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Abstract

The diffusion of nanoparticles can be used to determine the structure of complex media,

or as a probe to detect binding of an analyte. Two methods of diffusion measurements

are presented to investigate nanoparticle diffusion mechanisms in different environments.

One is used to detect the presence of DNA biomarkers, which is important for medical

diagnosis. A biomarker can connect two DNA origami structures, causing a decrease in

the diffusion coefficient of the origami structure, which is a means to detect the biomarker.

Measurements at picomolar concentration by Fluorescence Nanoparticle Tracking Ana-

lysis are shown to detect a random DNA sequence and a characteristic sequence of an

antibiotic resistance gene within a few minutes. The method shows that diffusion can be a

tool for detecting DNA and suggests an application in the sensing of biologically relevant

analytes. Further, Pulsed Field Gradient Nuclear Magnetic Resonance of liquid core

particles enables direct, label-free diffusion measurements, even in complex or optically

opaque media. It is shown that this permits the mesh size of a hydrogel to be probed,

suggesting that this method may be used to characterize the microstructure of living

tissue and other biologically relevant media.
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Zusammenfassung

Die Diffusion von Nanopartikeln kann zur Strukturaufklärung komplexer Medien oder

als Sonde zum Nachweis der Bindung eines Analyten genutzt werden. In dieser Ar-

beit werden zwei Methoden für Diffusionsmessungen vorgestellt, welche die Diffusion von

Nanopartikeln in verschiedenen Umgebungen untersuchen. Die erste Methode dient dem

Nachweis von DNA-Biomarkern, was für die medizinische Diagnostik von Bedeutung ist.

Eine Verringerung des Diffusionskoeffizienten von DNA-Origami Strukturen, die durch

eine Verbindung zweier Strukturen aufgrund eines Biomarkers verursacht wird, kann zu

dessen Nachweis genutzt werden. Fluoreszenzbasierte Nanopartikel-Tracking-Analyse er-

möglicht Messungen bei pikomolaren Konzentrationen innerhalb weniger Minuten. Dies

wird anhand einer zufälligen DNA-Sequenz sowie der charakteristischen Sequenz eines

Gens für Antibiotikaresistenz gezeigt. Die Methode zeigt auf, dass Diffusion zum Nach-

weis von DNA genutzt werden kann und legt eine Anwendung in der Detektion biologisch

relevanter Analyten nahe. Darüber hinaus kann die Diffusion von flüssigkeitsgefüllten

Nanopartikeln mithilfe von Feldgradienten-Kernspinresonanz direkt und ohne den Zusatz

von Markern gemessen werden, was den Einsatz in komplexen oder optisch undurchläs-

sigen Medien ermöglicht. Es wird gezeigt, dass damit die Mikrostruktur eines Hydrogels

untersucht werden kann, was einen möglichen Einsatz der Methode in der Erforschung

der Mikrostruktur von lebendem Gewebe oder biologisch relevanten Medien in Aussicht

stellt.
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1 Introduction

On small length scales, on the order of nanometers to microns, materials and liquid-like

media show behaviors and structures that are not observed in the macroscopic world.

Viscous media and low Reynolds numbers lead to different hydrodynamic behaviours, and

microstructural heterogeneities are observable in media that might seem homogeneous

on dimensions of everyday materials and objects. In liquid-like media, thermal motion

leads to diffusion of species ranging from molecules to nanoparticles. This movement

is not only dependent on the temperature, viscosity of the medium, and size of the

diffusing species, but also the structure of the environment. Measuring the diffusion of

well-characterized nanoparticles can therefore serve as a method to evaluate material

properties on the nanometer to micron scale, including biologically relevant systems with

a complex microstructure, as shown in the context of this thesis.

In the first part of this thesis, diffusion is used to detect the presence of DNA. Char-

acteristic DNA biomarkers hold a key position for the diagnostics of microbial or viral

infections, genetic diseases, as well as antibiotic resistance.1–5 The commonly used PCR

method3,6–16, followed by optical readout, is based on amplification of the analyte DNA

to the nanomolar range, which suffers from long processing times of around 45 minutes

to one hour.9,11,15 Alternative methods often require high sample concentrations17–33,

long incubation or experimental times34–45, or are based on complex experimental pro-

cedures46–56.

In chapter 4, a different method to sense analyte DNA is presented that is based on mea-

suring the diffusion of a nanosensor which can bind DNA. DNA origami structures with a

precisely defined size show size changes in the presence of the biomarker DNA, such that

diffusion measurements of the origami can serve as a tool to detect the presence of analyte

DNA. A significant change in size is obtained by connecting two DNA origami nanosen-
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sors via the analyte. Nanosensors with overhanging DNA strands are fabricated, that are

complementary to one half of the analyte strand. Fluorescence Nanoparticle Tracking

Analysis (NTA-FL) is used for precise measurements of the diffusion coefficients. It per-

mits the detection of picomolar concentrations of DNA nanoparticles. Only a few minutes

are needed to track enough particles to obtain statistically relevant data. The proposed

method therefore allows for sensing of an analyte DNA at picomolar concentrations in

only a few minutes.

In the second part of the thesis, the microstructure of a complex medium is investigated

by means of diffusion. Understanding diffusion mechanisms and behaviour of nanopar-

ticles in soft, heterogeneous media is of importance to understand transport in complex

media like biological or artificial hydrogels.57–59 Hydrogel-like systems are part of the

extracellular matrix or the vitreous humor, to name a few examples.60–62 Natural and

synthetic hydrogels consist of a three dimensional network of polymers that is able to

incorporate large amounts of water. The different polymers and crosslinking mechanisms

permit their use in biomedical, biotechnological, or pharmaceutical applications or for

catalysis.63–68 Nanoparticles located in a polymer network are affected in their diffusion

due to steric hindrance, hydrodynamic drag, or polymer-solute interactions.69–74 To in-

vestigate their three-dimensional diffusion processes in different media, optical methods

like Fluorescence Correlation Spectrocopy or Fluorescence Recovery After Photobleach-

ing are often employed.75–85 However, a limited optical penetration depth in opaque or

complex media, and the need for fluorescent particle labeling, which can suffer from

photobleaching, limit their effectiveness in hydrogels.86,87

Chapter 5 shows that the diffusion of nanoparticles of around 200 nm in size can be

investigated by Pulsed Field Gradient Nuclear Magnetic Resonance (PFG NMR), if the

nanoparticles exhibit a liquid core that provides an ‘NMR active’ signal. PFG NMR

offers non-invasive, direct and absolute measurements of the diffusion coefficient of a large

ensemble of spins in bulk, without the need for a fluorescent label. If the particles are

leak-tight, so that the liquid is trapped inside the shell, the long-time displacement of the

liquid molecules is mostly dependent on the movement of the whole particle and therefore

mirrors the diffusion coefficient of the particle. This allows for diffusion measurements of

the particles in liquid-like media, as well as in the complex microstructure of hydrogels.

Diffusion can be used to draw conclusions on the mesh size of the hydrogel, using the

2



particles as diffusion nanosensors to investigate their environment. While PFG NMR has

been used to measure the diffusion of molecules in complex media,73,74,88–96 nanoparticles

on the order of tens to hundreds of nanometers have not been investigated in complex

media by PFG NMR before. Although the idea of using particles with a liquid core

is not new97–106, to the best of my knowledge there is no previous study that allows

for non-invasive diffusion measurements of liquid filled particles in complex media. The

presented method supports the examination of structural properties of complex media,

like an estimation of the mesh size in hydrogels, in a size range and under conditions that

are not easily accessible by other methods.

3



Published Work

The work presented in this thesis has been conducted in the research group Micro Nano

and Molecular Systems at the Max Planck Institute for Intelligent Systems (Stuttgart)

and later in the same group at the Max Planck Institute of Medical Research (Heidelberg).

The main results of this thesis have been either submitted or are being prepared for

submission to be published:

• Ida Bochert, Jan-Philipp Günther, Izar Schärf, Erik Poppleton, Kerstin Göpfrich,

Mariana Alarcón-Correa, and Peer Fischer. "DNA Detection with Origami Diffu-

sion Nanosensors", submitted 2025

• Ida Bochert, Camila Vacas Betancourt, Dimitris Missirlis, Nicolás Moreno-Gómez,

and Peer Fischer. "Absolute Measurement of Nanoparticle Diffusion Using 19F

PFG NMR in Complex Media", in preparation

In addition the author has contributed to the following publications

• Jessie Levillain, François Alouges, Antonio Desimone, Akash Choudhary, Sankalp

Nambiar, Ida Bochert. "A bi-directional low-Reynolds-number swimmer with pas-

sive elastic arms." 2024. DOI: 10.48550/arXiv.2403.10556.

• Ida Bochert, Jan-Philipp Günther, Peer Fischer, and Günter Majer. “Diffusion

mechanisms of DNA in agarose gels: NMR studies and Monte Carlo simulations”.

In: The Journal of Chemical Physics 156.24 (2022), p. 245103. ISSN: 0021-9606.

DOI: 10.1063/5.0092568.



2 Theory

This chapter outlines the theoretical background for the work presented in the following

chapters. Principles of diffusion mechanisms in low Reynolds number systems are intro-

duced in section 2.1, as well as the behaviour of particles in confined spaces. While diffu-

sion of nanoparticles as a tool to sense their environment is a relevant concept throughout

the entire thesis, the special case of confined spaces is addressed in chapter 5. Section

2.2 gives an overview of the used measurement techniques. A detailed introduction to

the basics of PFG NMR is presented, as this method is used in chapter 5 to measure the

diffusion of nanoparticles in liquid-like and complex media non-invasively and without

the need of optical labeling. Further, methods for size measurements by optical detec-

tion of nanoparticles are presented. While NTA and Dynamic Light Scattering (DLS)

are used in both chapters 4 and 5, the special method of NTA-FL is applied in chapter

4 to measure the diffusion of DNA origami.

2.1 Hydrodynamics at low Reynolds Number

The field of hydrodynamics ranges from swimming of bacteria under laminar flow con-

ditions107 up to turbulent environments like in a natural river.108 The behaviour of an

object placed in hydrodynamic system is highly dependent on the so-called Reynolds

number Re, which defines the ratio of inertial to viscous forces. It is defined as

Re = inertial forces
viscous forces = ρuL

η
, (2.1)

and therefore dependent on the density ρ and viscosity η of the fluid, as well as the

velocity u and size L of the object. While for high Reynolds number, inertial forces

are dominant, they are negligible in the case of low Reynolds number systems. For
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hydrodynamics at the nano- or microscale, the small characteristic size L and velocity u

of the moving objects leads to low Reynolds numbers. A main transport mechanism in

these systems is diffusion, which will be outlined in the following.107,109

2.1.1 Diffusion in Homogeneous Media

Diffusion is of importance in our everyday life as it helps our body in a medical context

to transport drugs into tissue, or supplies our cells with nutrients and oxygen.110–112 The

diffusive transport of particles is described by random Brownian motion, such that a

particle performs a random walk based on collisions with surrounding molecules.

If we put sugar to our tea, or salt into a soup, a concentration gradient is generated. As

described by Fick’s second law,

∂c(r,t)
∂t

= D∇2c(r,t), (2.2)

the concentration c(r,t) of sugar molecules or salt ions changes over time to generate a

uniform distribution of particles. This process is controlled by the concentration gradi-

ent and the (isotropic) diffusion coefficient D, which is dependent on the given system,

and describes how fast the diffusing species spreads out, which is known as mutual dif-

fusion. However, diffusion does not only take place in the presence of a macroscopic

concentration gradient, but it is a continuous process. Thermal energy provided by the

system causes the molecules or particles to continuously perform Brownian motion. This

process is called self-diffusion and was first explained by Albert Einstein. In the con-

text of this thesis, self-diffusion is investigated. The term ‘diffusion’ therefore refers to

self-diffusion.113,114

Einstein derived a mathematical model of self-diffusion by considering the conditional

probability P (x0|x1,t)dx. It describes the probability that a diffusing particle, that starts

at the position x0 at a time t = 0, can be found at x1 at time t. It is a Markovian property,

which means that P (x0|x1,t)dx is not dependent on the behaviour of the considered

particle before t = 0. The three dimensional conditional probability density P (r|r′,t)

can be shown to follow Fick’s law (2.2). Using the initial condition P (r|r′,0) = δ(r′ −r),

6
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where δ(x) is the Dirac Delta distribution, the solution for Fick’s law for diffusion in

isotropic and homogeneous media using the conditional probability density is

P (r|r′,t) = 1
(4πDt)3/2 · exp

(
−(r′ − r)2

4Dt

)
. (2.3)

This result shows a Gaussian distribution around the starting point r that flattens and

broadens with increasing time. This shows the behaviour of an ensemble of diffusing

species: If hypothetically all particles started at the same point r, their locations after

time t will be distributed around r in a Gaussian form.113,115–117

An important result from equation (2.3) is the mean squared displacement (MSD) ⟨r2⟩

that a diffusing species will cover in a given diffusion time ∆. It is dependent on the

number of dimensions of movement d as

D = ⟨r2⟩
2d∆ . (2.4)

For the case of free diffusion, the MSD is proportional to the diffusion time. The square-

root of the MSD
√

⟨r2⟩ can be the understood as a scale for the mean covered distance

within the diffusion time ∆.113,115–117

Since a diffusion process is based on collisions with surrounding molecules, it has to be

dependent on the movement of the molecules, and hence on the thermal energy present

in the system. In analogy to an ideal gas, Einstein derived a mathematical description

of this relationship based on minimizing the free energy for a small displacement of the

particles.116 He found that the diffusion coefficient

D = kBT

ζ
(2.5)

is dependent on the friction ζ and the thermal energy, given by the Boltzmann constant

kB, multiplied with temperature T . Choosing the Stokes drag ζ = 6πηR, which describes

the friction that a spherical particle of radius R experiences in a medium of viscosity η,

he obtained

D = kBT

6πηR
. (2.6)

7
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This relation is used in the case of spherical particles. However, for non-spherical par-

ticles, as well as hydrated particles, the radius R can be replaced by the hydrodynamic

radius Rh, which describes the radius of a sphere that is diffusing with the same speed as

the given particle. Interestingly, around the same time as Einstein, William Sutherland

found the same result.118 Eq. (2.6) is therefore known as the Stokes-Einstein-Sutherland

(SES) equation.113,116–118

2.1.2 Diffusion in Confined Spaces

While the equations derived above apply for diffusion in homogenous liquids, the case of

diffusion inside a complex environment becomes more complicated. It has been discussed

in the literature, which the following section is based on.113,117,119 In polymer networks

like a hydrogel, the gel fibres create local inhomogeneities that can hinder the diffusion

of solutes. There are many different models for diffusion of nanoparticles of different size

and shape in hydrogels or polymer solutions of different volume fractions. For a detailed

discussion, the reader is referred to the literature.69–74 However, the case of nanoparticles

completely trapped inside a cavity is of interest in the context of this thesis. As shown in

figure 2.1, the diffusion coefficient becomes apparently dependent on the diffusion time.

On a very short timescale, the particles will perform free and unhindered diffusion inside

the porous hydrogel structure. Only a small number of them will move far enough in the

given time to touch the obstructing gel fibres and be repelled by them. In this regime,

the apparent (i.e. measured) diffusion coefficient is comparable to the free, unhindered

diffusion coefficient D0. For increasing diffusion time, more particles will perceive the

steric restrictions by the gel, which leads to a smaller covered distance than the particles

would perform without the gel. Considering the diffusion time, the measured diffusion

coefficient of the particles will now be smaller than for unhindered diffusion. Is has to be

noted that the particles are not diffusing slower on the nanoscale, but appear so, due to

the reduced covered distance in the given diffusion time. The diffusion coefficient that is

measured in this case is therefore referred to as an ‘apparent diffusion coefficient’.

For the long-term limit, two different cases have to be considered. In some gels, the

particles can be assumed to be hindered by the gel fibres, but can randomly pass them

and move on to another part of the mesh, denoted as a pore in the following. The

8



2.1 Hydrodynamics at low Reynolds Number

Figure 2.1: Diffusion behaviour of nanoparticles in absence (top) or presence of obstacles
(bottom). The columns represent different regimes of the diffusion time ∆.
While for free diffusion, the particles move unhindered for any ∆, in the case of
restricted diffusion the MSD ⟨r2⟩ scales no longer linear with ∆. Instead, for
short ∆, the diffusion seemes to be nearly unhindered, while for increasing
diffusion time, the movement is slowed down due to interactions with the
obstacles. For the case of long ∆, the diffusion coefficient D can either tend
to an apparent Deff for a slow movement from one ‘pore’ to another, or the
particles can be trapped inside a cavity, leading to D → 0. The average pore
size is denoted as ξ. Created with BioRender.com. Image adapted from P.
Callaghan113 and W. Price117.
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observed long-term diffusion coefficient will then cover the motion from one pore to

another. For long diffusion times, the diffusion coefficient converges to the long-term,

hindered diffusion coefficient of the particles in the mesh. The MSD, which normally

shows a linear dependence on the diffusion time according to Eq. (2.4) shows two regions.

In the short-term limit, the slope is comparable to the case of free diffusion, and reduces

to a smaller increase for the long-term diffusion.

In the second case, the particles can be assumed to be completely trapped inside a pore.

This leads to a covered distance independent from the diffusion time. When increasing

the time, the particles will therefore appear to move slower. This can be observed as a

plateau in the plot of the MSD over diffusion time. The value of the plateau is on the

order of magnitude of the squared pore diameter ξ. A constant MSD with increasing

diffusion time corresponds to an apparent diffusion coefficient that will tend to zero.

From the time-dependent behaviour of the diffusion coefficient, conclusions can therefore

be drawn on the structure of the medium.113,117

For the special case of diffusing particles trapped inside a spherical cavity, a model has

been reported in the literature, that estimates the mesh size from PFG NMR measure-

ments for the long-term diffusion coefficient and the condition of small q values, where

q defines measurement-dependent parameters as discussed in section 5.4.2. The model

assumes that the position of a particle will no longer be dependent on the starting posi-

tion, so the probability that the particle is located at a certain position inside the cavity

is only dependent on the density distribution in the cavity. This leads to

D = a2

5∆ , (2.7)

where a is the radius of the spherical pore.113,120–122

2.2 Diffusion Measurement Techniques

Different methods for diffusion measurements of nanoparticles are presented in the follow-

ing. To explain PFG NMR, some basics about NMR are presented, as well a description

of the procedure of diffusion measurements. After that, the case of polydisperse nanosen-
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sors is outlined. Subsequently, some light based methods are introduced, namely NTA,

NTA-FL and DLS.

2.2.1 Pulsed Field Gradient Nuclear Magnetic Resonance

Nuclear magnetic resonance (NMR) is a method based on the generation and measure-

ment of nuclear spin transitions in magnetic fields. Individual spins are highly sensitive

to their environment, hence NMR allows for drawing conclusions on molecular structure

and other interactions between nuclear spins and their surroundings. NMR plays an

important role in the structural investigation of organic molecules containing hydrogen

atoms. In general, however, any nucleus having a nuclear spin can be studied using

nuclear magnetic resonance.

