the kinetic process itself, no kinetic
experimental observations can be acquired. If the timescale of the reaction is considerably
longer than the timescale for each DOSY measurement, then accuracy is not heavily
affected, since concentration changes with the timescale of the DOSY measurement are
negligible. Taking the relation between these two timescales under consideration, the
window of observation for kinetic processes by p-DOSY NMR is limited to kinetic processes
that last from minutes to hours (Figure 6-1).

p-DOSY
Chemical reactions sec

Figure 6-1: Timescale of chemical reaction kinetics in relation to the observation window that can be monitored
by acquiring a series of p-DOSY measurements

At the nanoscale most kinetic processes such as for the monitoring of time-
dependent synthesis of nanoparticles [7, 8], nanoparticle functionalization reactions [9],
ligand exchange on nanoparticles [10], aggregation [11], and self-assembly [12, 13]
processes are found in the window of observation by the p-DOSY, which enables
nanotechnologists to fundamentally understand the underlying factors and mechanisms
of such processes. Lastly, the lower level in the window of observation of kinetic processes
by the p-DOSY could be lowered, if permutation of gradient strengths could be integrated
in the single-scan DOSY NMR techniques [14-20].

6.2.2 NMR for nanoparticle surface analysis

A key aspect in Nanotechnology is the analysis and understanding of the
nanoparticle surface chemistry. By NMR spectroscopy, the main features of the
nanoparticle surface such as ligand identity [9, 21], quantity [21, 22], and arrangement
[23]can be resolved. In this thesis, thiol-based, ligand exchange reactions were performed
in order to obtain nanoparticles with functional monolayers. Qualitatively, verification of
ligand exchange can be verified by comparing 1H NMR spectra, before and after the ligand
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exchange, as conducted in Chapter 3 and Chapter 4. In between these measurements, a
cleaning step is typically involved for the removal of excess of unreacted and exchanged
ligand from solution. Especially for gold nanoparticles, there is also the possibility to
degrade them by iodine decomposition [22] and determine the exact ligand number and
composition by 1H NMR, as shown in Chapter 3. An alternative approach for verification
of ligand exchange on nanoparticles would be the use of DOSY NMR for monitoring in situ
the ligand exchange [10]. This approach is advantageous, because it reveals kinetic aspects
of the ligand exchange reactions and does not, necessarily, require a cleaning step in
between. An additional advantage is that from the DOSY measurements quantitative
information about the hydrodynamic size of the nanoparticle can be acquired. There are
though, some practical issues, such as the frequent overlap of the ligand peaks when free
in solution and also on the nanoparticles. To overcome this problem, advanced acquisition
[17, 24] and processing [25-28] techniques should be used. Since ligand exchange is a
reaction between nanoparticles and ligands, thus a concentration evolving system, the use
of the p-DOSY acquisition technique is recommended. Concerning the processing and
analysis of diffusion data, in cases of overlapping signals, two approaches can be taken. If,
the number of components, that constitute the overlapping signal are known, a
multiexponential fit [29] for the decay curves could be used, as shown in Chapter 3. If the
number of components is unknown or concentration changes are involved, then advanced
processing software can improve the diffusion accuracy such as the MAXimum ENTropy
analysis [25] (Chapter 2). By DOSY MAXimum ENTropy analysis, no assumption of the
number of exponential components in a mixture is made, nor of their monodispersity,
while this is the case for other software such as the CONTIN [27].

Apart from NMR, a lot of other techniques have been employed in order to
define the nanoparticle surface chemistry. Among these techniques are Inductively
Coupled Plasma Mass Spectrometry (ICPMS), Optical Emission Spectroscopy (ICPOES),
Auger Electron Spectroscopy [AES] and X-ray Photoelectron Spectroscopy [XPS]); ion-
based methods (Secondary lon Mass Spectrometry [TOF-SIMS] and Low Energy lon
Scattering [LEIS]); Scanning Probe Microscopy (SPM), including Atomic Force Microscopy
(AFM) and Scanning Tunneling Microscopy (STM) and ThermoGravimetric Analysis (TGA)
[30]. While most of these techniques are powerful in measuring the amount of ligands on
the nanoparticles, they lack in providing information in the molecular level. Other
techniques, giving information in the molecular level and of the amount of ligands on the
nanoparticle surface, are fluorescence-based methods and Raman, but they require
molecular labeling or alteration of the ligands. Consequently, 1H- and DOSY NMR
spectroscopy are indispensable methods for elucidating ligand identity, quantity and
arrangement on nanoparticle surfaces. For quantitative ligand identification, though, an
in-between decomposition step could be required.
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6.2.3 NMR for nanoparticle size and shape elucidation

Size and shape are also important nanoparticle properties, influencing the
surface chemistry of the nanoparticle. By knowing the nanoparticle size and shape, the
available surface area of the nanoparticle can be calculated, and, if the number of ligands
is known, the packing of the ligands in a monolayer can be defined (Chapter 3). The
packing of ligands on the nanoparticle surface, influences nanoparticle solubility, stability
and recognition (binding capacity). In Chapter 3 and Chapter 4, Transmission Electron
Microscopy (TEM) and DOSY NMR are employed as the main techniques for calculating
monolayer packing and surface area [31, 32]. By TEM, the core size of the nanoparticles
and, by DOSY, the nanoparticle hydrodynamic radius is measured. By subtracting the core
radius from the hydrodynamic radius, the monolayer height can be estimated. Using the
core radius, also the nanoparticle surface area can be calculated. For example, in Chapter
3 and Chapter 4, the surface area can be approximated by the surface area of a sphere,
thus 4rtrco,ez, by using the nanoparticle core radius obtained by TEM. Knowing the surface
area of the core and the surface area a ligand occupies on the nanoparticle, the
theoretical amount of ligands on surface can be calculated. In Chapter 3, the theoretical
calculations are found to be very close to the experimental data from the decomposition
studies. In Chapter 4 the cyclodextrin surface area is approximately the area of a circle
(nr’) and the theoretical amount of cyclodextrins per nanoparticle, seems to agree well
with the findings in Chapter 5, when ligand titrations were performed. One would thus
conclude that TEM and DOSY are complimentary techniques, excellent for determining the
size, shape and concomitant surface properties of nanoparticles.

Apart from TEM and DOSY, Dynamic Light Scattering (DLS) [33-35] is also an
appropriate technique for measuring size and shape at the nanoscale, and could be
coupled to TEM and DOSY, or to be used instead of DOSY. Nevertheless, this technique
was not thoroughly explored in this thesis.