Apart from structural analysis, a more advanced method of NMR is used here, which is

the so-called Pulsed Field Gradient (PFG) NMR. It allows for observation of the diffusion

of spin-attached particles. Compared to other diffusion measurement techniques like

Fluorescence Correlation Spectrocopy, Fluorescence Recovery After Photobleaching or

DLS, it allows for diffusion measurements without the need of fluorescent labeling and

without being affected by optical properties of the sample.123 It is non-invasive and works

in bulk media. It further offers the advantage of an ensemble measurement. An absolute

diffusion coefficient can be measured without the need for a model.113,117

Basic Theory of Nuclear Magnetic Resonance

Understanding the basic principles of NMR is essential for the interpretation of NMR

experiments and their use in diffusion experiments. NMR can be performed on various

atomic nuclei, whereof hydrogen 1H, carbon 13C, fluorine 19F, or phosphorus 31P are

some of the most investigated ’NMR active’ nuclei. They all show a nuclear spin of

I = 1/2, which is needed for performing NMR experiments, as will be shown in the

following.110,124
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Zeeman Effect While a spin I cannot be measured directly, its associated magnetic

moment µ can be investigated experimentally. It is given by

µ = gI
µI
ℏ

· I = γ · I, (2.8)

where the magneton µI = ℏe/2mp ≈ 5.05 · 10−27 J/T and the g factor can be merged

yielding the gyromagnetic ratio γ. Values of the gyromagnetic ratio of the two nuclei

used in the context of this thesis are γ1H = 26.75 ·107 1/Ts and γ19F = 25.18 ·107 1/Ts.125

Due to the different values of the gyromagnetic ratio, the magnetic moment induced by

a spin is not only dependent on the nuclear spin, but also on the type of nucleus.126

If a nuclear spin is placed in a constant, homogeneous magnetic field such as B0 =

(0,0,B0)T, the energy provided by the magnetic field causes the spins states, that were

degenerated before, to shift in energy. This is called Zeeman effect. For a I = 1/2

system, it leads to the presence of two energy levels mI = ±1/2, which are separated by

the energy ∆E = γℏB0. These spin states are often denoted as ‘spin up’ and ‘spin down’

states. The occupation of this system without external perturbation is described by a

Boltzmann distribution.127,128

In presence of the constant magnetic field B0, the spins will further start precessing

around the axis given by the direction of the magnetic field. This rotation is called

Larmor precession and shows the Larmor frequency127,128

ωL = γ · B0. (2.9)

Chemical Shift Considering the local environment of a nuclear spin inside a sample,

the precession frequency changes by small contributions to the local magnetic field. A

nuclear spin, that is part of a molecule, experiences small changes in the local magnetic

field caused by the structure of the molecule. The applied external magnetic field induces

a current in the electronic system of the molecule, which causes an additional magnetic

moment. It shields the external magnetic field depending on the electronic structure.

This is represented by the chemical shift

δ = ωi − ωref
ωref

· 106, (2.10)
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which defines the frequency shift of sample i with respect to a standard frequency ωref

in parts per million (ppm). For a detailed discussion of the chemical shift, the reader is

referred to the literature.129–131

Magnetic resonance Upon providing energy in form of an electromagnetic wave, the

spins can be ‘flipped’ between the two states. This happens when the wave satisfies the

resonance condition

E = hf = γℏB0. (2.11)

In a magnetic field of B0 = 9.4 T, as used in the context of this thesis, the required

frequency for hydrogen resonance is therefore around f = 400 MHz.128

A high frequency magnetic field of amplitude B1 and frequency ωL perpendicular to B0

provides the energy for spin-flips in an NMR experiment. The duration of applying the

B1 field decides on the number of spins that are lifted to the higher energy level.125

While the magnetic moments generated by individual spins are very weak, the macro-

scopic property of the magnetization M is easily accessible. It is defined as the sum of

all magnetic moments of the individual spins in the given volume V as

M = 1
V

∑
i

µi. (2.12)

By applying a B1 pulse, the individual spin-flips lead to a turn of the magnetization into

the xy plane or – if the pulse is longer – to a total flip of the magnetization into negative

z direction. These pulses are denoted as π/2 and π pulse, respectively.129

Turning the magnetization into the xy plane allows for measuring its precession fre-

quency by induction in a measurement coil. Signals of different species with their own,

slightly different, precession frequencies are included in the overall magnetization. Do-

ing a Fourier transform reveals a spectrum that shows the different species at different

chemical shifts. The intensity of each peak is dependent on the number of chemically

equivalent spins that contribute to the peak. These NMR spectra give valuable insight

into the chemical structure of the molecules contained in a sample. However, this de-

scribes an ideal case without energy loss processes. In a real NMR experiment, the
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magnetization with respect to the time will not only show a precession, but also a decay.

The signal induced in the coil, that it used for calculating an NMR spectrum is therefore

called free induction decay (FID). Due to the relaxation, the peaks representing each

chemical species show a distribution of non-zero linewidth.125,128–130

Relaxation times To discuss the processes of energy loss present in an NMR experiment

qualitatively and quantitatively, the Bloch equations are considered. Besides the Larmor

precession presented by dM/dt = γM ×B, different relaxation processes are introduced

by the Bloch equations. They include time constants that describe after which time

the system is relaxed into its ground state after it was disturbed. The full set of Bloch

equations reads

dM

dt
= γM × B −


Mx/T2

My/T2

(Mz − M0)/T1

 . (2.13)

It introduces the longitudinal relaxation time T1, also called spin-lattice relaxation time,

which gives the characteristic time of the relaxation of the magnetization in the direction

of the applied magnetic field to reach the equilibrium state M0. It is caused by energy

exchange with the environment, like a surrounding crystal lattice. It can be measured

using the Inversion-Recovery (IR) technique, where a π/2 pulse is applied after a π pulse

to force the recovery of magnetization following

Mz = M0

(
1 − 2 · exp

(
− t

T1

))
. (2.14)

Further, equation (2.13) introduces the transverse relaxation time T2, also denoted as

the spin-spin relaxation time. It gives the time frame of dephasing effects of the spins

due to interaction of the spins among each other. It describes an irreversible decay of the

measured magnetization. Further, local inhomogeneities lead to a reversible dephasing

on the time scale T ′
2, which is included in an effective transverse relaxation time T ∗

2 , given

by (T ∗
2 )−1 = (T2)−1 + (T ′

2)−1. It defines the decay of the FID and is therefore related
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to the linewidth of the corresponding peak. The peaks in an NMR show the form of a

Lorentz curve. Their full width at half maximum (FWHM) therefore follows132

T ∗
2 = 2

∆ω
= 1

π · ∆f
, (2.15)

where ∆ω and ∆f describe the linewidth at the half maximum for the angular velocity

and the frequency, respectively. While the effect of the T2 time cannot be prevented in

an NMR experiment due to its irreversible character, the reversible effect of the local

magnetic inhomogeneities can be minimized by performing a spin echo experiment as

discussed below.127,128,130,132,133

In solids, very short relaxation times are observed due to anisotropic direct dipol-dipol

interaction. While in liquids, the motion of the individual spins leads to an averaging

of the anisotropic interactions, this is not possible for solids. The short relaxation times

lead to inhomogeneous broadening of the peaks in the NMR spectrum, which makes the

case of solid state NMR more difficult compared to liquid NMR.127–129,134,135

Spin Echo To eliminate the reversible effect of dephasing due to local magnetic field

inhomogeneities, a spin echo pulse sequence can be applied. It is used to measure the

transverse relaxation time T2 without the effect of T ′
2. A π/2 pulse is applied to turn the

magnetization into the xy plane. After a given time τ , during which the spins dephase

due to the transverse relaxation T2 and the reversible dephasing mechanisms T ′
2, a π

pulse is applied. It leads to a 180◦ flip, so that the spins appear to experience the local

inhomogeneities flipped by 180◦. This leads to a rephasing of the spins. After time 2τ ,

the effect of the reversible dephasing is cancelled and an NMR signal can be measured,

which is called the spin echo. Its intensity is reduced by only the irreversible effects of

the transverse relaxation T2. By measuring different values of τ , the T2 relaxation time

can be observed using

Mx(2τ) = M0 · exp
(

−2τ

T2

)
. (2.16)

While this method is often denoted as the Hahn spin echo experiment, Hahn136 used dif-

ferent pulse sequences. However, he was the first to observe and describe the mechanism

of spin echoes.113,117,128,130,132,136,137
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For the case of diffusion measurements, which will be discussed below, a long observation

time is desirable. This can be obtained by splitting the π pulse into two separate π/2

pulses, which is denoted as a stimulated echo pulse sequence. In the time between these

two, only the longitudinal relaxation is active, while for a spin echo sequence, transverse

relaxation is present all the time. Since the relaxation times in many materials fulfill

T2 ≪ T1, the stimulated echo is beneficial for diffusion measurements or other setups,

where long observations times are needed.113,122

PFG NMR

The concept of PFG NMR is well described in the scientific literature.117,119,138–140 An

overview based on these references is given in the following.

To be able to measure diffusion using a NMR based method, the spins need to be labeled

by their position in the sample. If this can be achieved, the MSD between their initial

positions and the position after a given diffusion time ∆ can be used to calculate the

diffusion coefficient. The labeling of the z position of the particles is done by applying

a magnetic gradient pulse collinear with the B0 field, g = (0,0,g)T. For the short time

period of the gradient pulse, the spins precess faster or slower dependent on their position

according to ωL = γ(B0 + g · z). This leads to a systematic, position-dependent phase

shift.

The simplest case of a diffusion pulse sequence based on a spin echo experiment is shown

schematically in figure 2.2a. This pulse sequence is called Stejskal-Tanner pulse sequence

and will be denoted later as diffSe sequence. The two B1 pulses, shown in blue, lead to a

π/2 turn of the magnetization at t = 0 and an inversion by a π pulse at t = τ (see figure

2.2b). After time t = 2τ , the spin echo is measured, which is reduced by effects of the

transverse relaxation time. Additionally, two magnetic field gradient pulses of strength

g and length δg are shown in green. They are applied at time t = t1 > 0 and t = t1 + ∆.

Due to the inverting π pulse, the spins experience the second gradient pulse as if it was

oriented in the opposite direction than the first gradient pulse.

The effect of the two gradient pulses is shown in figure 2.2c and 2.2d. Before the first

gradient is applied, the magnetization was flipped to the xy plane. This is presented here

as a co-rotating coordinate system x′y′. At time t = t1, the first gradient generates a
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Figure 2.2: Explanation of the method used in PFG NMR measurements. a) Stejskal-
Tanner pulse sequence used for diffusion measurements based on a spin echo
experiment. B1 pulses are shown in blue, gradient pulses are green. After
applying a π/2 pulse at t = 0, and a π pulse at t = τ , a spin echo (depicted
in orange) can be measured at t = 2τ . The gradient pulses allow for dif-
fusion measurements. b) Behaviour of the magnetization, shown in orange,
when applying the B1 pulses. The axes x′ and y′ denote a coordinate sys-
tem that is co-rotating with the Larmor frequency. c) and d) Impact of the
gradient pulses on a system without (c) and with (d) diffusion in z direction,
as indicated by black arrows. Each row shows a spin located at different z
coordinates. When applying the gradient pulse, they obtain a phase shift
depending on their position (shown in green). Without diffusion, the π pulse
together with the second gradient pulse lead to a rephasing. In the case with
diffusion the spins change their position, which causes a incomplete rephas-
ing. Image adapted from W. Price117.
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phase shift of the spins, depending on their z position. This is followed by the π pulse. If

the spins are static at their z position (figure 2.2c), the second gradient at t = t1+∆ leads

to a rephasing of the spins. However, if diffusion causes a change in position (figure 2.2d),

the second gradient leads to an incomplete rephasing, which results in an attenuation

of the intensity of the magnetization, and therefore to a loss in NMR signal intensity.

The attenuation of the NMR signal of a specific chemical component, represented by

the area under the peak in the NMR spectrum, is therefore dependent on the diffusion

of this species (represented by the average change in z position z(t = ∆) − z(0) of the

spins), as well as the gradient strength and length g and δg, and the diffusion time ∆.

By recording NMR spectra for different gradient strengths, the diffusion coefficient of a

chemical component can therefore be obtained from the attenuation of the corresponding

peak in the NMR spectrum.

A mathematical description of the spin system in the case of diffusion is given by the

Bloch-Torrey equations. A diffusion term D∇2M is added to the right-hand side of

the Bloch equations (2.13). It is obtained from Fick’s second law, as shown in equation

(2.2) and holds for isotropic diffusion. Solving the Bloch-Torrey equations leads to a

attenuation of the NMR signal intensity following

I(b) = I0 · exp(−b · D), (2.17)

where the diffusion weighting parameter b contains the diffusion time ∆, the gradient

length δg, the gradient strength g, and the gyromagnetic ratio of the considered nucleus.

For sinusoidal gradient pulses of length δg, the parameter b is given as141,142

b(g) = γ2g2δg,eff
2
(

∆ − π

8 δg,eff

)
. (2.18)

The effective gradient length for a sinusoidal gradient pulse is given by δg,eff = 2δg/π,

and the factor I0 in equation (2.17) contains relaxation effects, as well as the intensity of

the magnetization without perturbation. When measuring the NMR intensity for fixed

values of ∆ and δg,eff, the relaxation terms show the same value and can therefore be

treated as a constant. By varying the gradient strengths g and fitting equation (2.17)

to the resulting NMR intensities, the diffusion coefficient D of the considered chemical

species can be obtained.117,138–140
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For the case of T1 > T2, as assumed for all diffusion measurements in the context of this

thesis, the diffSte sequence can be applied. It is based on a stimulated echo sequence,

where the π pulse of the spin echo sequence is split into two π/2 pulses. As they are

applied shortly after the first, and before the second gradient, they flip the magnetiza-

tion into the negative z direction for the time period in between. This reduces relaxation

effects to the longitudinal relaxation instead of the transverse relaxation. The experi-

mentally accessible diffusion time is therefore no longer limited to the transverse, but to

the (longer) longitudinal relaxation time T1.122,143

PFG NMR on polydisperse particles

The mean diffusion coefficient of different chemical species can be measured by PFG

NMR as shown above. However, fitting the intensity attenuation using equation (2.17)

is only reasonable for a single diffusion coefficient. If a sample contains two species of

the same chemical shift, but different diffusion coefficients, a bi-exponential decay can

be fitted to the NMR intensity attenuation.96,99,144 However, the evaluation becomes

more difficult if the diffusion of polydisperse particles is to be evaluated. Looking at

an ensemble of polydisperse particles, the measurements should give not only a single

diffusion coefficient, but a distribution of diffusion coefficients. In this case, equation

(2.17) can be integrated over all diffusion coefficients, which yields

I(b) = I0 ·
∫ ∞

0
P (D) exp(−bD)dD. (2.19)

The gamma distribution model P (D; κ, θ) has been shown to give results that are com-

parable to a log-normal distribution of diffusion coefficients and is therefore assumed to

be a reasonable model for a distribution of diffusion coefficients of polydisperse nanopar-

ticles.145,146 The gamma distribution model follows

P (D; κ, θ) = Dκ−1 exp(−D/θ)
Γ(κ)θκ

. (2.20)

Here, Γ(x) is the gamma function, and κ and θ are shape and scale parameter, respec-

tively. They follow θ = σ2/⟨D⟩ and κ = ⟨D⟩2/σ2, where ⟨D⟩ is the mean self-diffusion

coefficient and σ the standard deviation of the distribution. Different to the log-normal
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distribution, the gamma distribution as given in equation (2.20) is analytically solvable

for the case of a PFG NMR intensity attenuation. Equation (2.19) then becomes

I(b) = I0(1 + bθ)−κ = I0

(
1 + κσ2

⟨D⟩

)−⟨D⟩2/σ2

. (2.21)

By fitting equation (2.21) to the intensity attenuation obtained in a PFG NMR experi-

ment, the fitting parameters κ and θ can be used to calculate the distribution of diffusion

coefficients P (D), and the mean and standard deviation of the diffusion coefficient.145

2.2.2 (Fluorescence) Nanoparticle Tracking Analysis

Nanoparticle Tracking Analysis (NTA) is a fast and sensitive method to measure the size

and concentration of nanoparticles suspended in a liquid. Multiple particle tracking is

used to measure the diffusion of the nanoparticles, from which a PSD can be deduced.

NTA allows for the investigation of particles in a size range of around 20 nm to 1µm.

The lower limit is dependent on the particle properties and the settings of the used

system. Low particle concentrations of down to picomolar suspensions can be detected,

which makes NTA a very sensitive method for the determination of particle size and

concentration.147,148

The setup used for NTA is depicted in figure 2.3a. The particle suspension is filled into

a flow chamber, and can be either measured in a static state, or using a well-defined

flow speed. A laser sheet is used to illuminate the particles present in a horizontal plane.

These scatter the light, which is then captured by a camera, equipped with a microscope.

The particles appear on the camera as broad, but well separated light spots, allowing for

real-time visualisation of the suspension. A snapshot of a captured image in the software

Nanosight NTA 3.4 is shown in figure 2.3b. The bright spots, marked with a blue or

red cross, represent the scattered light of one particle, each. A video of the particle

diffusion is recorded and their tracked positions are evaluated to obtain the MSD of each

particle. According to equation (2.4), the distance covered in a given time by diffusion

is proportional to the diffusion coefficient. This value, in turn, is directly related to the

hydrodynamic radius as given in equation (2.6). For a known temperature and viscosity,

the hydrodynamic radius for each particle is obtained. A histogram of the numbers
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Light scattered 
by particles

Microscope

Laser sheet Particle 
suspension

a)
b)

Figure 2.3: Principle of size measurement by NTA-FL. a) Schematic representation of the
setup used for NTA or NTA-FL. Particles are suspended in a liquid, which can
be flushed through the flow chamber or investigated statically. The particle
suspension is illuminated with a laser sheet, which scatters at the particles
or excites fluorescence labels. The scattered or emitted light is captured by
a camera, which is equipped with a microscope objective. A filter can be
inserted in the path of the light to block unwanted wavelengths. Light spots
appear at the videos, which represent one particle, each. The movement of
each particle is tracked to obtain the diffusion coefficients, which in turn can
be used to calculate the PSD. Created with BioRender.com. Image adapted
from R. Dragovic et al.150. b) A snapshot of the software Nanosight NTA 3.4,
measuring a 6HB origami sample stained with SYBR gold (see chapter 4). A
500 nm high-pass filter is used and flow is applied to prevent bleaching of the
fluorophore. Tracked particles are shown in red, the blue line represents the
PSD.

of particles with respect to their size yields the PSD. An exemplary evaluation by the

software Nanosight NTA 3.4 is shown as a blue line in figure 2.3b.149,150

For nanoparticles that produce a small scattering signal, a fluorescent dye can be used

as in the case for DNA origami (see section 3.1), where a fluorophore can be added that

intercalates into the DNA double helix. Using the same process as outlined above, the

emitted light of the fluorophore molecules is captured to measure the diffusion coefficient

of the individual particles. Using a dye that specifically stains the considered structure

like a dsDNA further allows for a reduction of background noise caused by scattering on

contaminants. This Fluorescence Nanoparticle Tracking Analysis will be referred to as

NTA-FL in the context of this thesis. Since a fluorophore will bleach after some time,
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it is important to use a light-shielded system. Further, the measurements need to be

performed using flow that regularly replaces the particles in the illuminated and visible

range. Knowledge of the flow speed is therefore important for the determination of the

diffusion-based MSD.148,150,151

It is important to note that the methods of NTA and NTA-FL inherently measure a

number-weighted particle size distribution.

2.2.3 Dynamic Light Scattering

A DLS setup uses a monochromatic light beam to illuminate a sample of suspended

particles. The light is scattered at the suspended particles in all directions. The scattering

intensity is detected at a chosen angle. The particles’ diffusion causes fluctuations in

the scattering intensity. The measured intensities are correlated to get the correlation

function. This contains information about the diffusion coefficients of the diffusing species

present in the sample. DLS can in principle be used for particles in a range of < 1 nm

to around 2µm.123 It offers fast, low-cost, and non-invasive measurements that are not

affected by treatment of the sample. However, the intensity of a Rayleigh scattering signal

is proportional to the volume of the scattering object squared.130 The measured PSD is

weighted by the scattering intensity, and therefore values larger particles higher than

smaller particles. Hence, the method is very sensible to dust, and requires assumptions

to be made about the optical properties of the measured particles to calculate a number

weighted particle size distribution.123,152



3 Methods

The diffusion coefficient of nanoparticles can give information about their environment.

To be able to measure the diffusion precisely, not only the choice of a measurement

method is essential, which has been discussed in chapter 2. Also the selection of a suitable

diffusion nanosensor that fits the method and fulfills further requirements regarding size,

structure, or the possibiliy of surface modifications is of great importance. In the context

of this thesis, two different nanoparticles are used as diffusion sensors, namely DNA

origami, which is the focus of chapter 4, and oil-filled core-shell particles, which allow

for diffusion measurements by NMR as discussed in chapter 5. The fabrication of both

types of nanosensors is presented in this chapter.

3.1 Folding of DNA Origami

Deoxyribonucleic Acid (DNA) is a linear polymer made up of four different monomers,

called nucleotides. Each nucleotide consists of a sugar and a phosphate group, build-

ing the ‘backbone’ of the DNA, and a characteristic nucleobase. Connecting several

nucleotides allows for the formation of a single stranded DNA (ssDNA). It carries a neg-

ative charge due to the oxygen atom in the phosphate group, therefore causing DNA to

be negatively charged. The ends of a ssDNA strand are labeled as 5’ (phosphate group)

and 3’ (sugar) ends.110

The four different nucleobases are adenine (A), thymine (T), guanine (G), and cytosine

(C). Adenine and guanine are derivatives of purine, meaning that they show two aromatic

rings, while thymine and cytosine are derivatives of pyrimidine, showing one aromatic

ring. Each two of the nucleobases are complementary (A/T and C/G) towards each

other. The base complementary permits binding of the nucleobases by hydrogen bonds.
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a) b)

c) d)

Figure 3.1: Fabrication mechanism and possible shapes of DNA origami. a) Schematic of
DNA origami fabrication. Scaffold and staple strands are mixed to form a pre
designed structure. The staple strands are designed in a way that they fold the
scaffold to yield the intended structure. The final nanostructure is stabilized
by various interconnecting strands. Image taken from S. Dey et al.154. b)
Schematic of the first 3d DNA assembly created by Seeman in 1991.155 The
cube consists of six DNA loops, shown in different colors, that are twisted
into their neighbouring strands. Image taken from N. Seeman et al.156. c)
Schematics and AFM (atomic force microscopy) pictures of Rothemund’s 2d
DNA origami (2006). Scale bars in the lower row AFM images are 1µm (2nd
column) and 100 nm (3rd to 6th column), respectively. Image taken from
P. Rothemund157. d) Models and TEM images of 3d origami by Douglas in
2009. Scale bars are 20 nm. Image taken from S. Douglas et al.158.

Two single strands of complementary base sequences are therefore able to form a double-

stranded DNA (dsDNA) in an antiparallel way. A dsDNA naturally coils into a helix

shape, where one turn contains ten basepairs. The regular distance between bases is

0.34 nm.110,153

Taking DNA out of living systems, it is also used in nanotechnology to construct 2d and

3d objects on the nanoscale. The strands are ‘folded’ into a well-defined structure by a

process that is known as ‘DNA origami’. In 1991, Seeman created the first DNA based

assembly. He used ten DNA strands of lengths between 36 and 80 bases to create six

ssDNA loops forming the edges of a 3d cube as shown in figure 3.1b.155,156 However, it was

Rothemund in 2006 who first reported an efficient way to form DNA origami which is still

used today. He used a 7,249 base ‘scaffold’ strand from the virus M13mp18 and added
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over 200 shorter ‘staple’ oligonucleotides of mostly 32 bases in a single-step assembly as

depicted in figure 3.1a. The staple strands couple to well designed spots of the scaffold,

causing crossovers to other parts of the strand, which leads to a folding of the scaffold

into the desired shape. Rothemund showed the formation of various 2d structures like

a square, triangle, star, or smiley face, shown in figure 3.1c.157 As shown by Douglas in

2009, it is possible to expand this technique to create 3d structures. He folded the double

helices in multiple layers so that are connected by staple strands, showing the formation

of 3d objects like cuboids or crosses, which are shown in figure 3.1d.158,159

Today, many examples of DNA origami constructs can be found in the literature.154,160,161

The self assembly of DNA into various, well defined, shapes allows for the fabrication of

large batches of highly uniform nanoparticles. Both static and dynamic structures are

fabricated that are used in several fields like nanofabrication, biosensing, drug delivery,

electronics or synthetic cells.156,159,160,162,163 There are different software tools available

that are used for the design process. For the DNA origami used in the context of this

thesis, caDNAno164 was used.159

3.2 Fabrication of Oil-Filled Core-Shell Particles

Chapter 5 reports on the diffusion of oil-filled core-shell particles, which is investigated by

PFG NMR. The particle fabrication follows roughly the description given by Loxley and

Vincent in 1998165 and was slightly modified to obtain smaller particles and contains an

additional NMR reporter as outlined in section 5.2.1. The fabrication principle is shown

in figure 3.2. Two separate phases coexist in the beginning, which are poly(methyl

methacrylate) (PMMA) in a mixture of hexadecane and dichloromethane (DCM), and

an emulsifier like poly(vinyl alcohol) or sodium dodecyl sulfate (SDS) in water. As

can be observed in the ternary phase diagram in figure 3.3 describing the mixture of

PMMA, hexadecane, and DCM, the three components can be miscible (Region I), or

phase-separated (Region II), depending on the concentration of each component. While

PMMA and hexadecane are not miscible in absence of DCM, region I can be reached

upon adding DCM.165
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3 Methods

Figure 3.2: Fabrication mechanism of the oil-filled core-shell particles. Figure created by
Nicolás Moreno-Gómez. Adapted from A. Loxley et al.165.

The mixture of PMMA, hexadecane, and DCM is prepared to fulfill the requirements

of the single-phase regime. It it then dispersed into the SDS containing aqueous phase,

where an emulsion is formed by homogenization. The emulsifier’s hydrophobic part

stabilizes the oil droplets, while its hydrophilic head is exposed to the surrounding water.

Acetone can further be added to the mixture of PMMA, hexadecane, and DCM as it has

been shown to reduce the average size of the droplets and narrow their size distribution.165

As discussed above, the droplets are in the single-phase domain (I). Upon increasing

the temperature, the DCM, which was dissolving the polymer, evaporates, as does the

acetone, if it is part of the mixture. This causes the system to move towards the two-phase

domain (II), resulting in domains of concentrated PMMA migrating to the hexadecane-

water interface. This process is called ‘controlled phase separation’ and yields hexadecane

droplets surrounded by a PMMA shell.165,166

As pointed out by Loxley and Vincent165,166, or Lars Evenäs (né Nordstierna)167–169,

different morphologies can be obtained by this method, ranging from core-shell particles,

over acorn shapes, to inverted core-shell particles. Since the morphology of the system

is dependent on interfacial tension and spreading coefficients of the phases, as well as

kinetic effects, is is important to thoroughly select the compounds and find suitable

working conditions.165,169,170
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Figure 3.3: Ternary phase diagram for a three component system consisting of PMMA,
hexadecane, and DCM CH2Cl2. Regime I and II represent the one- and two-
phase region, respectively, and ‘cp’ denotes the consolute point. Image taken
from A. Loxley et al.165.





4 DNA Detection with Origami Diffusion

Nanosensors

This chapter describes the realization of a DNA sensing method based on diffusion mea-

surements of origami nanosensors. Most of the concepts and results discussed in this

chapter are part of the paper

Ida Bochert, Jan-Philipp Günther, Izar Schärf, Erik Poppleton, Kerstin Göpfrich, Mari-

ana Alarcón-Correa, and Peer Fischer. "DNA Detection with Origami Diffusion Nanosen-

sors", submitted 2025

4.1 Introduction

Being able to detect the presence of specific DNA biomarkers is of importance for the

diagnosis of a wide range of infections and diseases or antibiotic resistance.1–5 Existing

methods for direct DNA detection suffer from long experimental times or other con-

straints as mentioned before.3,6–56 In the specific case of antibiotic resistance, one cur-

rently relies on blood cultures, antibiogramms and mass spectrometry which are also

time-consuming.5,171–174 The application of an immunoassay as described by He et al53,

followed by the detection of the analyte DNA using nanopores allows for the detection of

proteins or other biomarkers.53–56 For this, the target protein is captured on paramagnetic

beads (PMBs) using antibodies on the PMB surface. The analyte DNA is attached to the

complex using a second antibody and streptavidin/biotin binding. By UV light exposure,

the analyte is released and ready to be detected. The analyte serves as a proxy for the

biomarker and can also be amplified during the process, if needed. This immunoassay

provides an analyte DNA that is then detected by nanopores in form of a conductance
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Figure 4.1: Schematic explanation of the behaviour of the system without analyte strands
(top) and in the presence of analyte strands (bottom). The analyte can couple
two DNA origami structures, which leads to an increase in size and hence a
decrease in the diffusion coefficient. This is indicated as a size shift in the
PSD plot. Created with BioRender.com.

change.53 However, the nanopores are difficult to fabricate and can easily clog, which is

a major drawback. The measurement times range from 10 to 30 min.53,55,175

As will be shown in this chapter, detection of analyte DNA is also possible by measur-

ing the diffusion of a nanosensor, which offers a sensitive and fast alternative detection

method. The diffusion of nanoparticles is directly related to their size, so if the analyte

generates a change in size of the nanosensors, its presence can be observed by a change

in diffusion. This is achieved by connecting two nanosensors via the analyte, which leads

to an increase in size and therefore in a change in the diffusion coefficient. Figure 4.1

presents a schematic explanation of this process. As will be discussed in section 4.2, DNA

origami structures are a promising choice as diffusions sensors due to their well-defined

shape and size. They further allow for specific binding of the analyte and their diffusion

can be measured precisely by Fluorescence Nanoparticle Tracking Analysis (NTA-FL).

The proposed method allows for sensing of picomolar concentrations of an analyte strand

in a measurement time of about seven minutes.

While DNA origami is used for various sensing applications56,176–186, examples of diffu-

sion measurements of DNA origami are scarce in literature. Liu et al. investigated the

thermophoretic motion of DNA origami in polymer networks.187 Others tested for mem-

brane binding using diffusion measurements by single particle tracking or fluorescence

correlation spectroscopy.188–190 The same methods have been used to measure diffusion
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4.2 DNA Origami as a Diffusion Tracer

of free DNA origami.191–193 As far as we are aware, there are no other studies on analyte

sensing methods based on diffusion of DNA origami.

The origami nanosensors used in the context of this chapter are based on a six-helix

bundle (6HB) motif.194 DNA strands are folded to obtain a honeycomb structure made

of six double helices. The overhangs can be exchanged to couple to predefined DNA

strands. Section 4.3 gives details on the design, fabrication, and properties of these

structures. By carefully designing the sequence of the nucleobases in the overhangs of

the 6HB, they can couple to a complementary sequence, which can be used to form

dimers of 6HB structures as shown in section 4.4. The presence of a 30 base ssDNA of an

arbitrary sequence, denoted as the IM (intermediate) strand, is detected by the origami

and the results are presented in section 4.5. Further, a DNA origami ‘detection kit’ is

suggested and was tested experimentally, which allows for the versatile application of the

method.

For the special case of antibiotic resistance, a 40 base sequence unique to the antibiotic

resistance gene blaOXA-48 was investigated as presented in section 4.6. The OXA-

48 enzyme carbapenemase (UniProt: Q6XEC0) is able to metabolise beta-lactam and

carbapenem antibiotics and represents the class of beta-lactamases, which contribute

significantly to widespread antibiotic resistance.195–198

4.2 DNA Origami as a Diffusion Tracer

Chemically synthesized nanoparticles can be fabricated with well defined shapes and

a reasonably high degree of monodispersity.199,200 Therefore, the question might arise

why DNA origami is used as a diffusion sensor in this context. DNA origami has some

features that makes it a perfect choice for sensing a ssDNA analyte by diffusion. The

following section explains these advantages of DNA origami, and how their diffusion can

be measured and evaluated precisely and in few minutes.

4.2.1 Requirements of a Diffusion Tracer for DNA Detection

As discussed in section 3.2, the fabrication of DNA origami follows a strict scheme and

is therefore highly reproducible. It can therefore be assumed that the resulting origami
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Figure 4.2: Particle size distributions as obtained from NTA and NTA-FL measurements.
a) A 5 pM suspension of 6HB DNA origami 6HB-A’ in TA/MgCl2 buffer,
measured by NTA-FL. b) Polystyrene standard nanoparticles of diameter
100 nm, diluted to around 11 pM in water, measured by NTA. c) - f) 6HB
DNA origami structures with different overhangs as indicated by the letter(s)
in the name. Details on the overhang sequences are given in section 4.3.2. All
samples were measured at 5 pM. All curves presented in a) to f) are averaged
over five measurements per sample and the error bars are calculated as the
standard error of the measurements.

structures are monodisperse and show a well-defined diffusion coefficient. Crucially, the

monodispersity follows from the design and assembly and is not a function of the condi-

tions used for the synthesis as is the case in the chemical synthesis of nanoparticles. This

makes them an attractive choice for the use as diffusion tracers.

To estimate the quality of a 6HB particle size distribution measured by NTA or NTA-

FL as described in detail in the next section, the PSD of a 6HB-A’ (see section 4.3.2 for

details about the 6HB design) suspension in TA/MgCl2 buffer (all buffer recipes are given

in section A.1.4) of a concentration of 5 pM is compared to that of an aqueous suspension

of chemically synthesized spherical polystyrene standard nanoparticles of around 11 pM.1

The size of the particles is around 100 nm according to the manufacturer. The resulting

plots of the PSD obtained by NTA (nanoparticle) and NTA-FL (DNA origami) are shown

in figure 4.2a and 4.2b. For each sample, five measurements were performed and averaged.

The evaluation was performed using the parameters mentioned in section A.1.1. The
1The particles were provided by Malvern Panalytical201 and are denoted as ‘Polystyrene latex standard
NTA4088’. The concentration of the standard particles was calculated from the results of the NTA
measurement, since it was not provided by the manufacturer.

32



4.2 DNA Origami as a Diffusion Tracer

error bars represent the standard error of five measurements. It can be observed and is

intuitively reasonable that the spherical nanoparticles show a narrower peak in the PSD

than the 6HB due to the different spatial dimensions of the latter. As discussed in section

4.3, the 6HB show a cylindrical shape. It is therefore assumed that the diffusion of 6HB

– although probably highly monodisperse – depends on their orientation with respect to

the diffusion direction and the peak is therefore broader than for a spherical particle.

However, the size peak of the 6HB origami is narrow enough to detect small size changes,

as will be shown later. Although not as narrow as the spherical particles, DNA origami

has the great advantage over chemically synthesized nanoparticles that it possesses high

molecular specificity. The overhangs of the 6HB can be designed as needed and allow for

highly specific binding to any other DNA labelled object. Having a well defined number

of overhangs would not be possible for chemically synthesized particles and therefore

makes the DNA origami a valuable diffusion tracer system.

To prove that the PSD of a 6HB is independent of the overhangs, the PSD of different

structures were measured by diffusion. The results are shown in figure 4.2. Each graph

refers to an origami structure with different overhangs. More details on this will be given

in section 4.3. It can be seen that all graphs are highly comparable regarding the peak

position, as well as the shape of the curve. This shows that it is possible to modify DNA

overhangs without changing the overall dimensions of the 6HB. DNA origami can hence

be used as a versatile and precise nanosensor for diffusion measurements.

4.2.2 Diffusion Measurements by NTA-FL

To measure nanoparticle or DNA origami diffusion of down to picomolar concentrations,

NTA and NTA-FL can be utilized as explained in section 2.2.2. The measurements

shown in this chapter were performed on a Nanosight NS300 setup. The suspensions

were diluted in TA/MgCl2 buffer to a final concentration of 5 pM of each type of origami

that is used in the specific experiment. To prevent disturbing signals from contamination

in the buffer, the used buffer was filtered using a 20 nm syringe filter prior to usage. The

same buffer was used to flush the flow chamber before loading the new sample. The DNA

was fluorescently stained using SYBR gold at a concentration of 0.4x. The samples were

mixed and quickly transferred to a light-shielded system to protect the fluorophore from
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Figure 4.3: Size distributions of a 6HB structure comparable to 6HB-T at different con-
centrations as measured by NTA-FL. The DNA origami were diluted in
TA/MgCl2 buffer. The detection threshold was reduced for the measure-
ments shown in e) and f). Three measurements per sample were measured
and averaged. The error bars present the standard error of the three mea-
surements. All measurements are normalized to the maximum value of the
0.1 pM sample. The number of valid tracks for all three measurements to-
gether as evaluated by the Nanosight NTA 3.4 software are indicated.

bleaching. Details about the used settings and parameters for the NTA-FL measurements

are presented in the appendix (section A.1.1).

To determine the minimum concentration and a reasonable working condition for the

measurements, NTA-FL on DNA origami samples containing DNA origami of different

concentrations was performed. The 6HB structure used here is comparable to 6HB-T (see

section 4.3.2)2. Each result shown in figure 4.3 is obtained from three measurements of

1 min. The error bars represent the standard error of those. The evaluation is performed

in a slightly different way compared to the standard parameters given in section A.1.1

as a blur of 7×7 was used. For the measurements on concentrations of 0.5 pM and lower,

the detection threshold was reduced to 3. The number of valid particle tracks is given in

each graph.

It can be observed that the curves of all concentrations have their maximum at roughly

the same size. However, the peaks of the measurements performed at higher concentration

2The used 6HB structure has three polyT(5) overhangs and three overhangs of the random sequence
GAG TGA TAC CTT ACC G on the O1 side, and each three overhangs of polyT(5) and polyT(16) at
O2.
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Figure 4.4: Size distributions as measured by DLS using the Nanotemper system. Three
measurements of ten acquisitions each were performed and averaged. Some
acquisitions were sorted out by the instrument. The error bars represent
the standard deviation of all valid acquisitions. The measurements were per-
formed a) on a structure comparable to 6HB-A’ at a concentration of 6.2 nM
and b) on a dimerized sample using 6HB comparable to 6HB-A and 6HB-T
at a concentration of 2.9 nM (details about the structures are given in the
text).

are broader and seem to represent the sample in more detail. The intensity of the error

bars with respect to overall covered particles (represented by the area under the curve)

decreases for higher concentrations. The number of valid tracks obviously increases with

the concentration of DNA origami. The results show that NTA-FL can be performed

with concentrations down to around 0.5 pM. However, while the working concentration

for the later discussed experiments is aimed for being as low as possible, it should still

allow for significant results in a reasonable measurement time of some minutes. To be

able to base the measurements in the context of this chapter on enough valid tracks, a

concentration of 5 pM was always chosen unless otherwise noted.