6.2.4 NMR for investigating supramolecular interactions

Non-covalent weak forces that instigate molecular nanoparticle assemblies
through intermolecular hydrogen bonds, aromatic m—n stacking, hydrophobic and
electrostatic interactions [36], are the basis to fundamentally understand, design and
control complex matter [37-40]. In such interactions, the number of molecules, their
orientation, and their association strength should be determined. In Chapter 5, through
1H NMR titrations between a triadamantane or monoadamantane ligand and -
cyclodextrin nanoparticles, the dynamic nature, number of ligands and their orientation
was quantified. The non-dynamic nature of the trivalent adamantane linker, as well as the
number of adamantanes per B-cyclodextrin, was revealed, when addition of B-
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cyclodextrin quantum dot in a constant amount of linker, altered the integrals of the linker
peaks. The dynamic nature of the monovalent adamantane linker was manifested, when
addition of B-cyclodextrin quantum dot in a constant amount of linker, resulted in altered
chemical shifts of the linker peaks and not in integral change. In addition, these
experiments confirmed qualitatively the binding of both linkers with the quantum dots,
since the characteristic peak broadening [41] increased with increasing amount of B-
cyclodextrin quantum dots in solution. Lastly, addition of free cyclodextrin in solution, and
concomitant addition of B-cyclodextrin quantum dots gave information about the binding
strength between the trivalent linkers and the quantum dots. In Chapter 5, DOSY NMR
was performed only to confirm and support the observations made by 1H NMR. Despite
the valuable proton information acquired in Chapter 5, the main limitation of 1H NMR was
demonstrated in Chapter 3; titrations between ligand and nanoparticles could not be
repeated for the peptide-nanoparticle system due to signal overlap of the peptide and
nanoparticle peaks. Another (NMR spectroscopic) technique had therefore to be
employed. DOSY NMR, known as NMR chromatography, was considered the most
appropriate to study selective peptide binding towards gold nanoparticles. DOSY NMR is
known as a principal technique to investigate weak binding of small molecules on
significantly bigger receptors such as macromolecules, biomacromolecules and
nanoparticles [1, 5, 42]. The success of DOSY NMR in weak binding experiments relies on
the size difference between ligand and nanoparticles. The bigger the size difference, the
more pronounced the change in ligand diffusion due to binding and therefore the more
accurate the results. During the DOSY measurements, the problem of signal overlap
became again evident, but it was successfully solved by using biexponential fitting [29]
with a fixed diffusion for the nanoparticles as determined by blank gold nanoparticle
experiments for fitting the peptide decays. Lastly, in Chapter 3, DOSY NMR measurements
provided clear evidence for the interaction between the different peptides and the gold
nanoparticles. The number of interacting peptides per nanoparticle, their binding strength
and their selectivity towards different mixed nanoparticle monolayers was elucidated.

Apart from 1H- and DOSY NMR, other techniques for elucidation of the
interactions could be employed. From the NMR toolbox, SaTuration Difference (STD) NMR
[43] would probably be a good choice. STD-NMR is based on saturation transfer due to
nuclear Overhauser effect from a receptor to a ligand. The advantage of this technique
relies on the fact that on an STD spectrum only the proton signals of a binding ligand will
appear. Other non-binding ligands present in solution will not receive any saturation
transfer; thus they will not appear in the STD spectrum. The bigger the intensity of a ligand
peak in an STD spectrum, the stronger the binding. Moreover, the orientation of binding
can also be determined, since only the signals of the protons, that are in close contact to
the receptor (<5 A) and receive magnetization transfer, will appear in the saturation
difference spectrum and from those, the ones that are closer to the receptor will exhibit

120



higher intensity, due to a more efficient saturation transfer. STD NMR is appropriate for
measuring weak binding such as dissociation constants ranging from 10™° to 10~ M. From,
non-spectroscopic techniques, Isothermal Titration Calorimetry (ITC) [44, 45] would also
be appropriate in order to measure binding strength. ITC measures the heat absorbed or
generated when molecules interact. ITC is most useful for measuring dissociation
constants in the 10° to 10° M range. The biggest disadvantages of ITC are long
experimental times and use of relatively big volumes of concentrated solutions, typically in
the range of 107 to 10° M.

While a wide range of binding affinities can be measured by the above
mentioned techniques for weakly binding molecules with a fast association-dissociation
rates, to detect strong- binding ligands with slow dissociation rates, such as the trivalent
adamantane linkers developed in Chapter 5, can only be performed by the use of
competition assays [46, 47]. Competition-based experiments utilize a competitor
molecule, with known binding constant with fast exchange between the bound and free
state. Addition of the strong-binding ligand, would lead in displacement of the weakly
bound competitor, which is monitored as a change towards the free state in the observed
physicochemical parameter (chemical shift for 1H NMR, diffusion for DOSY NMR,
disappearance in the STD spectrum etc.).

To conclude, NMR spectroscopy is a valuable tool to investigate
physicochemical of rather complex systems, found in various energetic landscapes. For
reacting systems, as shown in Chapter 2, where concentration evolving systems move
towards equilibrium, a new acquisition DOSY technique was presented in order to
overcome diffusion inaccuracies and to, subsequently, facilitate nanotechnologists with
the study of such systems. In Chapter 3, dynamic, non-covalent equilibrium interactions
between peptides and gold nanoparticles were studied, leading to the discovery of novel,
selective, nanoparticle based peptide receptors. In Chapter 5, dynamic and non-dynamic,
supramolecular interactions on nanoparticle surfaces were compared, in order to design
and optimize novel, selective, nanoparticle based, lectin sensors.

6.3 Supramolecular orthogonal interactions at nanoparticle
surfaces

In this thesis, various multivalent systems and orthogonal supramolecular
interactions on nanoparticle surfaces are described. Supramolecular interactions of
several orthogonal pairs were investigated; a) quaternary ammonium with carboxylic acids
(Chapter 3) b) crown ether with primary amines (Chapter 3) c) phenyl groups with other
aromatic groups (Chapter 3) d) adamantane with cyclodextrins (Chapter 4 & Chapter 5)
and e) mannose with mannose binding lectins (Chapter 4 & Chapter 5). These interactions
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differed in binding strength and multivalency. In Chapter 3 gold nanoparticle peptide
receptors were developed, employing synergetic, trivalent interactions, of different
orthogonal pairs with relatively weak individual binding constants. In Chapter 4, two
orthogonal pairs were employed for sequential self-organization and flocculation of
ternary supramolecular nanoparticle networks between cyclodextrin-capped quantum
dots, asymmetric mannose-adamantane cross-linkers and the lectin, Concanavalin A. The
cross-linker molecules consisted monovalent adamantane-mannose moieties. The
adamantane is orthogonal and binds strongly to B-cyclodextrin, while mannose is
orthogonal and binds weakly to the tetravalent lectin, Concanavalin A. In contrast to the
other chapters, in Chapter 5, the non-dynamic, supramolecular binding of trivalent
adamantane linkers, which bind in an almost covalent fashion on B-cyclodextrin quantum
dots, was investigated. By attaching mannose moieties on the trivalent adamantane,
ligands were engaged for sensing, not only the tetravalent lectin, Concanavalin A, as in
Chapter 4, but also a bivalent and a dodecavalent lectin.

In this section, the collective nanostructure properties emerging from
multivalent ligand interactions at nanoparticle surfaces are presented. In simplified
examples of multivalent interactions, such as unrestricted homobivalent systems (Figure
6-2b), the outcome is expected, as only a result of thermodynamics [48, 49]. In the case of
restricted systems as shown in Figure 6-2a, the calculation of binding stoichiometry and
affinity is more complex, since it is dependent not only on the outcome of
thermodynamics between ligand-receptor interactions but also on rigidity, length,
orientation, and proximity between binding sites.

a b

Figure 6-2: Schematic representation of homobivalent a) restricted and b) unrestricted supramolecular,
multivalent interactions

The outcome of more complex interactions in solution, such as asymmetric
hetero- polyvalent interactions or cross-linking ligands in ternary interactions, is already
harder to predict [48, 49]. Even higher complexity rises when the above mentioned
interactions take place on nanoparticle surfaces [49, 50]. Key factors influencing
multivalent interactions on nanoparticle surfaces are surface curvature of the
nanoparticles and length and rigidity of ligands [48, 49]. In the case of cross-linkers, not
only the linker length and rigidity influence, but also the orientation of interactions and
size of the other two components in the ternary system [49]. Taking the previously
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mentioned factors into account, let’s look at a simplified schematic overview of the
interactions studied in Chapter 3, Chapter 4 and Chapter 5.