Another method so measure a PSD is the Nanotemper Prometheus Panta instrument.

The measurements were performed at Heidelberg University Biochemistry Center (BZH)

with the help of Merlin Schwan. The instrument performs DLS, i.e. it measures scattered

light and uses a correlation function to calculate the PSD.202 Its advantage compared to

conventional DLS instruments is the low sample volume of some microliters needed. We
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therefore measured two samples with a Nanotemper system, namely a 6HB comparable to

6HB-A’ (see section 4.3.2)3 at a concentration of 6.2 nM and a 2.9 nM sample containing

the just described 6HB with polyA overhangs and an origami comparable to 6HB-T that

were dimerized as explained in section 4.4 in HEPES buffer. The result is shown in figure

4.4. Compared to the measurements using NTA-FL (e.g. in figure 4.2), the Nanotemper

measurements show a slightly smaller maximum value, while the error bars are larger,

especially in figure 4.4b. Three measurements with ten acquisitions each were performed

and averaged. However, the instrument software sorts out every measurement that does

not meets its internal quality criteria, e.g. due to a concentration that is too low. This

is the case in figure 4.4b, where the used concentration of around 3 nM is apparently on

the lower limit of the instrument. Only 20 out of 30 acquisitions gave reasonable results

and are therefore included in the evaluation.

Comparing the results obtained by the Nanotemper system with the ones measured by

NTA-FL, both the needed amount of sample and the results have to be considererd. The

NTA-FL measurements are performed on 1 ml of a 5 pM suspension, which is a total

amount of 5 fmol of DNA origami. The amount and volume used for the Nanotemper

measurements add up to an amount of roughly 5 nM·10 µl = 50 fmol, which is around one

order of magnitude higher than what is needed for the NTA-FL measurements. Therefore,

NTA-FL measurements are preferred for the continuation of this project.

4.2.3 Evaluation of NTA-FL Measurements

The already discussed figure 4.2 shows two exemplary PSD curves as measured by NTA-

FL. What is shown as a line with error bars here is in principle evaluated as a histogram

with pre-defined bins of 10 nm width. The error bars show the standard error of five

measurements on the same sample (if not otherwise stated). In the following chapter,

the size distributions are evaluated by fitting a log-normal distribution203 which follows

p(x) ∝ 1√
2πσx

· exp
(

−(ln(x) − ln(xm))2

2σ2

)
. (4.1)

3The 6HB used for the Nanotemper measurements has each three polyT(5) and polyA(15) overhangs on
the O1 side, and each three overhangs of polyT(5) and the random sequence AAT ATC TGT ATG TCT
A at O2.
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4.2 DNA Origami as a Diffusion Tracer

Here, ln(xm) describes the mean of ln(x) and σ is the standard deviation of ln(x). The

log-normal distribution is a commonly used model for particle size distributions.203–206

However, the broadening of the PSD peak is assumed to be also caused to some extent by

the procedure of NTA-FL. In this method, every particle is tracked for as many frames

as the software is able to follow the particle. A minimum track length can be set, which

in the following is chosen to be five frames. All particle tracks shorter than five frames

are discarded. The average covered distance between two frames is calculated to get

the apparent (i.e. measured) diffusion coefficient and hence the size of each individual

particle. The higher the number of frames for each particle, the closer the apparent and

the real particle size get. Although the chosen minimum value of five frames is assumed

to allow for a good estimation of the particle size, there is an uncertainty in size for

particles showing short track lengths.

A different fit model in the literature207,208 assumes all trajectories to have the same

length. Using this model to evaluate the data obtained from the Nanosight NTA 3.4

software would therefore require recalculation and cutting of the particle tracks, which

leads to worse distribution data. Testing this evaluation on an exemplary NTA measure-

ment showed that the modification of the data leads to a broader peak since information

achieved from longer particle tracks gets discarded. Further, the fit model has been tested

to fit worse on the modified data than the log-normal distribution does on the original

data. The log-normal distribution is therefore used in the following. Nevertheless, the

fit function should be understood as an apparent particle size distribution rather than a

real distribution since the broadening of the peak is not (only) caused by polydispersity

but also by uncertainties caused by the method.

To compare different measurements, the maximum value of the log-normal distribution

is used as given by dmax = exp(ln(xm) − σ2). It depicts the species (monomers vs dimer

6HB) with the highest concentration. Different to the mean of the distribution it is not

(or much less) affected by the presence of chunks or randomly occurring aggregates. In

the following, the maximum values of the log-normal distribution fit will always be given

with their uncertainty that is derived as described in section A.2.1.
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4.2.4 Evaluation using a Global Fit

When expecting different species like single 6HB (monomers) and dimerized 6HB struc-

tures with different hydrodynamic sizes in a sample, the measured PSD will be a sum

of two or more curves. If these species are far from each other in size, the PSD will

show distinct peaks. If the sizes are too close to each other to discriminate them, the

peaks will fuse to one peak that includes information on all species. While the standard

evaluation performed in the context of this chapter relies on fitting a single log-normal

fit and relying on the maximum value, there is another fitting model that includes the

different present species. This global fit uses a sum of log-normal distributions, each of

them representing one species i, for example monomers, dimers, and multiples, like

p(x) =
∑

i

Ai√
2πσix

· exp
(

−
(ln(x) − ln(xm,i))2

2σ2
i

)
. (4.2)

Here, Ai describes the intensity of each signal, ln(xm,i) denotes the mean of ln(x), and σi

is the standard deviation of ln(x) for each species i = Monomers, Dimers, Multiples. The

size and standard deviation of a species are assumed to be constant and independent from

the concentration of this species. Hence, for the evaluation of different measurements, like

one sample containing more monomers versus another sample with mostly dimers, the

mean particle size xm,i and the standard deviation σi are taken as global parameters and

are adjusted to a value that fits all measurements. The intensity Ai of each curve is fitted

for every measurement individually. It represents the concentration of the corresponding

species.

Figure 4.5a shows a schematic explanation of this procedure. Artificially created curves

mimicking NTA-FL measurements are shown and fitted with a sum of a monomer and

a dimer curve, shown in blue and green. The resulting fit, given by the sum of both,

is shown in gray. While the position and standard deviation of the curves representing

monomers and dimers are the same for the top and the bottom curve, only their intensity

changes to fit the shift in the curve mimicking the NTA-FL measurement. A graphic

representation of the fitting parameters is given in figure 4.5b. The global parameters

are indicated by dashed lines, while the intensity (solid line) is fitted for every single

measurement.
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Figure 4.5: Schematic explanation of the global fitting method. The overall fit (gray) as
given in equation (4.2) is calculated from a sum of the log-normal fit repre-
senting all monomer structures (blue) and the fit showing the dimers (green),
following the log-normal distribution as well. a) An exemplary created curve,
illustrating a PSD as measured by NTA-FL, is shown in dark green. From top
to bottom subfigure, a shift in the measured size is indicated by the arrow. b)
The fitting parameters are depicted. Global parameters, i.e. the maximum
position and the standard deviation, are indicated by dashed lines, while the
solid lines represent the intensities of each curve, which are adjusted for each
measurement individually. It can be seen that a change in intensity of the
curves leads to the size shift indicated in a).

4.3 Six-Helix Bundle DNA Origami

DNA origami has been shown to serve as a precise and versatile nanosensor for diffusion

measurements in the last section. The DNA origami structures used in the context of

this thesis are called Six-Helix Bundle (6HB). In this section, their structure is presented,

as well as the detailed base sequences of the used overhangs. The fabrication process is

described. We further examined the effect of the intercalating dye on the structures,

which is used for the NTA-FL measurements.

4.3.1 Overview of 6HB

As their name suggests, the 6HB origami structures are made up of six dsDNA helices that

are arranged in a honeycomb pattern as depicted in figure 4.6a.194 The helices are shown

schematically as cylinders. The resulting worm-like structure has a length of around

440 nm as obtained from Molecular Dynamics (MD) Simulations using oxDNA.209–211
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Figure 4.6: 6HB origami structure and methods for validation of successful folding. a)
The structure of a 6HB is shown schematically. Each double helix is repre-
sented as a cylinder. Only three overhangs are shown, which are intended to
bind to another structure as discussed in section 4.3.2. b) TEM image of a
6HB-A structure. The sample preparation and measurement are outlined in
the text. The scale bar is 200 nm. c) Result of gel electrophoresis using a
structure comparable to 6HB-A (left column) and a sample of dimerized 6HB
(see section 4.4.1) (right column). Created with BioRender.com.

The simulations were performed by Erik Poppleton. The diameter is around 6 nm as can

be deduced from the corresponding caDNAno file.164

The basis of the 6HB structures is a 8064 base DNA strand strand. This circular viral

scaffold strand ordered from Tilibit is commonly used for DNA origami.158,212–215 Using

caDNAno164, a total of 192 body staples and eight edge strands were designed to connect

the scaffold and form the intended structure of the six double helices. The design was

provided by Kerstin Göpfrich. The folding was performed in a TE/MgCl2 buffer (see

section A.1.4 for buffer recipe). The scaffold was used in a concentration of 10 nM. Staples

and edge strands were added in a 10-fold excess. Everything was then temperature cycled

as shown in figure 4.7. The heating to 70 ◦C leads to breaking of all unintended bindings.

The slow temperature ramp down to 20 ◦C allows the system to self-assemble by finding

the energetically best and most stable configuration. The suspensions containing the

folded origami structures were then washed using 100 kDa Amicon size exclusion filters,

performing three cycles of five minutes at 13000 rcf and 4 ◦C. Size exclusion filters have

been shown to give good results in DNA origami purification.216–218 The washing was

done with a 0.5x TA/MgCl2 buffer. After the filtering process, the concentrations were
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Figure 4.7: Protocol of the temperature cycling protocol used for the folding of the DNA
origami.

adjusted to the final buffer concentrations of the TA/MgCl2 buffer. Finally, the origami

concentration was measured using a UV-Vis Nanodrop ND-1000. The whole fabrication

process follows a workflow that was applied in our group earlier.194

To test the achievement of correctly folded origami structures, TEM and gel electrophore-

sis are commonly used.154,158,159,194 The TEM grids were prepared by glow discharge,

using 15 mV and 10 mA for 30 s at 0.39 atm. The DNA origami samples were diluted to

a final concentration of 0.1 nM. A volume of 3µl of the sample was left on the grid for

2 min. After that, filter paper was used to remove the liquid. The grid was then stained

with uranyl acetate. Two droplets of 7µl were added. The first droplet was removed

immediatly, the second droplet was left on the grid for 30 s before removing the liquid.

The samples were allowed to air-dry before performing TEM. The images were taken on

a Philips CM200, using a LaB6 electron gun and a voltage of 200 kV. This procedure is

applied for all TEM samples mentioned in this chapter, unless otherwise specified.

Figure 4.6b shows a TEM image of a 6HB-A sample (see section 4.3.2 for the overhang

specifics). Six 6HB origami structures can be seen, which all seem to have the same

length and thickness. The length of folded 6HB origami structures measured from TEM

images is 445 nm, which agrees well with the value calculated by the MD simulations.

This is an indicator that the folding worked nicely. In addition, figure 4.6c shows an

example of a gel electrophoresis result on 6HB-A (left column). It has to be noted that

this is an older version of overhangs used in this example compared to what is given in

section 4.3.2.4 10µl of a sample containing 6HB-A (left) and a dimer sample (discussed

in section 4.4.1) were filled in the cavities of a 2 % agarose gel in TAE/MgCL2 buffer

4The 6HB used here has each three polyT(5) and polyA(15) overhangs on the O1 side, and each three
overhangs of polyT(5) and the random sequence AAT ATC TGT ATG TCT A at O2.
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4 DNA Detection with Origami Diffusion Nanosensors

(buffer recipe given in section A.1.4) stained with SYBR gold. TA/MgCl2 was used as

a running buffer. The experiment was run with a voltage of 72 V and protected from

light for around 1 h 30 min. In gel electrophoresis, all charged particles are attracted

by the oppositely charged electrode. Dependent on their size, the particles move faster

or slower through the gel, generating a separation of the particles by their size.110 The

picture shows a bright, narrow band. This is an indicator for particles that have the same

(hydrodynamic) size, which in turn causes them to move through the sample with the

same speed, ending up in a narrow band. This gives evidence that the origami structures

are correctly folded. However, there is a small amount of smearing between the band and

the cavity visible. It is assumed to be caused by different orientations of the structures.

While the ones that are oriented in the direction of travel are assumed to slip through

the holes of the gel nicely, the structures that are oriented transverse to the direction of

motion can get stuck more easily and are therefore assumed to move slower.

4.3.2 Design of the used 6HB Structures

While the sequences of the inner DNA staples that keep the origami in shape are im-

portant to keep constant, the overhanging parts of some edge strands are not needed

to fold the origami. These parts that are sticking out of the structure can therefore be

modified as desired. The 6HB are designed in a way that each side (called O1 and O2)

has four DNA strands that contribute to the edge part. Figure 4.8 shows a snapshot of

caDNAno164, where the different strands are coloured differently. It can be seen that for

both sides two strands face out with either the 5’ or the 3’ end, while the other two have

both ends sticking out. These in total eight strands are denoted as overhang strands and

can be exchanged in the folding process as needed for the experiments. For the projects

discussed in the following, some origami structures are intended to bind to another object

or DNA strand, while other ends should not bind to anything.

At the ‘active end’, three overhangs (either the ones sticking out with their 5’ end or the

ones with the 3’ ends) are intended to bind to a well-defined other DNA sequence, while

the other three overhangs, as well as the six overhangs at the ‘passive end’ are designed

to show the non-binding (NoB) sequence ACAGA. This NoB sequence is chosen to avoid

unintended binding to another present DNA strand. In figure 4.6a, only the three binding
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4.3 Six-Helix Bundle DNA Origami

Figure 4.8: Snapshot of both ends of a 6HB structure as shown in caDNAno.164 The dark
blue line represents the scaffold, gray lines show internal staple strands, and
all other colored lines represent the different overhang staples. For each side,
there are four ssDNA strands, that produce each three overhangs at 5’ and
three at 3’ ends.

overhangs are shown. The overhangs that are used in the presented experiments and the

names of the corresponding 6HB structures are given in table 4.1. All DNA sequences are

per convention written starting from the 5’ end. The overhangs of most types of origami

that have O1 as the ‘active end’ have the 5’ end facing out (except for the 6HB-T), while

for the O2 ‘active ends’, the overhangs end on 3’.

In the later discussed experiments, the 6HB-A and 6HB-T are intended to directly bind

to each other, while the 6HB-IM1 and 6HB-IM2 or 6HB-Oxa1 and 6HB-Oxa2 can be

connected via the so called IM strand GGA ATG ATG ACG GAG GAT GAA TGA

GTG AGC or Oxa strand GTT GGA ATG CTC ACT TTA CTG AAC ATC AAT CAC

AGG GCG T, respectively. The formation of these complexes is schematically depicted

in figure 4.9, where only one overhang is shown exemplary. The IM strand shows a

random, non self-dimerizing DNA sequence, while the Oxa strand is a unique part of an

antibody resistance gene blaOxa-48.195–198 The connector strands used in section 4.5.4

have the sequences CTC CGT CAT CAT TCC TTT TTT TTT TTT TTT and TTT

TTT TTT TTT TTT GCT CAC TCA TTC ATC.

4.3.3 Effect of an Intercalating Dye

The main measurements in this project to obtain the particle size distribution are per-

formed by NTA-FL, which requires fluorescent labeling of the DNA origami structures.

This is done by using SYBR gold, which is a dye that intercalates into the DNA double
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4 DNA Detection with Origami Diffusion Nanosensors

Table 4.1: DNA sequences of the different overhangs of the 6HB structures used in the
context of this thesis. The column ‘end’ gives the active end which defines on
which end of the origami the binding sequences are attached. The other three,
as well as the six overhangs on the passive end show the sequence ACAGA. If
the active side is O1, the overhangs end on a 5’ end, except for the 6HB-T.
If O2 is the active side, the sequences have their 3’ end facing out. All DNA
sequences are written starting from the 5’ end.

Name Overhang sequence End Drawing

6HB-A AAA AAA AAA AAA AAA O2

6HB-A’ AAA AAA AAA AAA AAA O1

6HB-T TTT TTT TTT TTT TTT O1

6HB-IM1 CTC CGT CAT CAT TCC O1

6HB-IM2 GCT CAC TCA TTC ATC O2

6HB-Oxa1 AGT AAA GTG AGC ATT CCA AC O1

6HB-Oxa2 ACG CCC TGT GAT TGA TGT TC O2

5' 3'

3' 5'

IM strand

3' 5'

5' 3'Oxa48 strand

a) 6HB-A/6HB-T b) 6HB-IM2/IM/6HB-IM1

c) 6HB-Oxa2/Oxa/6HB-Oxa1

Guanine
CytosineThymine

Adenine

Figure 4.9: Schematic presentation of the different types of 6HB structures and their
intended binding partners. Only one of the three binding overhangs per 6HB
is shown for the sake of simplicity. a) 6HB-A and 6HB-T are used in the
experiments described in section 4.4. b) 6HB-IM1 (left) and 6HB-IM2 (right)
can be connected by the IM strand as shown in section 4.5. c) Analogously
the Oxa strand can dimerize the structures 6HB-Oxa1 and 6HB-Oxa2 as
discussed in section 4.6.
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4.3 Six-Helix Bundle DNA Origami

a) b)

Figure 4.10: Comparison of 6HB-IM2 structures with (b) and without (a) SYBR gold
staining as shown by TEM. Scale bar is 200 nm.

strand.219 According to literature, intercalating dye can be assumed to generate unwind-

ing of the DNA double helix, leading to an elongation of the double strand.219,220 Kolbeck

et al. measured an unwinding angle of 19.1◦ per molecule and a length increase by a

factor 1.7.219 While this effect of intercalating dye on a double stranded DNA is known,

the corresponding impact on a DNA origami is less understood. As Kim et al. assume,

the unwindig of the dsDNA is compensated by winding of the whole 6HB structure.220

In the following it is therefore assumed that the intercalating dye leads to an elongation

an unknown factor, and winding of the 6HB structure.

We therefore tested for elongation of the 6HB structures upon adding SYBR gold by

comparing the length measured from TEM images of a sample with and a sample without

dye, using 6HB-IM2 origami structures from the same folding batch. The concentration

of origami was 0.1 nM each. For the stained sample, the SYBR gold was diluted to 80x,

which is the same amount of SYBR gold per origami structure as used for the standard

NTA-FL measurements. TEM was performed as outlined in section 4.3.1. Exemplary

images are shown in figure 4.10, where figure 4.10a represents unstained structures, while

the structures shown in figure 4.10b is stained with SYBR gold. The mean lengths of

the structures are

lno dye = 439 nm

lwith dye = 675 nm.
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A number of 25 and 18 origami structures were analyzed. The dye can therefore be

assumed to cause an elongation of the 6HB structures by a factor of around 1.5. However,

for the NTA-FL measurements, which are performed in solution, it remains unclear what

the exact dimensions of the structures are. For the analyte detection discussed in the

following, only a relative size change is measured, so that knowledge on the exact size of

the origami is not required. For the theoretical considerations that are given later, the

length obtained from the caDNAno estimation in absence of the dye is therefore used.