Figure 6-3: Schematic overview of the supramolecular, multivalent systems studied in this thesis, (a) represents
trivalent adamantane linkers interacting with B-cyclodextrin quantum dots (Chapter 5), (b) represents dipeptide
interactions with nanoparticles bearing quaternary ammonium and crown ether, NPqc, or nanoparticles with
guaternary ammonium and benzene group, NPqp , (Chapter 3)and (c) represents the interactions of glycine-
phenylalanine with a combination of all three functional groups NPqpec, on the nanoparticle surface (Chapter 3).

In Figure 6-3, the ternary interactions between system (a) with lectins, studied
in Chapter 5, are not depicted. Concerning the amount of ligands bound on the
nanoparticle surface for the systems described under (a) and (c), there is a noticeable
difference in the results. In Chapter 3 the number of peptides bound on gold nanoparticles
bearing all three combinations of ligand (c) is 3.6, while the number of triadamantane
ligands bound on the cyclodextrin nanoparticle surface, described in Chapter 5, is close to
35. The nanoparticle size difference between these cases is approximately 1 nm, (6.2 nm
for the quantum dots and 5.0 for the gold nanoparticles), yielding 1.5 times bigger surface
area in the case of quantum dots in respect to the gold nanoparticles. Despite the
differences in surface area, the difference in numbers of the bound molecules is so big,
leading to the conclusion that there are other factors influencing these numbers. Surface
curvature and even surface defects could possibly influence more the binding events in
the case of dipeptide binding of gold nanoparticles. In addition, both ligands can be
considered flexible and in the same size range, but the orientation of interactions is
different. In the case of the dipeptide interactions with gold nanoparticles the peptides lie
in a horizontal fashion and therefore cover bigger surface area, whilst in the case of the
trivalent linkers the interactions are perpendicular. Lastly, the trivalent interactions
described in Chapter 3 are heterovalent whereas the ones of Chapter 5 are homovalent. If
the thiols on the gold nanoparticles are not in dynamic exchange, then the ligand
arrangement on the surface influences more the case of heterovalent binding than the
homovalent.

Comparing the multivalent interactions of the nanoparticle systems described
in Chapter 3 and depicted as (a), (b) and (c) in Figure 6-3, interesting conclusions regarding
additivity or cooperativity can be drawn, since surface curvature and area, peptide length
and rigidity are very similar. First, the binding strength of the individual interactions differs
significantly. Quaternary ammonium capped nanoparticles yield high binding constants,
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while no additive or cooperative effect is observed for nanoparticles bearing quaternary
ammonium together with either crown ether or aromatic groups. In the case of the
nanoparticles bearing all three combinations, the result is surprising since the binding
constant is double for glycine-phenylalanine in comparison to all previous cases and in
comparison to glycine-glycine, leading to the assumption that there might be a peptide
template effect. These results differ from Schneider at al. [51], where a small, rigid
synthetic receptor bearing all three groups combinations was synthesized. No clear effect
from the combination between quaternary ammonium combined either with crown ether
or phenyl group was observed in contrast to Schneider’s receptor. When all three
interactions are combined, then stronger and selective binding is observed, an
observation opposite to Schneider’s findings where no added effect was seen by the
addition of the aromatic group. The reason for the observed differences lies in the
flexibility/orientation of the peptides as well as in possible ligand rearrangements on the
nanoparticle surface. Possibly, Schneider’s system is largely impacted by steric hindrance
of the different peptide side groups.

Continuing with a comparison between the monovalent interactions between
adamantane-B-cyclodextrin quantum dots and the system depicted as (a) in Figure 6-3 and
described in Chapter 4 and Chapter 5, by increasing the adamantane multivalency from
one to three, a transition between dynamic and non-dynamic supramolecular interactions
is generated. It is known from literature, that bivalent interactions at the cyclodextrin
SAMs resulted in a binding constant of 10" M7, three orders of magnitude higher than
that for the corresponding bivalent interaction in solution (10’ M) [52]. This large effect
brings the discussion to the impact of regional effective concentration. An uncomplexed
adamantane close to a surface has approximately double probability into interacting with
a cyclodextrin in respect to when the cyclodextrin is in solution. The third sequential
binding of adamantane in the case of the trivalent adamantane linkers would exhibit even
higher binding effect, in the range of 10" M*and possibly more, since on surface [53, 54],
and would lead to the non-dynamic systems observed in Chapter 5. Interestingly, non-
dynamic systems described in Chapter 5 are highly robust and at the same time still
tunable, when free cyclodextrin is present in solution before the quantum dots are added
[53, 55].

In Chapter 4 and Chapter 5 another interesting aspect of multivalent systems is
studied; the case of asymmetric linker molecules. Monovalent adamantane and trivalent
adamantane ligands were coupled with mannose, in order to cross-link B-cyclodextrin
guantum dots with mannose binding lectins forming ternary superstructures. A significant
difference from the systems described previously is the size of the three components,
where lectins and quantum dots are in the same size range and the linker significantly
smaller. This is the reason for the fact that, despite the high amount of cyclodextrins on
the nanoparticle surface (~86), each quantum dot can bind maximally four Concanavalin A
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lectins by employing four linkers. One may then wonder why excess of linkers and lectin
should be present in solution. The answer lies in the dynamic nature of the interactions
between cyclodextrin and adamantane and between mannose and Concanavalin A, where
faster kinetics exhibit the more the system is saturated with its components (Chapter 4).
In the case of the strong-binding adamantane ligands (Chapter 5), the observed self-
organization and flocculation kinetics are almost twice as fast, when stoichiometric ratios
between adamantanes and B-cyclodextrin are used, as a result of the non-dynamic nature
of the linker-quantum dot interactions. Moving towards sensing of other lectins than
Concanavalin A, two factors can be identified for obtaining ternary supramolecular
networks that flocculate. These factors are lectin valency, size and geometry [56, 57](
Figure 6-4). For example, when the trivalent linkers were employed for the sensing of Lens
Culinaris, almost no flocculation was observed. This result is attributed to the fact that
Lens Culinaris is a bivalent lectin with poorer cross-linking capacity. In the case of lectins
with higher valency, such as Galanthus Nivalis Agglutinin, faster kinetics than Concanavalin
A would be expected. This expectation does not correspond to reality, though, due to
lectin geometry and orientation of the mannose binding sites. Galanthus Nivalis, another
mannose binding lectin, is almost the same size as of Concanavalin A, and despite its
twelve binding sites, exhibits slower flocculation kinetics than Concanavalin A. The reason
could be the fact that its binding sites are in close proximity with each other, not being all
able to bind through a linker with a quantum dot, leading to a weaker crosslinking effect.

Lens Culinaris complex Concanavalin A complex Galanthus Nivalis complex

Figure 6-4: Schematic representation of quantum dot- trivalent adamantane-mannose-lectin complexes with
Lens Culinaris, Concanavalin A and Galanthus Nivalis.