While the 6HB structure allows for using the intercalating dye and is assumed to react

by twisting and elongation (which keeps the stability of the structure), other structures

are less compatible with this sort of dye. A DNA origami cube, that has more connected

layers and therefore more intersections, can be assumed to not being able to stay in a nice

cubic form upon intercalating the dye. This can be observed when measuring NTA-FL

or running gel electrophoresis. We observed a broader signal (PSD curve or bright band

in the gel, respectively) for the cubes. The obtained signal of the 6HB, although their

diffusion can be considered to be more orientation-dependent than the one of cubes, is

therefore better suited for the shown experiments.

4.4 Formation of 6HB Dimers

The idea of this project is to detect the presence of a specific DNA analyte by measuring

diffusion of DNA origami. If the connecting analyte strand is present in the solution, it is

supposed to connect two origami structures, causing an increase in size. This is observed

by measuring the diffusion coefficient of the DNA origami. The first question that has

to be discussed in this context is if the change in size from a single 6HB to a dimerized

6HB is big enough to be detectable by diffusion measurements.

To investigate this, two designs of 6HB were used, that can dimerize directly, without

the need for an analyte strand. The structures 6HB-A and 6HB-T have each three

overhangs of 15 adenine or thymine bases, respectively. All ‘binding’ overhangs have

the 3’ ends facing out. The overhangs are intended to bind to an origami structure

of the complementary overhang and therefore lead to dimer formation. This system is

simplified compared to the later discussed analyte sensing experiments in a way that only
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4.4 Formation of 6HB Dimers

two objects (i.e. two origami structures) need to encounter in solution, while for the later

experiments, a third structure (i.e. the analyte) needs to meet the others in the solution.

This simple system is used as a proof of concept for the possibility to distinguish between

monomers and dimers by measuring their diffusion using NTA-FL.

4.4.1 Proof of Dimer Formation by TEM and Gel Electrophoresis

While in principle the complementary overhangs consisting of 15 adenine and thymine

bases should couple by themselves very nicely, we supported the process by temperature

cycling to achieve best results. Both types of origami (6HB-A and 6HB-T) were added

to a TA/MgCl2 buffer at concentrations of 1 nM. The dispersion was then cycled ten

times between 27 ◦C and 34.5 ◦C, which is close to the expected melting temperature

of the overhang strands. This process takes around 15 min. It helps the DNA strands

to find their energetically preferred arrangement. If less than the maximum of 15 bases

are coupled, the increase in temperature will melt the structure. By decreasing the

temperature, the DNA strands have the possibility to couple again, in a (hopefully)

more stable state. The temperature cycling procedure is shown schematically in figure

4.11.

To prove that the coupling procedure was successful, two methods were applied: The

first one is gel electrophoresis, which was performed as described in section 4.3.1. In the

context of figure 4.6c the successful folding of 6HB structures was already discussed for

the 6HB-A sample in the left column. The right column shows a dimer sample, prepared

from two structures comparable to the aforementioned 6HB-A’ and 6HB-T5, where the

6HB structures are assumed to be coupled via their complementary overhangs. Different

to the coupling procedure outlined before, a higher concentration of 2.9 nM of each type

of origami was used. Two bands can be observed for this sample in the gel. The heigth of

the first one is close to the band in the monomer sample on the left. It shows that some

6HB are still present as monomers. The second band represents the dimerized structures.

5The structure comparable to 6HB-A’ used here has each three polyT(5) and polyA(15) overhangs on the
O1 side, and each three overhangs of polyT(5) and the random sequence AAT ATC TGT ATG TCT
A at O2. The 6HB-T like structure has three polyT(5) overhangs and three overhangs of the random
sequence GAG TGA TAC CTT ACC G on the O1 side, and each three overhangs of polyT(5) and
polyT(16) at O2.
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Figure 4.11: Temperature cycling protocol applied for the coupling of two DNA origami
structures. The upper temperature is adjusted depending on the system.

Because of their bigger size, they travel less far in the gel. The smearing suggests that

there could also be some aggregates forming.

The second method to show the successful coupling is visualization of the structures

by TEM. The sample preparation for the TEM process is done as described in section

4.3.1. Figure 4.12 shows exemplary TEM images of the monomer samples 6HB-A and

6HB-T, as well as of the dimer samples. From the length of the structures, it can be

clearly distinguished between a 6HB monomer of a length around 440 nm and a 6HB

dimer, having a length of nearly 900 nm. The images of the monomer samples show that

folding of the 6HB structures was successful and yields 6HB structures of a well-defined

shape and size. The dimer images show structures of around double the length, which

proves the coupling to be successful and couple structures (at least to some extent) as

intended.

To estimate the ratio of coupled structures versus 6HB monomers, more TEM pictures

were taken (over 30 images for the monomer samples, 70 for the dimer sample), which

corresponds to a total number of over 330 6HB particles. The number of monomers,

dimers, and multiples were counted and compared. Is has to be noted that separate

structures were counted, where a dimer or a multiple count as one structure, not as two

or more. The resulting numbers are given in table 4.2. It can be seen that the number of

dimers increases from around 10 % in the monomer samples to about 55 % in the dimer

sample. This again shows that the coupling procedure leads to a notable amount of

dimers.
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4.4 Formation of 6HB Dimers

Table 4.2: Numbers of monomers, dimers, and multiples as counted in TEM images. The
samples, containing 6HB-A, 6HB-T, and the corresponding dimer sample are
defined in the text. More than 30 images for the monomer samples and 70 for
the dimer sample were taken, which corresponds to a number of more than
330 particles in total.

Sample Monomers Dimers Multiples
6HB-T 77.7 % 12.1 % 10.1 %
6HB-A 83.7 % 9.4 % 6.9 %
6HB-T + 6HB-A 22.6 % 54.8 % 22.6 %

a) b)

c) d)

Figure 4.12: TEM images of 6HB monomers and dimers, obtained from the samples a)
6HB-T, b) 6HB-A, c) and d) dimer sample 6HB-A + 6HB-T as decribed in
the text. Scale bar is 200 nm.
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In the monomer samples, between around 7 % and 12 % dimers and multiples are present.

This is assumed to be caused by unstable, short-lived conjugates that form upon binding

of a small number of nucleobases in the overhangs between two origami structures, or

due to unspecific binding. Moreover, the origami structures are assumed to be able to

form multiples by mechanically generating knots. Further, it is unclear how much the

drying for the TEM samples affects the aggregation. Some multiples can be found to be

trimers, which occur in a small number of cases (around 2.4 % for the dimer sample).

The trimers form by connecting one origami structure to two others instead of only one.

This is possible due to the three binding overhangs. In the dimer sample, around 23 %

of the 6HB remain uncoupled. The high number of dimers, however, is promising for the

diffusion measurements.

4.4.2 Diffusion Measurements of Dimerized Samples

In the last section, it was shown that it is possible to couple two origami structures 6HB-

A and 6HB-T using their complementary overhangs. Gel electrophoresis and TEM were

used to prove the successful coupling and revealed a number of around 55 % dimerized

structures. It can therefore assumed that the increased size of the dimers is visible in

diffusion measurements by NTA-FL. Two monomer samples, 6HB-A and 6HB-T, were

compared with a dimer sample prepared as discussed above. The NTA-FL measurements

were performed as discussed in section 4.2.2.

Figure 4.13 shows the resulting PSD curves of 6HB-T, 6HB-A, and the dimer sample. The

fit follows the log-normal distribution as given in equation (4.1). The maximum values

of the PSD curves are dmax,6HB-T = (105.9 ± 0.5) nm, dmax,6HB-A = (99.9 ± 0.3) nm,

and dmax,dimers = (147.2 ± 1.3) nm. The maximum values of the monomer samples are

very close to each other, which again shows the high reproducibility of the DNA origami

folding, independently from the used overhangs. The maximum value of the dimer sample

is clearly shifted to a higher value. This means that monomer and dimer sample can be

distinguished by diffusion measurements, which should provide a good basis for the later

discussed analyte sensing experiments.
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Figure 4.13: NTA-FL measurements show the size shift upon binding two origami struc-
tures as measured for the system of 6HB-A/6HB-T. a) PSD of the monomer
sample 6HB-T, the maximum of the fit is at dmax,6HB-T = (105.9 ± 0.5) nm.
b) PSD of the monomer sample 6HB-A, the maximum is at dmax,6HB-A =
(99.9 ± 0.3) nm. c) PSD of the dimer sample 6HB-A + 6HB-T, the max-
imum is at dmax,dimers = (147.2 ± 1.3) nm. Five measurements per sample
were performed and averaged. The error bars represent the standard error
of the five measurements. All samples were measured at a concentration of
5 pM of each origami structure. The gray fit follows the log-normal distri-
bution as given in equation (4.1).

4.4.3 Theoretical Estimation of Diffusion Coefficients and Size Shifts

The first question to answer when discussing the idea of analyte sensing via measurement

of size changes of DNA origami, is about the expected change in size. In the last section,

it was shown experimentally that it is possible to distinguish between a monomer and a

dimer sample by measuring their diffusion. The expected size shift can also be modelled

theoretically, as shown in the following. To estimate the hydrodynamic radius of a single

6HB and the size shift that can be expected when dimers form, a model system of a

stiff cylinder is applied. Although the 6HB structures seem to have some flexibility

according to the TEM pictures, their persistance length is longer than the particle itself,

which suggests a very stiff structure.221 This stiffness is further confirmed by Molecular

Dynamics (MD) simulations, which were performed by Erik Poppleton at the Max Planck

Institute for Medical Research in Heidelberg.
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a) b)

Figure 4.14: Results of the MD simulations. a) end-to-end distance of a single 6HB struc-
ture (6HB-Oxa1) and b) of a dimerized structure (6HB-Oxa1/Oxa/6HB-
Oxa2). Details about the structures are given in section 4.3.2. The mean
values are (440.1 ± 3.2) nm and (898.7 ± 6.2) nm, respectively. Calculations
were performed by Erik Poppleton.

MD Simulations To investigate the dimensions and flexibility of the 6HB structures,

MD simulations were performed by Erik Poppleton.209–211,222–226 In a first step, the end-

to-end distances of a single 6HB structure (6HB-Oxa1) and a dimerized structure (6HB-

Oxa1/Oxa/6HB-Oxa2) were calculated (see section 4.3.2 for details about the structures

used here). The results are shown in figure 4.14. While for the monomer, all three curves

match nicely and give a mean length of (440.1 ± 3.2) nm, the end-to-end distance of the

dimer structure is a bit less clear. However, the obtained mean length of (898.7±6.2) nm

is assumed to be a good estimate, since it matches nicely the doubled length of a single

6HB plus some more nanometers caused by the connecting analyte part.

Additionally, the flexibility of the 6HB structures was simulated as shown in figure 4.15.

The 6HB are colored by their root-mean-squared-fluctuation (RMSF) per particle. The

red colored ends of the structures are therefore – as can be expected – more flexible than

the middle part. The maximum RMSF of 12 nm for the monomer shows – compared

to the overall length of the 6HB – that the structures are quite rigid. The same holds

for the dimer structure, that has a maximum RMSF of below 24 nm. According to the

simulation, the thinner connecting part of the overhang-analyte bindings – consisting

of only three instead of six double helices – does not have a striking impact on the

flexibility of the dimer structure. It can be further observed that the structures have a

small preferential curvature, which is assumed to be negligible.
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Model of a stiff cylinder From the results of the MD simulations, the 6HB structure

can be assumed to show a stiff geometry of around 440 nm in length and 6 nm in diameter.

It can therefore in a simple geometrical model be treated as a stiff cylinder. Following

this model, the translational diffusion coefficient can be calculated as following227

D = kBT (ln p + γ) · 1
3πη0L

, (4.3)

where p = L/2b is the axial ratio of cylinder length and b denotes the cylinder radius.

The end-effect correction γ is given by eq. (75) in García de la Torre et al.227 to be

γ =
γ∥ + γ⊥

2 (4.4)

γ⊥ = 0.50 + 4.2 ·
( 1

ln 2p
− 0.39

)2
(4.5)

γ∥ = −0.58 + 7.4 ·
( 1

ln 2p
− 0.34

)2
. (4.6)

Using the dimensions obtained from the MD simulations, L = 440 nm and b = 3 nm, an

expected diffusion coefficient of Dmonomer = 4.90 ·10−12 m2/s can be calculated. This can

be further transferred to an expected effective hydrodynamic diameter of dh, monomer =

100 nm according to equation (2.6).

Since the MD simulations also show a low flexibility for the 6HB dimers, the same can be

done for the dimer structure using Ldimer = 899 nm. An expected hydrodynamic diameter

of dh, dimer = 174 nm can be calculated. As expected, this is not the doubled size of a

monomer structure, but is larger by a factor 1.7. This shows that a clear separation

of the two species (monomers vs dimers) in a diffusion or size measurement should be

possible.

Combining Cylinder Model and TEM Data Finally, it is possible to combine the the-

oretical evaluation of the stiff cylinder model and the experimental values in form of

the TEM statistics to predict the mean particle size of mixtures containing monomers,

dimers, and multiples. The expected hydrodynamic size of the 6HB monomers and dimers

is known from the stiff cylinder model, and the percentages of the monomers, dimers,

and multiples can be estimated by counting of the TEM images. Combining both, the

expected mean of the PSD can be modeled. This is done by summing up the sizes of
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440 ± 3.2 nm

899 ± 6.2 nm

b)

a)

Figure 4.15: Results of the MD simulations. a) RMSF of a single 6HB structure (6HB-
Oxa1). b) RMSF of a dimerized structure (6HB-Oxa1/Oxa/6HB-Oxa2)
(bottom). Simulations were performed by Erik Poppleton.
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Table 4.3: The first columns give the ratio of each species (monomers, dimers, multiples)
as measured in the TEM statistics. The calculated size follows from adding
up the sizes calculated by the stiff cylinder model, weighted by the ratio of
each species. This is compared with the measured mean size that follows from
NTA-FL measurements.

Sample Monomers Dimers Multiples Calculated Measured Mean
(%) (%) (%) Size (nm) Size (nm)

6HB-T 77.7 12.1 10.1 126 136
6HB-A 83.7 9.4 6.9 119 127
Dimers A+T 22.6 54.8 22.6 180 176

each component, weighted by their percentage. Only one parameter is missing for this

procedure, which is the hydrodynamic size of a multiple. This is very hard to estimate,

since the number of 6HB structures in the multiples ranges from three to larger numbers

and their structure is variable. However, since the number of multiples is not too high

according to the TEM statistics, this value should not be crucial. It is therefore set to

273.9 nm, which is the sum of monomer and dimer hydrodynamic diameter.

Summing up the size values of each component, weighted by its percentage for each sam-

ple gives the mean particle size expected for this sample. The results of these calculations

are given in table 4.3 for the monomer samples 6HB-A and 6HB-T, as well as for the

dimer sample of these two. The calculated mean size for the monomer samples is around

120 nm and increases clearly to a value of 180 nm for the dimers sample.

To test if these calculated values are reasonable, they are compared to the experimental

PSD values measured by NTA-FL. It has to be noted, that the mean of the PSD curve

has to be used here, since it represents all components present in the sample, including

multiples. This is different to all other parts of this chapter, where the maximum value

of the PSD is discussed, which depicts mainly the components that are present at high

concentrations. The mean µ of the log-normal distribution as given in equation (4.1) is

calculated as228

µ = exp
(

ln(xm) + σ

2

)
. (4.7)

The mean of the NTA-FL measurements is given in the last column in table 4.3. The

values slightly differ from the calculated values using the stiff cylinder model, but show
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the same trend. For the monomer samples, the experimental values are bigger than the

theoretical values, while for the dimer sample, the experimental value is smaller than the

theoretical. This difference is assumed to be caused by the number of multiples. This

number is hard to figure out exactly by the TEM statistics, since the structures in TEM

are dried on the grid and might therefore form aggregates in a different way as they are

present in solution for the diffusion measurements.

The calculation does not take care of some experimental details like the (small) flexibility

of the 6HB structures, their behaviour in aqueous solution, or possible elongation by

SYBR gold, as discussed above. However, the theoretical values clearly cover the trend

of the experimentally observed sizes. We therefore find the stiff cylinder model to be a

good approximation for the size measurements based on diffusion of the 6HB structures.

4.5 Analyte Sensing

The goal of this project is to sense an analyte DNA strand of well-known sequence by

measuring the diffusion of 6HB DNA origami that can be connected in presence of the

analyte, forming dimers with a slower diffusion coefficient than the monomers. In the

last sections, it was shown that the increase in hydrodynamic size when 6HB structures

are forming dimers is big enough to be detectable in diffusion measurements. For this,

two species of 6HB were used that couple directly by their complementary overhangs,

without the need for a connecting analyte strand. In the next step, the dimerization

of 6HB via short analyte DNA strands is investigated. Therefore, two 6HB structures

(namely, 6HB-IM1 and 6HB-IM2) were designed to bind a strand of the IM sequence as

shown in figure 4.9. This idea is schematically depicted in figure 4.1, where the analyte

strand is shown in light green, and the different colors of the overhangs stand for different

DNA sequences.

In the following sections, not only the formation of dimers is discussed, which was inves-

tigated by TEM and NTA-FL, but the system was also tested under various conditions.

Moreover, some ideas to further improve the method and make it more versatile are

presented.
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4.5 Analyte Sensing

4.5.1 Dimer Formation using IM Strands

To couple the system consisting of 6HB-IM1, 6HB-IM2, and the IM strands, the IM

strands were first added to 6HB-IM2 in a TA/MgCl2 buffer. Both components were

diluted to obtain a concentration of 2 nM in a volume of 20µl. The suspension was cycled

ten times between 25 ◦C and 32 ◦C, which is close to the expected melting temperature

of IM stand and complementary overhangs of 6HB-IM2. The cycling protocol is the

same as described for the coupling of 6HB-A and 6HB-T (see figure 4.11). After that,

20µl of 6HB-IM1 in the same buffer were added to the mixture to obtain a 40µl sample

that contains 6HB-IM1, 6HB-IM2, and IM strands in a final concentration of 1 nM, each.

The same temperature cycling protocol as described above was applied. This sample is

referred to as the ‘dimer’ or ‘5 pM IM’ sample in the following, where the concentration

of 5 pM refers to the concentration of IM strands in the NTA-FL experiments. A second

sample was prepared in the same way, using a threefold concentration of IM strands.

Analogously, this will be referred to as the ‘15 pM IM’ sample. As a reference sample, and

to test for self-dimerization or unexpected binding of the two 6HB species, a ‘monomer’

or ‘no IM’ sample without the IM strands was prepared by applying the same procedure

as for the dimer samples, leaving out the IM strands.