To sum it up, one main challenge in Nanotechnology is to create non-covalent
systems that are selective, adaptive and yet at the same time robust [58]. To meet this
challenge, three different strategies were established [59]. The first strategy consisted of
complementing a strong orthogonal interaction with one or two extra secondary
interactions (Chapter 3). This strategy resulted in selective binding of a dipeptide
containing an aromatic group. The second strategy involved monitoring of kinetics of
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sequential binding of three different components instead of monitoring a two component
assembly (Chapter 4). This strategy is advantageous for selectively detecting biomolecules
of medium selectivity, such as lectins which can bind more than one monosaccharide with
different binding strengths. The lectin binding strength defines, though, the flocculation
kinetics. Weakly binding lectins won’t induce in most cases network formation and
flocculation, but in case they do, the kinetics is substantially slower than when stronger
binding monosaccharides are involved. That means that the selectivity of these systems is
time-dependent. The third strategy used very strong-binding linkers at the nanoparticle
surface, yielding robust yet tunable nanostructures. Tuning of binding strength with the
addition of free cyclodextrin in solution varies the binding strength of the linker-
nanoparticle complex. Tuning the binding strength, by adding excess of free cyclodextrin,
leads to more dynamic but less robust systems. When no free cyclodextrin is present, the
non-dynamic nature of the complex induces fast flocculation with high robustness but less
selectivity. The third strategy is a fine example of versatility and tunability of
supramolecular materials, where is up to the scientist’'s choice to obtain different
collective properties either in thermodynamic equilibrium or not.

6.4 Applications for biomolecule recognition and sensing

Throughout the thesis, special focus was put on translating kinetics, dynamics
and supramolecular interactions into detecting biomolecules or their properties. In all
chapters of this thesis, biomolecule recognition and sensing in complex systems was
studied. The term complex mixture defines mixtures of different components at
equilibrium, towards equilibrium and out-of-equilibrium [40]. This thesis provides
methods and techniques for recognizing and sensing small biomolecules such as sugars,
medium size molecules such as dipeptides and bigger biomolecules such as proteins. In
Chapter 2, the anomerization reaction of glucose, as a system towards equilibrium, led to
the diffusion separation and discrimination of glucose anomers. In Chapter 3 gold
nanoparticle receptors for selective dipeptide recognition are presented and in Chapter 4
and Chapter 5 selective lectin detection is achieved by using sequential assembly by
dynamic and non-dynamic supramolecular interactions.

In Chapter 2, in an effort to improve diffusion accuracy, a simplified model was
used for representing systems not at equilibrium. By the permutated DOSY, p-DOSY,
glucose anomers could be separated through their diffusion coefficient. As future
application, p-DOSY <can be wused for monitoring reactions of complex
bionanotechnological systems such as the kinetics of multiple substrates catalyzed by
enzyme-conjugated nanoparticles. In addition, the formation and evolution of dynamic
combinatorial libraries [60] and drug-release kinetics from nanoparticles [61] could be
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analyzed. In conclusion, p-DOSY is a great spectroscopic tool, enabling nanotechnologists
to study systems with kinetic characteristics.

In Chapter 3, one of the few selective receptors for dipeptides containing an
aromatic group was developed. In the future more supramolecular interactions could be
introduced, such hydrogen bonding [62] or chiral receptors [63] for selective recognition
of other types of peptides. Of high-interest would also be multivalency-based peptide
recognition that could be implemented by utilizing the nanoparticles synthesized in
Chapter 3.For example, the dipeptide lysine-lysine bears two amine groups and it would
be expected to bind with higher affinity to the quaternary ammonium nanoparticles. For
dipeptide sensing another strategy that could be explored is the one followed in Chapter
4, thus to use the peptides as cross-linkers between two types of nanoparticles. For
example, the dipeptide glycine-glycine could be detected by forming supramolecular
bridges between quaternary ammonium nanoparticles and crown ether nanoparticles.

In Chapter 4 & 5 the selective detection of mannose-binding proteins was
achieved. The interesting part of the lectin sensors developed is the detection method
used. While many nanotechnologists consider flocculation an unwanted property of
matter [11], here, flocculation of nanostructures was lectin induced and led to qualitative
and quantitative Concanavalin A detection [64]. The outcome of this research provides
insight on how to detect multivalent biomolecules, but also gives a taste in how to control
complex matter by using biomolecules as nanotechnological tools.

In Chapter 5, it was evident that that there is an interplay between selectivity
and fast detection; between dynamic and non-dynamic systems. By employing
monoadamantane linkers the response time increases up to when stoichiometric ratios of
adamantanes to B-cyclodextrin is used, but in the same time non-specific binding is
neglected. The opposite occurs for the triadamantane linkers. To find a balance between
these extreme cases, the addition of free cyclodextrin can be used to obtain
intermediated binding strengths (between monovalent and trivalent binding), where
selectivity and fast response are optimal.

In conclusion, for detection of biomolecules in complex mixtures, sensitive
spectroscopic techniques such as NMR and fluorescence facilitate the detection of the
target biomolecule in a complex mixture. To design sensors that target multivalent
molecules such as peptides or lectins, not only multivalency and binding strengths have to
be taken into account, but as well size, shape, geometry and binding site orientation and
spatial organization of nanoparticles, ligands and biomolecules [48-50, 54, 56, 59, 65, 66].
Moreover, flocculation assays of supramolecular nanoparticle-based systems are still in
their infancy [64], although they have proven to be very useful for biosensing. Flocculation
assays could be also detected by other techniques, such as SPR for gold nanoparticles,
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DOSY NMR for the case of small aggregates, flow cytometry and DLS [1, 5, 30, 34, 67, 68].
Lastly, biomolecules should not only be sensing targets of nanomaterials, but also the
opposite, nanomaterials could be templated by biomolecules [69, 70].

6.5 Final conclusion and future outlook

In this thesis, the motivation was to progressively discover and understand
molecular interactions that govern natural systems and beyond, and the goal was to
acquire the ability to design, direct and control complex matter. Special focus was out on
implementing and controlling supramolecular ligand interactions on nanoparticle surfaces
with an emphasis on biomolecule sensing.

The most important findings regarding the first main topic of this thesis; which
was the use of NMR spectroscopy as a tool in Nanotechnology to study various chemical
systems, are:

Permutation of the gradient strength arrays is a robust technique, with future
potential in nanotechnology, allowing diffusion identification and separation of
components of transient species (Chapter 2).

DOSY NMR is the most appropriate technique for studying binding interactions
of small ligand and nanoparticles due to the inherent size differences of the system. It can
be used for binding studies of asymmetric mixed- ligand monolayers, cooperative binding,
dynamic supramolecular interactions, very- high ligand binding affinity on nanoparticle
surfaces and competition binding (Chapter 3, Chapter 4 and Chapter 5).

Regarding the second topic of this thesis; entitled as supramolecular orthogonal
interactions addressing especially aspects of multivalency on nanoparticle surfaces, the
following general conclusions are derived:

Weak, secondary binding interactions can yield selective nanoparticle systems
(Chapter 3).

Orthogonal, sequential assembly of ternary systems mediated by small cross-
linkers is a good strategy for constructing and controlling superstructures (Chapter 4).

Non-dynamic non-covalent interactions are the opposite of dynamic covalent
interactions on nanoparticle surfaces, being both quite advantageous (Chapter 5).

The last topic addressed in this thesis, which was the translation of molecular
mechanisms, recognition principles and supramolecular interactions in biomolecule
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detection, provided useful insight for the design and development of nanoparticle based
sensors.

The introduction of asymmetric supramolecular interactions, in terms of
binding strength, such as mixed ligand monolayers or adamantane-sugar cross-linkers
improves the selectivity of nanoparticle based sensors (Chapter 4 and Chapter 5).

Nanoparticle flocculation induced by the presence of a biomolecule is a good
strategy for detecting multivalent biomolecules (Chapter 4 and Chapter 5).

During this research future aspects were identified and new questions were
born.

While nanotechnology stays more on the applied field of science, the
fundamental aspects of its applications should not be overlooked. The mechanisms and
thermodynamics behind flocculation kinetics are not yet clear, constituting a rather new,
underexplored field of research [13]. Moreover, instead of driving a system to flocculation,
it would be interesting to obtain nanoparticle crystals using lectins or other biomolecules
as bridges [71].

Fundamental parameters influencing biomolecule or ligand binding on
nanoparticles such as size, shape, flexibility and orientation should be further investigated
[48-50, 54, 56, 59, 65, 66]. For the nanoparticles studied in Chapter 3, the effect of peptide
length was not examined. Longer peptides, such as glycine-glycine-phenylalanine (longer
equivalent to glycine-phenylalanine used in Chapter 3) and different structures, such as
phenylalanine — phenylalanine could be screened. Moreover, if the peptides would be
long enough, maybe they would not only orientate towards one nanoparticle, but they
would probably act as crosslinkers, forming supramolecular nanoparticle networks. Lastly,
a selective peptide receptor or sensor could be based on the multivalency of multiple-
charged peptides such as lysine-lysine-lysine which bears four amine groups. Looking
many steps ahead, more complex mixed ligand monolayers can be designed, where more
than three interactions take place [36]. Regarding the nanoparticle-based systems studied
on Chapter 4 and Chapter 5, it would be of interest to study the effect of nanoparticle size
on the lectin sensing. Smaller nanoparticles are probably crosslinked better with lectins,
due to less steric hindrance between them when bound on lectins. Smaller nanoparticles
would probably enable the extension of the flocculation assays to other sugar-binding
lectins.

Instead of first designing nanoparticles that are expected to exhibit, in theory,
interactions with biomolecules, biomolecule as templates could be used for the
functionalization of nanoparticles [69, 70]. This would allow gaining fundamental insight of
supramolecular interactions and binding and has also applications for screening libraries
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of potential binders, crucial for drug discovery and design. Coming back to Chapter 5, the
use of trivalent adamantane linkers with different sugar sequences in combination with a
possible lectin template effect would allow for the selective functionalization of the
nanoparticles, which could either be isolated from solution with physical methods or self-
separate by flocculation and concomitant precipitation.

In Chapter 4 and Chapter 5, rather slow flocculation kinetics of supramolecular
nanoparticle networks were explored for selective lectin sensing. There are two main
routes for controlling the kinetics; either through the relative concentration of ligands to
cyclodextrin, or, in the case of non-dynamic supramolecular interactions by adding free
cyclodextrin in solution [53, 55]. Extending this fact to other sensing systems with very fast
flocculation kinetics, such as kinetics of enzymes, quantification inaccuracies could be
surpassed by fine tuning of the above mentioned parameters.

Analytical techniques such as NMR, TEM, DLS and fluorescence, have been
underexplored as detection tools and are currently mostly used for material
characterization [72]. On one hand this is justified due to the expense and large size of this
type of equipment. Nonetheless, these techniques are quite sensitive with low detection
units and could be still used in medical centers and research labs for the detection of
target molecules such as biomolecules, water contaminants, bacteria and other. In this
thesis, fluorescent flocculation assays were developed for the detection of lectins.
Nonetheless, the flocculation kinetics could have been monitored also by DOSY, TEM or by
DLS. There is an excellent example in literature, where quantification of the amount of
lectin is performed by analyzing the assembly growth in size with increasing lectin
concentration [72]. In-situ TEM is also an excellent tool for studying three-dimensional, in-
time assembly processes [12].

Looking many steps ahead and towards biosensing, obstacles such as
nanoparticle reproducibility, stability and selective sensing of targets in complex mixtures
such as in human fluids need to be resolved[73]. To overcome stability and selective
sensing, supramolecular, non-dynamic interactions on nanoparticles, seem to provide a
solution by being be more robust than other systems and still quite adaptive[58]. To
overcome reproducibility of the number and density of the ligands on the nanoparticle
surface, supramolecular, non-dynamic interactions on nanoparticles could provide again
an appropriate solution because the amount and density of the ligands on the
nanoparticle can be better controlled. Selectivity problems, though, are mostly target
specific and should be addressed separately for each individual application.

In conclusion, supramolecular ligand interactions on nanoparticle surfaces is a
flourishing topic in the field of Nanotechnology. While the (inter)molecular principles
governing supramolecular natural interactions are to a high extent recognized, and
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artificial analogues and models can be synthesized, Nanotechnology still lacks
considerably in controlling complex matter. To address this, more orthogonal
supramolecular pairs need to be designed[36] and integrated in nanomaterial based
systems. Also, advanced particle designs, with defined ligand orientation and binding sites,
such as Janus or patchy particles need to be engaged to improve the control of
flocculation or assembly kinetics. Other aspects influencing assembly and binding such as
size, and shape and multivalency need also further investigation.
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Chapter 8 Summary

Manipulating and understanding matter at the nanoscale describes best the
interdisciplinary field of nanotechnology. Nanotechnology is a new branch of science
(physics, chemistry, biology and engineering) that deals with molecules and structures at
the nanometer scale; typically 1-100 nm. To put it in perspective; A nanometer is one
billionth of a meter as the size of a tennis ball is one billionth of the size of the earth. The
reduction of size and quantities, that the field of Nanotechnology explores, enabled us to
first understand, then combine, and manipulate the smallest units of matter, the atoms.

Nanotechnology is entering, currently a new era, which is described by Jean-
Marie Lehn as the era of “complex matter”. Complex matter is the combination of
nanomaterials that together give rise to superstructures, “structures beyond
nanostructures”. The latest and most exciting advancements in nanotechnology employ
superstructures for the design and development of smart and functional devices and
materials and give a taste of the exciting future of nanotechnology.

In this thesis, the motivation was to progressively discover and understand
molecular interactions that govern nanoscale natural systems and beyond, and the goal
was to acquire the ability to design, direct and control complex matter. In this context,
supramolecular ligand interactions on nanoparticle surfaces were designed and
implemented with an emphasis on biomolecule sensing. Three main topics were
addressed:

1. NMR as a tool in Nanotechnology to study reactions and supramolecular
interactions between molecules, nanoparticles and biomacromolecules.

2. Supramolecular Orthogonal Interactions at nanoparticle surfaces.

3. Applications of Supramolecular Orthogonal Interactions for biomolecule
recognition and sensing.

NMR spectroscopy is an excellent tool for monitoring in-situ chemical reactions.
In particular, DOSY measurement is well suited to characterize transient species by the
determination of their sizes. However, in Chapter 2, a difficulty, in the DOSY experiments
performed in out-of-equilibrium systems, is brought to light. Taking into account, that the
basis of a single DOSY measurement is the analysis of the exponential decay of the signal
with increasing gradient strength, concentration evolution, within a single measurement,
creates a bias, which can lead to erroneous interpretations in the diffusion coefficient
estimation. This was observed for the test case of the anomerization of glucose. To
average out the bias within a single DOSY measurement, a series of stimulated echo
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spectra with pulse gradient strengths, sampled in a permutated manner, was proposed to
be measured. This approach, named as p-DOSY does not require changes in the pulse
sequences nor in the processing software, and restores completely the full accuracy of the
measure. Permutation of the series of pulse gradient strengths within a single DOSY
measurement, distributes randomly the concentration variation over the whole range of
gradients, actually transforming an experimental bias into an additional random noise. The
analysis of the permutated experiment leads to a less precise measure (larger error-bars)
but eventually more accurate (less systematic error). Altogether, the DOSY experiment
with a randomized list of gradients (the permutated DOSY or p-DOSY) is an unbiased
experiment in the presence of an evolving system, in contrast to conventional DOSY. It is
perfectly suited for the analysis of chemical reactions and kinetic processes of systems
away from equilibrium. It can be used to monitor the rate of reaction kinetics, to
characterize in-operando transient systems or to observe kinetics of assembly phenomena
and dynamics effects. Specifically, in Nanotechnology, p-DOSY is an excellent tool for
monitoring reactions on nanoparticle surfaces, such as end-group modification and ligand
exchange reactions. Moreover, by p-DOSY, assembly kinetics or aggregation of
nanoparticles could be studied by observing the shift of the diffusion coefficient to lower
values. The robustness of p-DOSY can also be used to protect diffusion results from any
experimental artifact, such as temperature shift or spectrometer drift when such artifacts
are known and cannot be easily compensated for. As it does not add any burden in the
acquisition step nor at the processing step, spectroscopists are recommended to use p-
DOSY in these experimental cases.