To validate the coupling of the 6HB-IM1 and 6HB-IM2 via the IM strands, TEM was

performed in the same way as described in section 4.3.1. Two exemplary images are

shown in figure 4.16, where figure 4.16a shows single 6HB structures in the monomer

sample, and figure 4.16b represents the dimer sample. It can be observed that the

folding of the structures is successful, and the coupling via the IM strand works. Similar

as done for the 6HB-A and 6HB-T samples in section 4.4.1, the percentages of monomers,

dimers, and multiples were examined by counting the structures in over 80 TEM images

for each sample. This corresponds to a number of more than 700 structures for each

sample. The results are shown in table 4.4. As can be seen, the sample without IM

strands shows a low concentration of dimers (6.3 %) and multiples (5.1 %). These can

be attributed to unstable coupling of small numbers of nucleobases in the overhangs, the

mechanical generation of knots, and the drying process in the preparation of the TEM

samples. The small percentage shows that the design of the overhangs is reasonable, so

that self-dimerization or dimerization in absence of the analyte is neglibile. The number
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4 DNA Detection with Origami Diffusion Nanosensors

Table 4.4: Amounts of the different species (monomers, dimers, multiples) of samples
containing 6HB-IM1 and 6HB-IM2 and different amounts of IM strands. The
Statistics are based on over 65 images and 700 counted particles for each
sample. The first columns give the concentrations counted from TEM images.
The calculated size follows from adding up the sizes calculated by the stiff
cylinder model, weighted by the ratio of each species. This is compared with
the measured mean size that follows from NTA-FL measurements.

Sample Monomers Dimers Multiples Calculated Measured Mean
(%) (%) (%) Size (nm) Size (nm)

no IM 88.6 6.3 5.1 113 130
5 pM IM 72.1 23.4 4.5 125 149
15 pM IM 48.5 35.2 16.3 154 161

a) b)

Figure 4.16: TEM images to investigate the dimer formation using IM strands. a)
Monomer sample ‘no IM’, containing the origami structures 6HB-IM1 and
6HB-IM2. b) Dimer sample ‘15 pM IM’. Scale bar is 200 nm.

of dimers increases to 23 % for the 5 pM IM sample. This increase is less than for the

control experiment using the 6HB-A and 6HB-T, where the ratio of dimers was nearly

55 % for the dimer sample. While in the latter case, the coupling happened directly

between the origami overhangs, for the IM samples there is a third component present,

which is the IM strand. For successful coupling, not only the two origami structures

need to encounter in solution by means of diffusion, but also the analyte strand needs

to meet the the origami structures to bind to them. This leads to an expected smaller

probability of encountering and binding. Nonetheless, the formation of dimers clearly

works as shown by the TEM statistics.

The stiff cylinder model can be applied for the IM system in the same way as discussed for

the experiment using the 6HB-A and 6HB-T structures (see section 4.4.3). The results
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Figure 4.17: Measurement of the size shift by NTA-FL in the IM system when adding the
analyte. a) Monomer sample ‘no IM’, which contains the 6HB structures
6HB-IM1 and 6HB-IM2. b) Dimer sample ‘5 pM IM’, where the individual
structures were dimerized by the IM analyte. All samples are measured
at a concentration of 5 pM of both origami and IM strands (if present).
Five measurements were performed and averaged per sample. The error
bars represent the standard error of the five measurements. The maximum
values obtained from the log-normal distribution (4.1) are dmax,monomers =
(97.8 ± 0.5) nm and dmax,dimers = (112.0 ± 0.8) nm.

are shown in table 4.4. Here, the measured values are all larger than the theoretically

calculated values. However, the trend is still reasonable and shows an increasing size for

adding the IM strands.

In the next step, it has to be analyzed if the concentration of dimers that are forming in

the presence of the IM strand is sufficient to see a change in diffusion. For this, NTA-FL

measurements were performed on the monomer and the 5 pM IM samples. The samples

were diluted to reach a final concentration of 5 pM of each DNA origami and IM strands,

if present. The procedure was the same as described in section 4.4.2. The resulting PSD

curves are shown in figure 4.17. The log-normal fitting function yields a maximum value

of dmax,monomers = (97.8 ± 0.5) nm for the sample without IM strands, which is close to

the maximum of the distributions of the single monomers 6HB-A and 6HB-T as shown

in figure 4.13. This again shows that there is no, or very little amount of dimerization

of the origami structures in absence of the analyte. The 5 pM IM sample shows a clear

shift in size, having a distribution maximum of dmax,dimers = (112.0 ± 0.8) nm. As can
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4 DNA Detection with Origami Diffusion Nanosensors

be expected from the TEM statistics (compare tables 4.3 and 4.4), the size shift is less

pronounced than for the direct coupling of 6HB-A and 6HB-T. However, it shows that

the binding efficiency is sufficient to see a change in the diffusion measurements. This

system therefore allows for sensing of the IM strands by measuring the shift in size that

is caused by the dimerization via the IM strands.

4.5.2 Concentration Dependence of the Size Shift

In the last section, it was shown that a random DNA strand can be detected by measuring

the diffusion of 6HB DNA origami of the same concentration as the analyte. Another

important question that comes up in this context is the binding efficiency when changing

the analyte concentration with respect to the 6HB origami concentration. For this,

samples of different IM concentrations were prepared following the fabrication discussed

in section 4.5.1. The origami concentration was kept at 1 nM, while the IM concentration

was varied from 0 nM to 20 nM. For the NTA-FL measurements, the samples were diluted

to an origami concentration of 5 pM. Accordingly, the IM concentration varies from 0 pM

to 100 pM. The name of the samples again refers to the concentration of IM strand after

the dilution for the NTA-FL measurements.

Results of Concentration Series Figure 4.18a shows exemplary PSD curves of the

different samples. It can be observed that the shape of the curve is nearly independent

from the analyte concentration, while the maximum value shifts to bigger values for

increasing analyte concentration. In figure 4.18b, the maximum values of the log-normal

fit functions and their uncertainties are plotted with respect to the concentration of

analyte at measurement conditions. The exact values are listed in the appendix in table

A.3. The maximum size increases up to a concentration of 25 pM IM strands until the

maximum size reaches a plateau. This behaviour is discussed in the following.

Every DNA origami has three binding overhangs of the same type that are complementary

to a part of the IM strand. Each dimer can therefore incorporate three IM strands.

Hence, it can be assumed that the ratio of dimers increases when increasing the IM

strand concentration from 5 pM (1:1 ratio of IM and origami) to 15 pM (3:1 ratio). This

behaviour is observed for our experiments as can be seen in table 4.4 and figure 4.18. The
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Figure 4.18: NTA-FL measurements on samples coupled by different amounts of IM
strands. a) Exemplary measurements of samples containing 6HB-IM1 and
6HB-IM2, as well as different amounts of IM strands. The concentrations
given refer to the concentration at the measurement, where the samples were
diluted to 5 pM of each DNA origami structure. Five measurements were
averaged for each sample. The error bars represent the standard error of
these. The fits follow the log-normal distribution (4.1). b) The maximum
values of the size distributions and their uncertainties as calculated from
the fit with respect to the concentration of IM strands present in the sample
after diluting for the NTA-FL measurements. The error bars represent the
uncertainty of the maximum obtained from the fitting errors as explained
in section A.2.1. A list of the exact values is given in table A.3.

number of monomers decreases from 72 % to 49 %, while the number of dimers goes from

23 % to 35 % when increasing the IM concentration from one- to threefold the origami

concentration.

When further increasing the analyte concentration to above the 3:1 ratio, it can be ex-

pected that the high number of IM strands leads to a saturation of all available overhangs,

which in turn can prevent the 6HB from coupling when all overhangs are occupied by

IM strands. This expectation is further supported by literature, where this has been

observed in similar cases.53 This behaviour is not observed in figure 4.18 as we instead

see a plateau of the maximum size for the higher concentrations of IM strands. This is

assumed to be caused by a high number of mulitples that shift the size to higher values
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4 DNA Detection with Origami Diffusion Nanosensors

than expected. This assumption is supported by table 4.4, where an increase in the

number of multiples is observed when going from 5 pM IM to 15 pM IM strands.

Theoretical Evaluation using the global fit The concentration series shown in figure

4.18 can further be evaluated by the global fit model as described in section 4.2.4. Instead

of fitting one log-normal distribution to each PSD, a sum of three distributions is fitted,

each representing the species of monomers, dimers, or multiples, respectively. The size

and standard deviation of each species are global fitting parameters, while the intensity

of each species distribution is adjusted for every single measurement. Using this fit, a

general size of each species can be calculated, as well as concentrations of each species

for every measurement.

An example of the global fitting curves is shown in figure 4.19. The sample without

IM strands and the measurement of the 15 pM IM sample are shown with their fit.

The individual log-normal curves, that add up to the final fit curve, are also shown.

It can be seen that from the first to the second plot the intensities of the dimer and

the multiple curve increase, while the monomer curve becomes less intense. From the

global fitting parameters, we obtain the hydrodynamic diameters dmonomer = (91±2) nm,

ddimer = (142 ± 1) nm, and dmultiple = (161 ± 7) nm. The percentages of each species

as obtained from the intensities of the corresponding curves are shown in figure 4.19b

with respect to the concentration of IM strands. As expected, the concentration of

monomers decreases when increasing the IM concentration up to around 25 pM, while

the percentage of dimers and multiples goes up. For the higher concentrations of IM

strands the concentrations remain more or less constant, showing a high concentration

of multiples between 40 % and 50 %. The fact that the multiples are dominating might

explain the formation of the plateau in figure 4.18.

Using the global fit allows for a more detailed analysis of the results measured by NTA-

FL compared to only focusing on the maximum of the PSD. However, the size shift of

the maximum is the parameter that is easiest to access. It further does not need a series

of measurements like the global fit to sense the analyte DNA strand when measuring and

fitting individual samples. Therefore, the size shift of the maximum will be used again

in the following to evaluate the measurements.
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Figure 4.19: Evaluation of the global fit following equation (4.2) on the samples contain-
ing 6HB-IM1, 6HB-IM2 and variable amounts of IM strands. a) Exemplary
representation of the fit to the NTA-FL measurements on the ‘no IM’ sample
(top) containing monomers without the analyte and ‘15 pM IM’ (bottom),
where IM strands are added in a ratio 3:1 compared to the 6HB structures.
b) Resulting numbers of monomers, dimers, and multiples for different con-
centrations of IM strands as obtained from the intensity values of each curve
in the global fit.

4.5.3 Improving the System

Some practical considerations that have to be discussed in the context of the analyte DNA

sensing are the lowest possible analyte concentration and the question, if the coupling

process can be simplified. We first investigated, whether the temperature cycling can be

avoided. We prepared samples of the 6HB-IM1, 6HB-IM2, and IM strands following the

protocol given in section 4.5.1, but instead of the temperature cycling, the samples are

left at room temperature for one hour. The NTA-FL measurements were performed as

described above, using an origami concentration of 5 pM. The results are shown in figure

4.20b and can be compared with the results using temperature cycling as shown in figure

4.20a. The maximum values of the plots and their uncertainties are given in table 4.5.

The size shift of the maximum is slightly less pronounced than for the measurements

with temperature cycling, but is still significant. This means that one hour at room

temperature is sufficient to form dimers that can be detected by diffusion measurements.

The results shown here imply that for a practical implementation no machine for the

temperature cycling is required.

From figure 4.18 it becomes clear that only 5 pM of IM strands are enough to generate a

detectable size shift. This corresponds to a total amount of 5 fmol of analyte strands in
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Figure 4.20: Size distributions as obtained from NTA-FL measurements on the system
containing only 6HB-IM1 and 6HB-IM2 (‘no IM’), and upon adding IM
analyte in a ratio 1:1 (‘5 pM IM’), or 3:1 (‘15 pM IM’) to the origami struc-
tures for different settings used for the coupling. a) Concentration of 6HB
origami was 1 nM, temperature cycling was used. b) Concentration of 6HB
origami was 1 nM, no temperature cycling was used. c) Concentration of
6HB origami was 10 pM, no temperature cycling was used. The measure-
ments were performed at a origami concentration of 5 pM. Five measure-
ments were averaged, with the error bars representing their standard error.
The maximum values of the curves as obtained from the fit are given in table
4.5.

64



4.5 Analyte Sensing

Table 4.5: Maximum values and their uncertainties as obtained from the log-normal fit
following equation (4.1) for the samples shown in figure 4.20. All values are
given in nanometers (nm). The header shows the coupling settings, i.e. the
concentration of origami for the coupling and if temperature cycling (TC) was
used.

Concentration 1 nM, with TC 1 nM, without TC 10 pM, without TC
no IM 97.8 ± 0.5 106.5 ± 1.2 98.9 ± 0.5
5 pM 112.0 ± 0.8 112.6 ± 0.7 109.1 ± 1.3
15 pM 122.0 ± 1.2 128.0 ± 0.9 111.1 ± 1.9

the 1 ml volume of the sample. However, these data have been acquired for samples that

were coupled at concentrations of 1 nM and then diluted. To find out if the concentration

for the coupling process can be reduced, we prepared samples of the IM system that were

coupled differently to the settings given in section 4.4.1. A concentration of 10 pM of each

origami species was used and 0 pM, 10 pM, or 30 pM of IM strands were added for the

different samples. Same as for the aforementioned experiments, no temperature cycling

was performed, instead the samples were left at room temperature for one hour. For

the NTA-FL measurements, the samples were again diluted to 5 pM of DNA origami.

The results of these measurements are shown in figure 4.20c. The maximum values of

the log-normal fit and their uncertainties are listed in table 4.5. Again, the size shift is

smaller than for the reference measurements, but a significant shift of the maximum in

presence of the analyte is visible. This shows that successful detection of the analyte

strand is possible at even smaller coupling concentration of around 10 pM.

4.5.4 Creating a Flexible System as a ‘Detection Kit’

Another practical consideration for the DNA sensing method is the fabrication of a DNA

origami ‘detection kit’ that is more flexible for application purposes. The idea behind

this is to have an easy method to sense DNA strands of different sequences. In the

method presented above, changing the analyte DNA sequence requires the folding of new

origami structures with the corresponding overhangs, which is the most time-consuming

part of the sensing method. We show that it is possible to use a basic set of 6HB

structures, both having overhangs of 15 adenine bases, namely 6HB-A and 6HB-A’ (see

section 4.3.2 for details). Instead of coupling the two origami structures directly via

65



4 DNA Detection with Origami Diffusion Nanosensors

+ connector 1

+ connector 2

+ analyte

Step ①

Step ①

Step ②

Figure 4.21: Schematic representation of the coupling process for the DNA origami ‘de-
tection kit’. The different colors denote DNA sequences, where the comple-
mentary parts of the strands are shown by the colour pairs light blue/orange,
dark green/light green, and gray/black.

the analyte, two connector strands are introduced, which have 15 thymine bases and a

sequence that is complementary to the IM strand (DNA sequences are given in section

4.3.2). The coupling procedure is schematically outlined in figure 4.21. The connector

strands are first coupled to the corresponding origami structures at concentrations of

2 nM in 20µl using the temperature cycling protocol (figure 4.11), adjusted by the lower

and upper temperature of 27 ◦C and 34.5 ◦C. Using this method, the overhangs of the

6HB-A structures are extended to be complementary to the IM strand. The IM strand

is then added to one of the solutions in the same way as described in section 4.5.1, before

the solutions are added to form dimers. The system is now nearly the same as for the

experiments shown in the lat sections, only a small ‘spacer’ of 15 bases was introduced

by the connector strands.

Two samples, one without IM strands, the other one containing IM strands, were prepared

as given in section 4.5.1 and measured by NTA-FL (compare section 4.2.2). The results

are shown in figure 4.22. The error bars are more pronounced than for the IM sensing

system that uses the 6HB-IM1 and 6HB-IM2 (figure 4.17). This assumed to be caused by

the higher complexity of the system. However, a significant size shift from dmax,monomers =

(111.4±0.9) nm to dmax,dimers = (122.4±1.6) nm can be observed, which means that this

method is successful in detecting the analyte IM strand. This ‘detection kit’ allows for

an easier change to sensing of another analyte structure, without the need to fold new

6HB structures.
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Figure 4.22: Measurements of a flexible system for analyte detection using connector
strands between the IM analyte and the DNA origami overhangs. a)
PSD measured by NTA-FL of a sample containing 6HB-IM1 and 6HB-
IM2 and the coupled connector strands. b) PSD of the dimerized sample
upon adding IM strands in the same concentration as the origami struc-
tures. Both samples were measured at an origami concentration of 5 pM.
Five measurements were performed for each sample. The error bars show
the standard error. The fit follows the log-normal distribution equation
(4.1). The maximum values are dmax,monomers = (111.4 ± 0.9) nm and
dmax,dimers = (122.4 ± 1.6) nm.

4.6 Summary and Outlook

DNA origami shows well-defined shapes, is monodisperse, and highly reproducible. Using

modification of chosen overhanging DNA strands, it further allows for specific binding

to DNA of a known sequence. DNA origami can therefore serve as a precise nanosensor

for diffusion measurements. The diffusion of fluorescently labeled structures can be mea-

sured sensitively and down to picomolar concentrations using NTA-FL. The PSD curves

obtained from these measurements are narrow enough to measure size shifts of down to

a few nanometers.

This can be used for fast and sensitive detection of a ssDNA analyte based on diffusion

measurements of a specific DNA origami structure. In this thesis it was demonstrated

that two 6HB nanosensors can be dimerized by an analyte made of ssDNA, if their

overhangs are designed to be complementary to the analyte sequence. This leads to an
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increase in the number of dimers in the sample suspension. By measuring the diffusion of

fluorescently labeled DNA origami using NTA-FL, the presence of dimers can be observed

by a shift in size, which traces back to the presence of the analyte. The size of the origamis

and the size shift when dimers are formed is modeled by approximating the 6HB to stiff

cylinders.

The method has been successfully applied to detect a random DNA sequence as presented

in this chapter. Further, it has been shown that the process of coupling the 6HB struc-

tures and the analyte can be simplified and improved by coupling without temperature

cycling and at lower sample concentrations, which delivers promising results. In another

approach, a ‘detection kit’ is tested, which eliminates the need of time-consuming fab-

rication of new 6HB structures and provides ‘ready-to-use’ structures. By introducing

connector strands that link the specific DNA sequence and the 6HB structures, a variety

of analyte DNA sequences can be detected with the same ‘detection kit’.

In most practical applications, the exact concentration of the analyte is unknown. As

presented in section 4.5.2, the analyte can best be detected if its concentration is in the

range of the nanosensor concentration. However, the following procedure should allow

for DNA detection, even if the analyte concentration is much higher than the origami

concentration. In this case, one of the origami structures is added in a known concentra-

tion to the unknown amount of analyte DNA. Using size exclusion filters, all unbound

analyte strands are filtered out. By adding the second origami structure in the same

concentration as the first one, the maximum number of dimers is obtained. This method

should generate an ideal concentration of the nanosensors to obtain a maximum number

of dimers, and hence the largest possible change in the measured diffusion coefficients.

The proposed procedure has been successfully applied to the IM sequence of picomolar

concentration as discussed above, which represents a random 30 base DNA sequence. To

test the method on a more realistic sample than a random DNA sequence, the case of an-

tibiotic resistance was considered. An increasing number of antibiotics become inefficient

due to antibiotic resistance. While this problem can temporarily be addressed by therapy

with broad spectrum antibiotics, this will over time dramatically increase the incidence

of antibiotic resistance. New methods for screening patients for antibiotic resistance are

therefore of importance in medicine.196,229,230 By choosing a DNA sequence from a suit-
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Figure 4.23: Validation of successful coupling of 6HB structures via the Oxa analyte.
Monomer samples contain 6HB-Oxa1 and 6HB-Oxa2, for the dimer sample
(‘5 pM Oxa’) they were coupled using Oxa strands in the same concentration
as the origami structures. a) TEM of the monomer sample shows individ-
ual 6HB. b) TEM of the dimer sample shows a dimer, consisting of two
connected 6HB. The scale bar for both figures is 200 nm. c) Size distribu-
tion of the monomer sample without Oxa strands, measured by NTA-FL.
d) The size distribution of the dimer sample shows a size shift. Both NTA-
FL measurements were performed at an origami and Oxa concentration of
5 pM. Five measurements were performed per sample, with the error bars
representing their standard error. The maximum values obtained from the
log-normal fit as given in equation (4.1) are dmax,monomers = (106.2±0.7) nm
and dmax,dimers = (114.4 ± 0.6) nm.

able antibiotic resistance gene, assisted by my colleague Izar Schärf, the proposed method

is tested on a DNA sequence that is encoding medically relevant information.