In Chapter 3, the goal was to implement orthogonal selective interactions in
order to design nanoparticle based peptide receptors. For this purpose, mixed monolayer
protected gold nanoparticles (AuNPs) were decorated with the a,w-functionalized thiols
containing as recognition elements a terminal trimethylalkyl ammonium group, an 18-
crown-6 moiety, and a phenyl group, respectively. To evaluate binding affinities, the
suitability of 1H NMR chemical shift titrations method was tested. Small but clearly visible
downfield shifts of peptide signals were observed when increasing the AuNP
concentration, indicating an interaction between the dipeptide and the nanoparticles. The
extent of these shifts combined with pronounced overlaps with AuNP signals did not allow
using this method for the quantification of binding strength, however. Turning to DOSY
NMR spectroscopy to gain insight into the correlation of surface composition and peptide
affinity was considered the most appropriate solution. The evaluation of binding equilibria
that are fast on the NMR timescale by DOSY NMR spectroscopy is based on the reduction
of the diffusion coefficient of a small molecule once it binds to a larger receptor. The
resulting diffusion coefficient D, represents a weighted average of the coefficients of the
free and the bound states. The fraction x of bound substrate on AuNPs was calculated for
all combinations of peptides (Gly-Gly and Gly-Phe) with AuNPs. The x value for Gly-Phe
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with the AuNPs containing all three functional groups was found to be 78%, twice or more
times higher than all other combinations. To evaluate peptide binding quantitatively,
DOSY NMR titrations were performed with AuNPs capped either with quaternary
ammonium or a combination of the latter with crown ether and aromatic groups. The
resulting x values were plotted against peptide concentration and the obtained curves
were fitted to Langmuir isotherms. The adsorption equilibrium constants K thus obtained
amount to 4770 + 1180 M~ for NPq and 8260 + 1480 M~ for NPqpc (for other synthetic
batches of these AuNPs equilibrium constants of 3880 + 860 M™ and 6090 + 1380 M
were observed, respectively), clearly confirming the increase of peptide affinity upon
combining the three ligands on the nanoparticle surface. The Langmuir treatment also
yielded the maximum concentration of bound peptides as a second fitted parameter,
which showed that AuNPs bind 3 peptide molecules on average. In conclusion, this work
shows that combining different functional groups on the surface of AuNPs affords
receptors for low molecular weight compounds, in this case for peptides. The individual
functional groups on these AuNPs contribute to substrate recognition by presenting
specific binding sites and/or surface arrangements suitable for substrate binding. The
attractiveness of the presented approach lies in the ease with which the receptors can be
prepared once a library of functional thiols is available and its enormous flexibility. The
sensitivity of DOSY NMR to the inherent size differences between ligands and receptors,
often encountered in nanoparticle molecular recognition systems, turns DOSY NMR into
an excellent candidate for the elucidation of supramolecular interactions on nanoparticle
interfaces.

Chapter 4 explores the possibility to employ asymmetric sugar-adamantane
linkers, exhibiting different supramolecular interactions, for crosslinking cyclodextrin
nanoparticles with multivalent proteins called lectins into ternary, supramolecular
NanoParticle Networks (NPN). The three building blocks are B-cyclodextrin-capped CdTe
quantum dots, tetraethylene glycol-tethered mannose-adamantane cross-linkers
(ADTEGMan) and the tetravalent lectin Concanavalin A. Only when lectin is present,
sequential binding events take place; from quantum dot to linker and from linker to lectin,
leading to self-organization in-situ of the sensor through the formation of ternary
supramolecular networks. The main goal of this Chapter was to selectively detect a
tetravalent lectin called Concanavalin A by monitoring the loss of fluorescence signal of
quantum dots in solution over time, caused by controlled network formation and
consecutive flocculation and sedimentation. Observing by naked eye or by UV illumination
the color of the supernatant or whether fluorescent precipitates have sedimented at the
bottom of the vial or not, leads qualitative lectin detection. Monitoring the fluorescence
intensity loss in due to controlled network formation, flocculation and sedimentation,
leads to quantitative lectin detection. By selecting on specific time point, e.g. at 100 min, a
linear correlation between lectin concentration and fluorescent intensity is observed. To
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conclude, the sensor is easy to use, since quantum dots are functionalized in one step,
mannose-adamantane linker is afforded in two steps and only mixing is required for the
sensor build-up. The sensing response times can be tuned on demand simply by changing
the linker or B-CD-QD concentration and their respective ratios. The sensor shows
excellent selectivity because even if non-specific interactions or weak nanoparticle-lectin
interactions occur, these do not lead to sedimentation of quantum dots. Altogether, this
study can be extended for sensing of other mannose-binding lectins and opens new
opportunities for the development of a new generation of sensors for sensing multivalent
biomacromolecules in vitro.

Chapter 5 continues and extends the study of selective lectin sensing through
controlled formation, flocculation and precipitation of ternary supramolecular quantum
dot networks. In this chapter, asymmetric tetraethylene glycol-based mannose-tri-
adamantane linkers (TriADTEGMan) were employed, which, due to their multivalency
potency, are bound in a non-dynamic fashion on the nanoparticle surface in aqueous
solutions. The goal was to compare flocculation kinetics, tunability in response times and
specificity of lectin sensors that employ either trivalent or monovalent adamantane
mannose linkers (ADTEGMan) and to prove that these sensors combine advantages from
covalent e.g. stability, and from supramolecular systems e.g. tunability, reversibility. By 1H
NMR titrations and DOSY measurements, the triadamantane linkers bound on the B-
cyclodextrin quantum dots yield supramolecular, non-dynamic systems, in contrast with
the dynamic, monovalent cyclodextrin-adamantane interactions. Nonetheless, the binding
strength of such complexes can be tuned by addition of free cyclodextrin in solution prior
to quantum dot addition. Consequently, these sensors combine the advantages of both
covalent and non-covalent chemistry, and they therefore fall under the category of
“supramolecular, non-dynamic chemistry”. The advantages and pitfalls of this strategy
were revealed when the NPN flocculation kinetics of the triadamantane-based sensor with
the monovalent case were compared for Concanavalin A. In the case of the TriADTEGMan,
the network formation, flocculation and sedimentation becomes significantly faster,
allowing to sense and study the flocculation kinetics of other lectins (Galanthus Nivalis and
Lens Culinaris) as well. Nevertheless, interplay between selectivity and fast response was
found. When TriADMan is used, the flocculation is faster, but the selectivity is poorer, and
the exact opposite holds for the monovalent case.