The OXA-48 enzyme carbapenemase (UniProt: Q6XEC0) is of importance in antibi-

otic resistance due to its capability of inactivating beta-lactam and carbapenem antibi-

otics.195–198 A 40 base sequence of the blaOXA48 gene, denoted as the Oxa strand, was

therefore investigated using the diffusion based sensing method as outlined in this chap-

ter. Its sequence, as well as the DNA origami structures 6HB-Oxa1 and 6HB-Oxa2,

were defined in section 4.3.2. The nanosensors were designed to be complementary to

the Oxa strand. To dimerize the 6HB structures via the Oxa strand, the coupling pro-

tocol as outlined in section 4.5.3 was applied, using 1 nM of each 6HB and the Oxa
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strands. The sample was incubated at room temperature for one hour, after all com-

ponents were added. TEM samples were prepared following section 4.3.1, and NTA-FL

measurements were performed as described in section 4.2.2. The results of these mea-

surements are shown in figure 4.23, where it is clearly seen that the dimer formation is

successful in this system. The maximum sizes of the PSD curve, measured by NTA-FL

as presented in figure 4.23c and 4.23d, show a shift from dmax,monomers = (106.2±0.7) nm

to dmax,dimers = (114.4 ± 0.6) nm. This difference is slightly smaller than for the case of

the IM strand system (see figure 4.17), but is still statistically significant. The method

has thereby been shown to successfully detect a 40 base DNA sequence that serves as a

marker for antibiotic resistance.

It has been shown that the diffusion of origami nanosensors can be used to directly and

relatively quickly sense the presence of a biomarker DNA. The biomarker leads to a change

in the diffusion coefficient of the nanosensors, which can be measured sensitively by NTA-

FL and at a concentration down to the picomolar range. An overall amount of 5 fmol

of analyte in a 1 ml aqueous solution is enough to be detected by the presented method.

This chapter shows that diffusion of nanosensors is a sensitive and direct tool for sensing

other nanoparticles or macromolecules and potentially also bacteria and viruses.



5 Nanoparticle Diffusion Measurements in

Complex Media using 19F PFG NMR

In this chapter, the possibility of measuring nanoparticle diffusion by PFG NMR in vari-

ous media is presented in order to draw conclusions on diffusion mechanisms of nanoparti-

cles and the structural properties of the environment. The concepts and results discussed

in this chapter are the basis of a paper

Ida Bochert, Camila Vacas Betancourt, Dimitris Missirlis, Nicolás Moreno-Gómez, and

Peer Fischer. "Absolute Measurement of Nanoparticle Diffusion Using 19F PFG NMR

in Complex Media", that is being prepared for publication.

5.1 Introduction

The diffusion of nanoparticles in synthetic or biological hydrogels as well as in tissue is of

importance in biological and biomedical processes like the delivery of drugs.57,58,231–233

The polymer network hinders the mobility of the nanoparticles by steric, hydrodynamic,

or non-covalent interactions.69–74 Being able to investigate and understand diffusion

mechanisms of nanometer to micron sized particles is a challenging task for colloid and

interface science. Three-dimensional diffusion studies on nanoparticles are commonly

performed by optical methods.75–85 However, due to scattering and light absorption,

these methods are not universally applicable in opaque or complex media.86,87

As will be shown in this chapter, PFG NMR can be used to measure absolute diffusion

coefficients of nanoparticles of around 200 nm in different aqueous and complex media.

The method is not light-based and therefore not dependent on the use of fluorescent

labels. Instead, the signal from nuclear spins of the nanoparticles is used for the diffusion
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measurements. PFG NMR therefore offers a label-free, non-invasive method that can

measure diffusion in bulk media and is applicable even in optically opaque systems.

Moreover, NMR is a direct, model-free method and inherently measures a large ensemble

of nuclear spins. PFG NMR is commonly applied for the diffusion of molecules in a liquid.

For the case of colloidal particles the effect of dipolar coupling complicates the collection

of NMR signals.119,123,135,234 While PFG NMR has been applied to investigate diffusion

of nanoparticles in complex media on a small nanometer range by measuring the diffusion

of molecules73,74,88–96, the significance for larger scales on the order of tens of nanometers

to microns is limited when using such small diffusing species. To probe diffusion in media

of larger characteristic length scales, the investigation of bigger nanoparticles as diffusion

nanosensors is of interest.

The microstructure of hydrogels is defined by parameters like porosity, fibre length and

thickness, crosslinking density, or polymer conformation. Two characteristic parameters

to define the structure are the mesh size and the pore size. While the pore size describes

the size of the micro- to macroscale voids in the gel, the mesh size is defined as the

distance between two neighbouring cross-links.75,235 Different methods are applied to in-

vestigate these quantities. Direct detection methods range from SEM based techniques

over confocal microscopy to atomic force microscopy. While they allow for visualisation

and estimation of the pore size in both the dehydrated and the swollen state, all of them

can only probe an area or a volume close to the surface.236,237 The pore size or mesh

size can further be estimated by indirect methods. SAXS (small-angle X-ray scattering)

or SANS (small angle neutron scattering). Both methods can be used to obtain the

size of the crosslink domains, but they require substantial modeling.237 Using rheology

measurements, the mesh size can be estimated from the storage modulus.75,237 One of

the techniques that is easiest to access is based on swelling experiments in conjunction

with Flory-Rehner theory to estimate the mesh size. However, this is based on several

assumptions and can therefore only be used to estimate the order of magnitude of the

mesh size.64,72,235,238,239 Finally, the diffusion of nanoparticles in a hydrogel can be ana-

lyzed to estimate the mesh size of a gel, which promises a non-invasive approach to assess

the characteristic structure in bulk media.69,71,235,240

However, to be able to measure nanoparticles bigger than a few nanometers by PFG

NMR, the problem of dipolar coupling has to be addressed. Prior studies tried to tackle

72



5.1 Introduction

this problem by attaching polymer strands to the surface of the nanoparticles, which

provide the needed number of detectable nuclear spins. Liposomes and particles with

mobile surface chains of PEG or other polymers were also investigated.144,241–243 While

this was shown to work, it restricts the surface chemistry to the attached polymer chains

and limits the possibility of surface modification. An alternative method presented in the

literature makes use of particles mostly made of mobile polymer chains that therefore do

not show dipolar coupling.234,244

Another strategy that offers a wide range of possibilities is the use of hollow particles

that are filled with a liquid, which is trapped inside the nanoparticle. Here, the liquid

molecules provide an adequate NMR signal. The diffusion of water-containing liposomes

in aqueous solutions has for instance been studied by PFG NMR.97–99 However, these

particles are often leaky, which makes it difficult to draw accurate conclusions on the

diffusion.97–99,144,243 A liquid can also be encapsulated inside a polymeric shell. Oil-filled

core-shell particles are stable and, if suspended in water, the different hydrophilicity of the

liquids inside and outside prevent leaking. While this idea of using liquid filled particles

is not new, up to now they have only been studied by flow-assisted PFG NMR due to

their relatively large size which is in the micron range.100–106 However, to mimic diffusive

behaviour in biologically relevant systems and to measure diffusion of nanoparticles non-

invasively, diffusion measurements without the need of using flow are of interest. We are

not aware of a previous study that allows for non-invasive PFG NMR measurements in

complex media on the scale of tens to hundreds of nanometers.

The principle of the diffusion measurements of liquid core particles in different media is

presented schematically in figure 5.1. The molecules inside the liquid core of a particle,

shown as a gray circle, provide a signal that consists of one (or more) sharp peaks in

the NMR spectrum. If the particle diffuses, the molecules inside follow the displacement

of the particle shell, creating an attenuation of the peak intensity. The magnitude of

the attenuation is dependent on the covered distance, which can be used to calculate

the diffusion coefficient of the whole particle. If the particles are located in a medium

of higher viscosity or in the presence of obstacles, the diffusion is slowed down, which

is observed from a smaller attenuation of the NMR peak. The signal of the liquid core

can therefore be used to measure the diffusion coefficient of the particle itself by PFG

NMR.
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Figure 5.1: Schematic explanation of the measurement principle for diffusion measure-
ments of liquid core nanoparticles using PFG NMR. The shell of the particles
is shown in gray, and the light green dots represent molecules of the liquid
in the core. These molecules provide an ‘NMR active’ signal that generates
one (or more) sharp peaks in the NMR spectrum. Their attenuation is de-
pendent on the mean covered distance of the particles, which allows for the
measurement of fast or hindered diffusion. On the right-hand side, the green
lines schematically represent fibres of a hydrogel that slow down the particles’
diffusion.

Section 5.2 outlines a suitable particle system based on oil-filled core-shell particles165

that is robust and shows a strong NMR signal, hence making them an attractive choice

for the use as diffusion nanosensors in PFG NMR. The fabrication and characterization

are presented. The presence of different ‘NMR active’ species is described and their role

in measuring the diffusion of the particles is discussed. Finally, limitations of the system

arising from relaxation times of the nuclear spins, as well as possible effects that restrict

the useful measurement range are summarized.

The diffusion measurements of the particles in aqueous solution by PFG NMR can be

observed to give well-defined diffusion coefficients that can also be used for an evaluation

of size distributions as presented in section 5.3. To show that the supposed method allows

for the determination of systemic parameters like viscosity or microstructure, the diffusion

of the particles is measured in aqueous glycerol solutions of different concentrations as

shown in section 5.4. Finally, the diffusion in a complex polymer network of hyaluronic

methacrylate (HAMA) gel is investigated. The results suggest that the proposed method
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can be beneficial in the evaluation of diffusion mechanisms of nanoparticles in hydrogels

and in the estimation of microstructural parameters like the mesh size.

5.2 Characterization of the Nanoparticle System

Liquid filled particles provide a core that offers a nuclear spin signal that can be used to

measure the diffusion of the whole particle. However, there are some requirements and

limitations about this system, which are discussed in this section. The fabrication used

for the nanoparticles discussed in this chapter is outlined, as well as different methods to

characterize the nanoparticles and their diffusion by PFG NMR.

5.2.1 Requirements of a Diffusion Tracer in PFG NMR

Performing diffusion measurements by PFG NMR requires the particles to contain ‘NMR-

active’ nuclear spins. As a rule of thumb, around 1018 nuclear spins in a total sample

volume of 500µl are known to give good results in PFG NMR. On the other hand, the

particle concentration must not be so high that particle-particle interactions and collisions

dominate the movement of the particles. Therefore, the number of ‘NMR-active’ nuclear

spins per particle has to be maximized. Another requirement on the particles for potential

future experiments is chemical variability of the surface to allow for the investigation of

different interaction mechanisms between particles and their surrounding.

For other methods to measure particle diffusion, solid nanoparticles can be utilized.123

However, this is not possible for PFG NMR, since the particles do not show enough

‘NMR-active’ spins. The dipolar coupling (as discussed in section 2.2.1) of all spins

inside the particle (i.e. except for the surface molecules) leads to broadening of the NMR

signal, which makes it hard to perform PFG NMR on such systems without modification

of the particles.234 Performing NMR with magic angle spinning, as done in solid state

NMR135, also should not allow for diffusion measurements on solid colloids, since they

reorient on shorter timescales than the diffusion measurements are performed, which is

expected to cancel the effect of the magic angle spinning.

Some diffusion NMR experiments have therefore been reported for particles whose ‘NMR-

active’ nuclear spins are located in chains at the surface.144,241–243 However, this does not
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fulfil the requirement of a chemically functionalizable surface since the chains cannot be

removed. Another approach is therefore to fabricate liquid filled particles and use the

nuclear spins in the liquid core for the NMR experiments.97–106 As long as the liquid

is trapped inside the particle, the nuclear spin of the liquid molecules can be used as a

tracer to measure the diffusion of the whole particle.

Some liquid filled particles have been used in the context of diffusion NMR.97–106 These

include liposomes, but many of these studies emphasize that there is fast exchange be-

tween the liquid on the inside and the outside.97–99,144,243 Therefore another method of

fabricating liquid filled particles is needed.

As discussed previously100–106, promising particles for diffusion NMR are oil-filled core-

shell particles, as described by Loxley and Vincent in 1998165. In the following, this

type of particle will be denoted as ‘liquid core particles’. A detailed description of the

fabrication method is given in section 3.2. In short, a polymer shell is formed around

an oil, which is hexadecane. This has the advantage that the core liquid – unlike the

hydrophilic liquid surrounding the particles – is hydrophobic. Hence the two liquids show

a lower affinity to mix, which can be assumed to lead to a lower leakiness of the particles

compared to liposomes.

The original recipe leads to particles in the micron size range.165 However, we aimed for

particles in a size range of 100 nm to 300 nm in diameter to optimize results by PFG

NMR. The fabrication of liquid core particles is very sensitive to the individual compo-

nents and processes.165–169 It is therefore important to find good working conditions and

to carefully modify the particles. Slightly changing the fabrication process cannot only

lead to different particle sizes, but also to various particle morphologies, like acorn-shaped

particles, inverted core-shell particles, or even separated droplets. Different parameters

in the fabrication have therefore been tested and improved. These tests were done by

my colleagues Dr. Nicolás Moreno-Gómez and Camila Vacas Betancourt. Starting from

the method outlined by Loxley and Vincent165, it was possible to reduce the particle size

by changing the temperature during homogenization, reducing the amount of hexade-

cane, and increasing the energy of the homogenization process by introducing ultrasonic

dispersion. We further decided on adding a fluorinated silane, namely 1H,1H,2H,2H-

Perfluorooctyltriethoxysilane, to the hexadecane mixture to include a fluorinated com-
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ponent in the particle core that therefore shows a signal in the 19F NMR spectrum. It

will be denoted as SilF7 in the following. The molecule is soluble in hexadecane and

shows a high number of ten chemically equivalent fluorine nuclei per molecule, making

it a suitable tracer for 19F NMR. The chemical structure of this molecule in shown in

figure 5.4d.

The final protocol yields particles of around 200 nm in diameter, as will be investigated in

the following sections, and follows the procedure outlined in the appendix (section A.1.2).

The hexadecane and SilF7 provide nuclear spins that show sharp and intense peaks in

the 1H and 19F NMR spectra, respectively, as will be discussed in section 5.2.3. Since the

liquid is trapped inside the particle shell and follows its diffusion, the long-time diffusion

can be assumed to mimic that of the whole particle. As will be shown in the following

sections, particles fabricated by this method allow for accurate diffusion measurements

by PFG NMR.

5.2.2 Analysis of Nanoparticles

To validate the successful particle fabrication of liquid core particles using the aforemen-

tioned fabrication method, different methods can be applied. SEM is used for visual-

ization, while DLS and NTA allow for measuring the particle size distribution and the

concentration.

Validation of successful fabrication by SEM The hexadecane and SilF7 filled PMMA

particles were visualized by SEM to draw conclusions on their size and shape. For this,

the particles were diluted in water to obtain a final concentration of 2 · 108 particles/ml.

10µl of the diluted sample was transferred on a silicon wafer, allowed to completely dry,

and finally sputtered with a 3 nm iridium layer. The sputtering, as well as the imaging

was performed by Ulrike Waizmann and Bernhard Fenk from the Nanostructuring lab at

Max Planck Institute for Solid State Research.

An exemplary SEM image of hexadecane and SilF7 filled PMMA particles is shown in

figure 5.2. It can be observed that a nearly spherical shape can be achieved using this

fabrication method. Because of the spherical appearance of the particles, in the context

of this chapter all sizes determined as a hydrodynamic radius Rh of these particles are
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Figure 5.2: SEM on the liquid core nanoparticles filled with hexadecane and SilF7 and
diluted in water shows successful fabrication. The particles were dried on a
silicon wafer and sputtered with iridium. The sputtering and imaging was
performed by the Nanostructuring lab at Max Planck Institute for Solid State
Research. The scale bar is 200 nm

treated as the ‘real’ particle radius R. The surface of the particles appears to be slightly

structured. However, the size is not very uniform, showing particle diameters ranging

from around 30 nm up to 400 nm. This polydispersity can be analyzed in more detail by

DLS and NTA.

Measurement of particle size by DLS and NTA To further verify the successful particle

fabrication and evaluate the particle size, the PSD was measured by DLS and NTA.

For DLS, the stock solution was diluted in water by a factor 1000. The measurements

were performed on a Malvern Zetasizer Nano Z using a scattering angle of 173◦ and a

temperature of 25 ◦C. The number-weighted hydrodynamic diameter was calculated as

the average of ten measurements. For NTA, the particles were diluted in water by a

factor of 10 000. Using a flow speed of 2.4µl/s, the movement was recorded two times

for 3 min. A camera level of 11, detection threshold of 10, blur 5x5, max jump distance

of 20, and min track length of 8 were used.

The resulting number-weighted PSD curves are shown in figure 5.3a and 5.3b. Both

measurements show one population, represented by a single maximum. This is – in
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Figure 5.3: Size measurements of liquid core particles using optical methods. The parti-
cles consist of a PMMA shell and a core of hexadecane and SilF7. a) Number-
weighted PSD as obtained by DLS. The particle stock solution was diluted
to around 5 · 109 particles/ml. Ten measurements were performed and are
shown. The mean of the curve is dDLS = 170 nm. b) PSD measured by NTA
on a sample containing around 5 · 108 particles/ml. Two measurements of
3 min were performed. The mean diameter is dNTA = 166 nm. Both plots are
normalized to the maximum of the most intense curve.

addition to the SEM pictures – an indication for the successful fabrication of the liquid

core particles. The mean values of both curves agree well with each other and show values

of dDLS = 170 nm and dNTA = 166 nm. The shape of the curve, especially representing

the amount of particles in the size range around 300 nm, shows slight differences. These

can be assumed to be caused by the different methods of measurement and the used

settings in the evaluation.

Measurement of particle concentration by NTA The NTA method further offers the

possibility to evaluate the particle concentration. The conditions used for these mea-

surements were the same as for the size measurements mentioned above. Concentrations

of the stock solutions between around 2 · 1012 particles/ml and 7 · 1012 particles/ml were

obtained for different batches. For the PFG NMR measurements shown in this chapter,

the stock solution was always diluted in water to 5 · 1011 particles/ml, unless otherwise

specified. Given the particle size as measured by DLS and NTA, this concentration

corresponds to a volume fraction of around 0.13 %.

To estimate, whether collision processes could play a role at these concentrations, the

collision of gas molecules is taken as a reference. The particles are modeled as smooth,

rigid, and elastic spheres that only interact by collision. The mean free path length can
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be estimated to be in the range of 15µm by considering the radius and concentration

of the particles.245 Estimating the mean covered distance
√

⟨r2⟩ of the particles at room

temperature in water using equations (2.4) and (2.6) yields values between around 450 nm

and 3.7µm for the diffusion times between 12 ms and 800 ms investigated in this chapter.