Chapter 6 summarizes the most important findings of every chapter. By linking
all the findings of this thesis, the questions answered are evaluated and a general
conclusion is reached. With an eye on the future, some observations to extend the
discussion further and beyond this thesis are added and new questions arisen are
identified. Finally, a conclusion is reached by providing insight, guidelines and suggestions
on designing and controlling multivalent, supramolecular interactions on the nanoparticle
bionanointerface, between nanomaterials, ligands and biomolecules.
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Samenvatting

Het begrijpen en manipuleren van materie op de nanoschaal is de beste
beschrijving van het interdisciplinaire veld van de nanotechnologie. Nanotechnologie is
een nieuwe discipline binnen de technische en natuurwetenschappen, en houdt zich bezig
met moleculen en structuren op de nanometerschaal, typisch 1-100 nm. In perspectief,
een nanometer is een miljardste deel van een meter en verhoudt zich als de grootte van
een tennisbal ten opzichte van de grootte van de aarde. De kleine lengteschalen en
hoeveelheden die in de nanotechnologie gebruikt worden, hebben ons in staat gesteld om
de kleinste eenheden van materie, de atomen, te begrijpen, combineren en manipuleren.

Op dit moment staat de nanotechnologie aan het begin van een nieuw tijdperk,
welke beschreven wordt door Jean-Marie Lehn als het tijdperk van “complexe materie”.
Complexe materie is de combinatie van nanomaterialen die tezamen superstructuren
vormen, “Structuren die meer zijn dan nanostructuren”. De meest actuele en interessante
voortgangen in de nanotechnologie zijn in het gebruik van superstructuren voor het
ontwerpen en ontwikkelen van slimme en functionele apparaten en materialen. Dit
belooft een interessante toekomst voor de nanotechnologie.

De motivatie voor deze thesis was om op een progressieve manier te ontdekken
en begrijpen hoe moleculaire interacties natuurlijke en niet-natuurlijke systemen op de
nanoschaal dirigeren. Het doel was om de mogelijkheid te verkrijgen om complexe
materie te ontwerpen, sturen en controleren. In deze context werden supramoleculaire
ligand interacties op het oppervlak van nanodeeltjes ontworpen en geimplementeerd,
met een nadruk op de detectie van biomoleculen. Hiervoor werden drie
hoofdonderwerpen opgesteld:

1. Kernspinresonantie (NMR) als methode in de nanotechnologie om
reacties en supramoleculaire interacties tussen moleculen, nanodeeltjes en
biomacromoleculen te bestuderen.

2. Supramoleculaire orthogonale interacties op het oppervlak van
nanodeeltjes.

3 Toepasbaarheid van supramoleculaire orthogonale interacties voor
biomolecuul herkenning en detectie.

NMR spectroscopie is een uitstekende methode om in-situ chemische reacties
te volgen. In het bijzonder zijn DOSY metingen adequaat voor de karakterisatie van
tijdelijke producten door het bepalen van hun grootte. Echter, in Hoofdstuk 2 wordt een
tekortkoming van DOSY experimenten voor bestuderen van niet-equilibrium systemen aan
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het licht gebracht. In acht nemende dat de basis van een enkel DOSY experiment de
analyse van het exponentiele verval van het signaal is bij toenemende gradiént sterkte.
Concentratie evolutie gedurende een experiment kan dan een afwijking in het signaal
geven, wat leidt tot verkeerde interpretatie van de schatting van de diffusie coéfficiént.
Dit is waargenomen bij de anomerisatie van glucose moleculen. Om de afwijking in een
enkel DOSY experiment te minimaliseren, is een serie metingen van gestimuleerde echo
spectra met puls gradiént sterktes in een gerandomiseerde manier voorgesteld. Deze
aanpak, genaamd p-DOSY, vereist geen veranderingen in de pulssequentie of in de analyse
software, en herstelt volledig de nauwkeurigheid van de meting. Permutatie van de puls
gradiént sterkte serie in een enkel DOSY experiment geeft een willekeurige distributie van
de concentratievariatie binnen het bereik van de gradiént, waardoor de experimentele
afwijking verandert in toename van de achtergrond ruis. De analyse van het
permutatieexperiment leid tot een minder precieze meting (grotere
standaardafwijkingen), maar ook een meer accurate meting (kleinere systematische
afwijkingen). In vergelijking met een conventioneel DOSY experiment, is een DOSY
experiment met een gerandomiseerde lijst van gradiénten (permutatie DOSY of p-DOSY)
een meer accuraat experiment voor een evoluerend systeem. Het werkt uitstekend voor
de analyse van chemische reacties en kinetische processen van niet-equilibrium systemen.
Het kan gebruikt worden om reactiekinetiek te meten, om in-operando tijdelijke systemen
te karakteriseren en voor de observatie van kinetische assemblage fenomenen en
dynamische effecten. Voor de nanotechnologie is p-DOSY een uitstekende methode voor
het bestuderen van reacties op de oppervlakten van nanodeeltjes, zoals eindgroep
modificatie en liganduitwisseling reacties. Eveneens kan met p-DOSY de assemblage
kinetiek van aggregerende nanodeeltjes bestudeerd worden, door de verandering van de
diffusie coéfficiént naar lagere waardes. De robuustheid van p-DOSY kan ook gebruikt
worden om diffusie resultaten te beschermen tegen experimentele artefacten, zoals
veroorzaakt door temperatuursveranderingen of spectrometer afwijkingen. Wanneer
zulke artefacten bekend zijn, kan hiervoor simpel worden gecompenseerd. Omdat er geen
extra hinder is in de acquisitie stap, noch in de verwerking van de data, wordt
spectroscopisten aangeraden de p-DOSY methode te gebruiken voor de hierboven
genoemde systemen.

In hoofdstuk 3 was het streven om selectieve orthogonale interacties te
implementeren op het oppervlak van nanodeeltjes, om zo peptidereceptoren te
ontwikkelen op nanodeeltjes. Hiervoor zijn goud-nanodeeltjes (AuNPs) beschermd door
een gemengde monolaag, uitgerust met a,w-gefunctionaliseerde thiolen met,
respectievelijk, een terminale trimethylalkyl ammonium groep, een 18-kroon-6 groep of
een phenyl groep als herkenningselement voor de peptiden. Om de bindingsaffiniteiten te
bepalen, werd de geschiktheid van de 1H NMR chemische verschuiving titratie methode
getest. Kleine, maar duidelijk zichtbare, downfield verschuivingen van peptidesignalen
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werden waargenomen wanneer de AuNP concentratie werd verhoogd, wat een indicatie is
voor de interactie tussen de dipeptiden en de nanodeeltjes. De grootte van deze
verschuiving, gecombineerd met de duidelijke overlap met AuNP signalen, maakte het
onmogelijk om deze methode te gebruiken om de bindingssterkte te bepalen. Het gebruik
van DOSY NMR spectroscopie om inzicht te krijgen in de correlatie tussen de oppervlakte
compositie en peptideaffiniteit, werd daarom gekozen als beste methode. Evaluatie van
bindingsevenwichten met DOSY NMR spectroscopie, voor evenwichten die snel zijn op de
NMR-tijdschaal, is mogelijk door gebruik te maken van de afname van de diffusie
coéfficiént van een klein molecuul, wanneer deze bindt aan een groter molecuul. De
resulterende diffusiecoéfficiént Dobs is een weergave van het gewogen gemiddelde van
de coéffienten van de gebonden en ongebonden vormen van het molecuul. De fractie x
van gebonden substraat op AuNPs is berekend voor alle peptidecombinaties (Gly-Gly en
Gly-Phe) met de AuNPs. De x waarde voor Gly-Phe met de AuNPs met alle drie de
functionele groepen op het oppervlak, werd bepaald op 78%, twee of meer keer hoger
dan alle andere combinaties. Om de peptide binding kwantitatief te evalueren, werden
DOSY NMR titraties uitgevoerd met AuNPs, welke beschermd werden door quaternaire
ammonium of een combinatie hiervan met kroonethers en aromatische groepen. De ¥
waarden die hieruit volgden, zijn uitgezet tegen de peptideconcentraties en gefit aan
Langmuir-isothermen. De adsorptie equilibrium constanten (K), werden zo bepaald op
4770 + 1180 M™ voor NPQ en 8260 + 1480 M™ voor NPQPC (andere K voor synthetische
monsters met AuNPs waren 3880 + 860 M and 6090 + 1380 M, respectievelijk), wat een
duidelijke bevestiging is van de toenemende affiniteit van de peptiden voor de combinatie
van de drie liganden op het oppervlak van de nanodeeltjes. Het gebruik van Langmuir-
isothermen gaf ook de maximum concentratie van gebonden peptiden als een twee-
parameter-fit, waarmee werd bepaald dat de AuNPs gemiddeld genomen drie
peptidemoleculen binden. De conclusie van dit werk is dat het combineren van
verschillende functionele groepen op het oppervlak van AuNPs, receptoren creéert voor
moleculen met een laag molecuulgewicht, in dit geval dipeptiden. De individuele
functionele groepen op deze AuNPs dragen bij aan de substraatherkenning door geschikte
bindingsmotieven en/of structurering van het oppervlak voor substraatbinding. Het
aantrekkelijke van deze aanpak is het gemak waarmee een receptor gemaakt kan worden
wanneer er een serie van functionele thiolen voor handen is en de enorme flexibiliteit van
het AuNP platform. De gevoeligheid van DOSY NMR voor de inherente grootteverschillen
tussen ligand en receptor, welke vaak voorkomen in moleculaire herkenningssystemen
gebaseerd op nanodeeltjes, maakt DOSY NMR een uitstekende kandidaat voor het
ophelderen van supramoleculaire interacties op het oppervlak van nanodeeltjes.

Hoofdstuk 4 onderzoekt de mogelijkheid om asymmetrische suiker-adamantane
moleculen met verschillende supramoleculaire interactie-motieven te gebruiken om
verbindingen te vormen tussen nanodeeltjes met cyclodextrines op het oppervlak en
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multivalente eiwitten genaamd lectines, om zo drie-component supramoleculaire
nanodeeltje-netwerken (NPN) te vormen. De drie bouwstenen hiervoor zijn B-
cyclodextrine-gefunctionaliseerde CdTe quantum dots, tetraethylene glycol-gebonden
mannose-adamantane brugliganden (ADTEGMan) en de tetravalente lectine Concanavalin
A. Alleen wanneer de lectine aanwezig is, vinden sequentiéle bindingsevenementen
plaats; tussen quantum dot en brugligand en tussen brugligand en lectine, wat leidt tot de
zelforganisatie in-situ van een sensor, door de vorming van drie-component
supramoleculaire netwerken. Het doel van dit hoofdstuk was om selectief de tetravalente
lectine Concanavelin A te detecteren, door het volgen van de afname van hetfluorescent
signaal van de quantum dots in oplossing over tijd, veroorzaakt door de gecontroleerde
vorming van een netwerk, met als gevolg flocculatie en sedimentatie. Observatie met het
oog van fluorescent neerslag is een kwalitatieve methode om lectine te detecteren. Het
verlies van fluorescentie intensiteit als gevolg van het gecontroleerd vormen, flocculeren
en sedimenteren van netwerken volgen, is een kwantitatieve methode om lectine te
bepalen. Door de keuze voor een specifiek tijdspunt, zeg 100 minuten, kan een lineaire
correlatie worden gevonden tussen de lectine concentratie en de fluorescentie intensiteit.
De sensor is makkelijk te gebruiken, omdat quantum dots in één stap gefunctionaliseerd
kunnen worden, mannose-adamantane brugliganden worden in twee stappen
gesynthetiseerd, en de sensor wordt opgebouwd simpelweg door de componenten te
mixen. De detectie-respons tijd van de sensor is simpel instelbaar door ofwel de linker of
de B-CD-QD concentratie aan te passen. De sensor heeft uitstekende selectiviteit, zelfs als
niet-specifieke interacties of zwakke interacties tussen de nanodeeltjes en lectine
voorkomen, dan leidt dat niet tot sedimentatie van de quantum dots. Uiteindelijk kan
deze studie worden uitgebreid naar de detectie van andere manose bindende lectines en
het geeft de mogelijkheid tot de ontwikkeling van een nieuwe generatie sensoren, voor de
detectie van multivalente biomacromoleculen in vitro.

Hoofdstuk 5 is een vervolg op, en uitbreiding van, de studie naar het selectief
detecteren van lectines door gecontroleerde vorming, flocculatie en precipitatie van drie-
component supramoleculaire quantum dot netwerken. In dit hoofdstuk worden
asymmetrische tetraethylene glycol brugliganden met een mannose en drie adamantane
eindgroepen (TriADTEGMan) gebruikt, welke door hun potentie tot multivalentie worden
gebonden op een niet-dynamische manier aan het oppervlak van de nanodeeltjes in
waterige oplossing. Het doel was om een vergelijking te maken van de flocculatie-kinetiek,
de instelbaarheid van de response-tijd en specificiteit van lectine sensoren die ofwel
monovalente of trivalente adamantane mannose linkers (ADTEGMan) gebruiken. Hiermee
wilden wij aantonen dat de sensoren met de trivalente brugliganden de voordelen van
covalente (e.g. stabiliteit) en supramoleculaire (e.g. instelbaarheid en reversibiliteit)
systemen combineren. Met behulp van 1H NMR titraties en DOSY NMR metingen is
aangetoond dat de drie adamantane groepen van de trivalente brugliganden binden aan
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B-cyclodextrine quantum dots, waardoor supramoleculaire, niet-dynamische systemen
ontstaan, in tegenstelling tot de dynamische systemen die ontstaan met de monovalente
brugliganden. Echter, de bindingssterkte van zulke complexen kan worden gereguleerd
door vrij cyclodextrine aan de oplossing toe te voegen voordat de quantum dots worden
toegevoegd. Hiermee combineren deze sensoren de voordelen van zowel covalente als
niet covalente chemie en daarom behoren zij tot de categorie “supramoleculaire, niet-
dynamische chemie”. De voor- en nadelen van deze strategie werden ontdekt toen de
NPN flocculatie kinetiek werd vergeleken van de monovalente en de trivalente sensoren
voor Concanavelin A. In het geval van de TriADTEGMan, is de netwerkformatie, flocculatie
en sedimentatie significant sneller, waardoor wij in staat waren om ook de
flocculatiekinetiek van andere lectines (Galanthus Nivalis en Lens Culinaris) te bepalen.
Desalniettemin werd een samenspel tussen selectiviteit en een snelle respons gevonden.
Wanneer TriADMan werd gebruikt, was de flocculatie sneller maar de selectiviteit minder,
met de monovalente linker werd juist een langzamere flocculatie bepaald, maar met een
betere selectiviteit.

Hoofdstuk 6 is de samenvatting van de meest belangrijke ontdekkingen in ieder
hoofdstuk. Alle vindingen in deze thesis zijn aan elkaar gekoppeld en de beantwoordde
vragen zijn geévalueerd, waarna een algemene conclusie wordt gegeven. Met het oog op
de toekomst nodigen sommige observaties uit tot discussies die verder gaan dan dit
proefschrift en nieuwe vragen worden geformuleerd. Tenslotte wordt een conclusie
bereikt die inzicht, duiding en suggesties geeft voor het ontwerpen en controleren van
multivalente supramoleculaire interacties op het bio-nanoopperviak van nanodeeltjes
tussen nanomaterialen, liganden en biomoleculen.
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