These are much smaller than the mean free path length. Therefore, collisions are assumed

to be negligible in the present system.

5.2.3 NMR Spectra

The just introduced liquid core particles are intended to be investigated by (PFG) NMR.

For this, knowledge about the different chemical components present in the sample is

important to evaluate the NMR spectra. In the environment of the samples, there is water

and a small amount of SDS. Other samples discussed later might also contain glycerol,

or HAMA polymer and other chemicals going along with the hydrogel. The particle shell

consists of PMMA. The core is filled with hexadecane and SilF7. A schematic overview

of these components is shown in figure 5.4a. A colour coding is introduced here for the

NMR spectra.

NMR spectra of different samples are shown in figure 5.4. They were recorded using

particle concentrations of 4.1 · 1011 particles/ml (for 5.4b), and 5 · 1011 particles/ml (for

5.4c and d). For the 1H spectra, eight scans were recorded, while for the 19F spectrum,

64 scans were performed. Since for PFG NMR, an exact knowledge of the chemical shift

is not important, no reference standard is used. The only requirement in PFG NMR is

to be able to associate each peak with the corresponding chemical component. For this,

a rough adjustment of the x axis is sufficient. The water peak is therefore used as a

reference and shifted to a chemical shift δ = 4.8 ppm. This is done for all NMR spectra

shown in this chapter. An 1H NMR spectrum of the particles in 0.2 % SDS solution is

shown in figure 5.4b. As expected from the high amount of water, the water peak at a

chemical shift of δ ≈ 4.8 ppm is dominant in the spectrum. The triplet at δ ≈ 4 ppm,

as well as the peaks at δ ≈ 1.7 ppm, δ ≈ 1.3 ppm, and δ ≈ 0.9 ppm are assumed to

be caused (amongst others) by SDS.246 The peaks are assigned to the different parts of

the chemical structure as shown in the spectrum. The last two peaks, namely the ones

at δ ≈ 1.3 ppm and δ ≈ 0.9 ppm overlap with the hexadecane signals.247 The intensity
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Figure 5.4: NMR spectra of the liquid core particles in different environments. a)
Colour coding of the arrows shown in the spectra. The dots represent liquid
molecules. b) 1H NMR spectrum of particles containing hexadecane, dis-
solved in 0.2 % SDS solution at a concentration 4.1 · 1011 particles/ml. Eight
scans were performed and summed. The chemical structures shown in the plot
represent SDS (top) and hexadecane (bottom). The peaks are assigned by
colored arrows to the different hydrogen atoms in the molecules. c) 1H NMR
spectrum of particles in a 1 % HAMA hydrogel at a particle concentration of
5 · 1011 particles/ml. The liquid core contains hexadecane and SilF7. Eight
scans were performed. While the peaks of hexadecane and SDS are still visi-
ble, there might be overlapping peaks caused by the hydrogel. d) 19F NMR
spectrum of particles in water. The particle core consists of hexadecane and
SilF7. The particles were diluted to a concentration of 5·1011 particles/ml. 64
scans were performed. For the structure of SilF7 given in the plot, R stands
for the ‘rest’ that is not relevant here, which is an −O−CH2−CH3 chain.
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of the peaks is therefore the sum of the SDS and the hexadecane concentration. The

spectrum shown here does not contain SilF7. When diluting the particles in water as

done in the experiments decribed below, the concentration of SDS becomes smaller and

the intensity of the SDS peaks decreases. A small amount of SDS is always present due

to the fabrication process. However, the question might arise how the hexadecane and

the SDS can be distinguished in the diffusion measurements. This important question

will be answered in section 5.2.4.

While it is easy to distinguish and assign the peaks to the chemical components in the

sample in water or SDS solution, the case of particles in a hydrogel becomes much more

complex. An 1H NMR spectrum of particles in 1 % HAMA gel is shown in figure 5.4c.

As can easily be seen, this spectrum is very crowded, and the peaks cannot readily

be assigned to the different chemicals present. This is caused by the more complex

molecules present in this sample, that show many chemically different hydrogen atoms,

which gives rise to peaks at various chemical shifts in the spectrum. There are peaks

visible at δ ≈ 1.3 ppm and δ ≈ 0.9 ppm, which can be assumed to be caused by the

hexadecane. However, it is not guaranteed that the peaks are only caused by hexadecane

(and SDS) and that they do not contain contributions from the hydrogel. Therefore,

it is not possible to reliably measure the diffusion inside a complex environment like a

hydrogel by 1H NMR.

Instead, a fluorinated liquid component can be introduced to the core of the particles,

so that it can serve as a distinct tracer for the diffusion of the particles. This is done

here by adding SilF7 to the hexadecane. Figure 5.4d shows a 19F NMR spectrum of the

particles in water. Two peaks are visible, the more intense one belonging to the nuclear

spins of the CF2 chain, the smaller peak from the trifluoromethyl group CF3 of the SilF7

molecules.

5.2.4 Diffusion Measurements by PFG NMR

The method of PFG NMR allows for label-free and non-invasive diffusion measurements

and is used in the context of this chapter to measure the diffusion of around 200 nm sized

liquid core particles. As discussed above, this is only possible due to the liquid molecules

in the core of the particles, which provide the ‘NMR-active’ nuclear spins needed for
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using the particles as diffusion tracers and nanosensors. Because of the smaller size of

the liquid molecules compared to the particle radius, their diffusion is much faster than

the diffusion of the particles themselves according to the SES equation (2.6). However,

the movement of the liquid is limited to the space inside of the particle shell as described

in section 2.1.2 and follows the diffusion of the particle for long enough diffusion times.

The hexadecane and SilF7 are therefore assumed to serve as tracer molecules to measure

the diffusion of the particles.

As described in section 2.2.1, in the process of a PFG NMR experiment, spectra of

the sample are recorded for different magnetic field gradient strengths. An exemplary

‘waterfall’ plot of the stacked 1H NMR spectra is shown in figure 5.5a. The sample used

here contains liquid core particles suspended in a 0.2 % SDS solution using a concentration

of 4 · 1011 particles/ml. 128 scans were performed. By measuring the intensity of a peak

using the area below the peak, the diffusion coefficient of the corresponding chemical

component can be calculated following equation (2.17). The faster the peak decreases

with increasing gradient strength, the faster is the diffusion of this component. In the

case of the hexadecane trapped inside the particles, and SDS moving freely outside the

particles, it can be assumed that the diffusion coefficient of SDS is larger than that of

the hexadecane. This is experimentally verified as shown in figure 5.5. The peaks at

δ ≈ 4 ppm and δ ≈ 1.7 ppm, which belong to SDS, decrease within the first few applied

gradient strengths, as does the water peak, which attenuates even faster. Since an SDS

molecule is bigger than a water molecule, its diffusion coefficient in the same environment

is slightly smaller according to equation (2.6). The peaks at δ ≈ 1.3 ppm and δ ≈ 0.9 ppm,

which can be assigned to both the hexadecane and the SDS, attenuate much slower with

increasing gradient strength. This indicates a smaller diffusion coefficient. However, since

the peaks of hexadecane overlap with peaks generated by SDS, a fast decay attributed to

the overlying fast diffusion of SDS can be observed for the smaller gradient strengths.

To measure the diffusion coefficient quantitatively, the area under the peak at δ ≈ 1.3 ppm

is plotted with respect to the parameter b, which contains the gradient strength squared

as given in equation (2.18). This is shown in figure 5.5b. For a single chemical compo-

nent, the measured values are assumed to follow a single exponential decay according to

equation (2.17), which is represented as a linear slope due to the logscale on the y axis.

The case shown here is different, due to the overlapping peaks of SDS and hexadecane.
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Figure 5.5: 1H PFG NMR measurements on liquid core particles suspended in a 0.2 %
SDS solution in a concentration of 4.1 · 1011 particles/ml. The liquid core
of the nanoparticles contains hexadecane. The PFG NMR experiment was
performed using ∆ = 23 ms, δg = 4.1 ms, and performing 128 scans for each
gradient strenght. a) Stacked spectra that were recorded for different gradient
strength as given by parameter b ∝ g2. While the peaks assigned to water and
SDS decrease within a few gradient strengths, the peaks at δ ≈ 1.3 ppm and
δ ≈ 0.9 ppm assigned to hexadecane show a slower attenuation, indicating a
slower diffusion coefficient. Since they overlap with SDS peaks, an overlying
fast diffusion can be observed for the first values of b. b) The area under the
peak at δ ≈ 1.3 ppm is calculated and plotted with respect to parameter b.
A bi-exponential attenuation can be observed, which is fitted with a sum of
two exponential decays as given in equation (2.17).

Therefore, a sum of two exponential decays is fitted here, describing two species with dif-

ferent diffusion coefficients. From the fitting parameters of the bi-exponential decay, the

diffusion coefficients D1 = (1.51 ± 0.15) · 10−10 m2/s and D2 = (2.38 ± 0.04) · 10−12 m2/s

can be derived (calculation of the uncertainties is discussed in section A.2.1). The faster

D1 belongs to the diffusion of SDS in water, while the slower D2 describes the displace-

ment of the hexadecane molecules and therefore the diffusion of the particles. In the

experiments shown in the following chapters, the amount of SDS is reduced, so that

the peak is mostly caused by hexadecane. However, depending on the range of gradient

strengths measured, in some experiments the data points for the first one or two gradient

strengths are left out for the fit when the effect of SDS is visible.

For the evaluations of the 1H measurements in the following sections, both peaks caused

by hexadecane are used for the evaluation of the diffusion coefficient and the results

are averaged, unless otherwise specified. Alternatively, 19F NMR can be performed to

measure the signal of SilF7, which is mixed with the hexadecane inside the core of the
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particles. It is shown in the appendix A.3.2 that the diffusion coefficients of the particles

in water observed by 1H NMR are comparable to those obtained by 19F NMR. The PFG

NMR measurements were performed on a Bruker AVANCE III 400 MHz spectrometer

using a wide-bore magnet. A DiffBB broad-band diffusion probe and a Great60 gradient

amplifier from Bruker BioSpin were used to generate the magnetic field gradients of up

to 17 T/m. The highest gradient was chosen dependent on the sample and its expected

diffusion coefficient, combined with the diffusion time ∆ and gradient duration δg. Unless

otherwise specified, 32 signals for the 1H and 64 signals for the 19F measurements were

added up for one experiment. Three experiments on the same sample were performed

after each other and averaged. All measurements were performed at a temperature

regulated to (25 ± 0.1) ◦C using a digital PID controller. A thermocouple below the

sample was used to monitor the temperature. It was calibrated to ±0.1 K with a high-

precision platinum resistor.

A stimulated echo pulse sequence with spoiler gradients was used for all diffusion mea-

surements. For the plots shown in figure 5.5 the measurements were performed at a

diffusion time ∆ = 23 ms and effective gradient length δg = 4.1 ms. The values used

for other measurements were adjusted according to the sample and are mentioned in the

respective sections.

5.2.5 Estimation of Shell Thickness

The volume of liquid inside the particles is of importance for the PFG NMR experiments,

since it defines the number of ‘NMR active’ spins. However, it is not obvious to estimate

the shell thickness of the individual particles. In the fabrication, the number of polymer

molecules that later form the shell, are proportional to the volume of the individual

particles, and therefore to the radius cubed. All these polymer molecules then move

to the outside of the particle to generate the particle’s shell, whose volume is in turn

dependent on the outer particle radius and the concentration of polymer in the starting

solution. It can be therefore assumed that the shell thickness is proportional to the

(outer) radius of the particle.165

While this gives a hint on the relative shell thickness, the quantitative thickness, com-

pared to the overall radius of the particle, cannot be determined exactly. However, the
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intensity of NMR peaks in the 1H NMR spectrum as shown in figure 5.4b can be com-

pared to estimate this quantity. Knowing the concentration of a component visible in the

NMR spectrum, the concentration of another component can be estimated by comparing

the area under the corresponding peaks. The spectrum shown in figure 5.4b shows a sam-

ple that is diluted in 0.2 % SDS. While the peak at 1.7 ppm (peak 1) can be attributed to

a -CH2- group of SDS, containing two hydrogen atoms per SDS molecule, the peaks at

1.3 ppm (peak 2) and 0.9 ppm (peak 3) are caused by both SDS and hexadecane. Peak

2 is caused by a sum of 18 hydrogen atoms in a SDS and 28 in a hexadecane molecule,

while peak 3 contains three protons of a SDS and six of a hexadecane molecule. The

peak at 4.2 ppm, which can also be attributed to SDS, is left out of the calculation due

to the baseline offset caused by the water peak.

Comparing the intensity of these peaks, a relative concentration of the hexadecane com-

pared to the SDS can be calculated. It is supposed that the amount of SDS inside the

particles is negligible. As the core of the particles is assumed to be completely filled by

the oil, an absolute concentration of hexadecane can be calculated. The total volume of

hexadecane can be devided by the concentration of particles as obtained from NTA to

yield the inner radius, which can be calculated to be around (61±6) nm. Comparing this

to an outer radius of around 120 nm for the particles investigated in this experiment, this

yields a particle shell thickness of around (59±6) nm, which is around 50 % of the overall

radius. Compared to the literature, this value is reasonable.100 A detailed calculation of

the value and the error are given in the appendix A.2.1. Since the shell thickness should

be a relative measure compared to the particle size, the inner radius is assumed to be

around half of the outer radius for different batches of particles.

5.2.6 Measurement Range for PFG NMR

When performing PFG NMR, a lot of parameters come into play that can be optimized

for an accurate diffusion measurement of each sample. The maximum gradient strength

gmax, the diffusion time ∆, and the gradient duration δg play a role in the analyzed range

of attenuation of the NMR signal as shown by equation (2.18). They should be chosen in

a way that they allow for a reasonable range of the echo attenuation in order to be able

to fit the attenuation using a maximum number of significant values. Preliminary experi-
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ments on the system and a theoretical estimation of the expected diffusion coefficient are

therefore helpful. The three discussed parameters are interdependent and should fulfill

several properties to achieve optimal results as discussed in the following for the special

case of liquid core particles.

First, the diffusion time ∆ should be long enough that the particles cover a reasonable

distance during this time. From equation (2.4), this can be estimated for a known diffu-

sion coefficient. It can be assumed that the best results are obtained for covered distances

larger than the particle diameter
√

⟨r2⟩ > 2 · R, otherwise the displacement of the liquid

molecules inside the particles contributes significantly the observed displacement. As-

suming particles of radius R ≈ 100 nm diffusing freely in water, this leads to ∆ ≳ 3 ms

using equation (2.6). In principle, it should also be possible to measure a smaller MSD,

for example for particles less mobile inside a complex medium. However, for the present

case of liquid core particles, the diffusion of the liquid molecules hexadecane and SilF7

inside the particles comes into play. They are able to diffuse within the particle, and

generate an (apparent) diffusion coefficient. The free diffusion coefficient of hexadecane

is well tabulated.248 The diffusion of free SilF7 in hexadecane has been measured using
19F PFG NMR. Both components have diffusion coefficients for the free diffusion in hex-

adecane of around 3 · 10−10 m2/s. Even for a very short diffusion time of 1 ms, the mean

covered distance of free hexadecane or SilF7 dissolved in hexadecane is in the range of√
⟨r2⟩ ≈ 880 nm. This means that the liquid molecules cover the whole interiour of the

particles in the measurement time, which should generate a measurable mean covered

distance in the range of 0.6 times the inner diameter of the particles as given in the

literature113,119, even if the particles themselves are immobile. It is therefore assumed

that it is possible to measure small displacements of the particles, however, one needs to

keep this effect in mind when discussing the resulting diffusion coefficients.

The diffusion time ∆ and the gradient duration δg are further dependent on the relaxation

times in the system. If the overall experiment time, represented approximately by the

diffusion time, exceeds the longitudinal relaxation time T1, most of the signal generated

by the precessing nuclear spins will get lost. The same holds for the gradient duration

and the transverse relaxation time T2. Since the stimulated echo sequence is applied,

spin-spin relaxation is only active in the time range around the gradient duration. To

investigate the impact on the possible values of ∆ and δg, the relaxation times in the given
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liquid core particles system were examined as discussed in section 2.2.1. The particles

were suspended in water. The longitudinal relaxation time was obtained from Inversion-

Recovery experiments using equation (2.14). For the hexadecane signal, the T1 relaxation

time measured by 1H NMR was around 800 ms, as obtained from five measurements. For

the 19F signal of SilF, the value was in the same range (720 ms), as measured twice.

The effective transverse relaxation times T ∗
2 were obtained from an evaluation of the

linewidth as given in equation (2.15). For 1H NMR of hexadecane, a relaxation time in

the range of 34 ms to 58 ms was calculated, while 19F spectra yielded values of around

10 ms for SilF7, as taken from three spectra, each. The transverse relaxation time T2

for hexadecane was measured three times by 1H NMR using the Hahn echo following

equation (2.16) and was determined to be around 50 ms. This is in the same range as

the effective transverse relaxation time T ∗
2 . Since the Hahn echo experiments of SilF7 by

19F did not give significant results, maybe due to a inadequate choice of the time scales

in the performed experiments, the effective relaxation time is used here for an estimate

of the limits of the experimentally useful time scales. Since the diffusion time should not

exceed T1, it can be concluded that ∆ < 800 ms, to avoid a significant signal loss due

to longitudinal relaxation. Analogously, the gradient duration should be smaller than

the lowest T2 relaxation time, so that δg < 10 ms. From the maximum diffusion time ∆

we can further estimate that the lower limit of possible diffusion coefficients that can be

measured in this system could in theory be on the order of 5 · 10−15 m2/s, which is in

agreement with the literature.122

The gradient duration is limited to technical restrictions on the lower end, which leads

to δg ≳ 1 ms. Together with the maximum gradient strength, which can be adjusted in a

range 0 T/m ≤ gmax ≲ 17 T/m for the present PFG NMR setup, δg generates the phase

shifts needed for the diffusion measurements. Both values together have to be adjusted

to measure at suitable conditions for the expected diffusion coefficient. However, one has

to take care that the gradient intensity, given by the gradient strength and the gradient

length, is not too large compared to the diffusion of the spin-bearing molecules. If the

molecules show a considerable displacement during the time the gradient is applied, the

phase shift that a particle at a given location should obtain is no longer well-defined,

but becomes blurred due to the motion of the particles.113 Since the gradient intensity is

adjusted to map the diffusion coefficient of the particles, which are much slower than the
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liquid in their core, this puts a lower limit to the diffusion coefficient of the particles that

can be measured. Assuming a gradient strength of g = 17 T/m and a length of δg = 5 ms,

which matches the measurements performed for the case of slowly diffusing particles in

a hydrogel as shown in section 5.4, a simple geometric argument can be performed to

estimate the distance that a particle has to cover during the gradient pulse to obtain a

phase shift of 2π. This gives an order of magnitude estimate for the covered distance that

would lead to a wrong labeling of the position by the gradient due to motional dephasing.

In the present case this can be calculated to be 260 nm. Assuming an inner diameter of

the particles of around 120 nm and a covered distance of the molecules within the particle

of around 0.6 · 120 nm = 72 nm, it can be concluded that the measurements at these high

gradients have to evaluated with care as there may be phase loss due to the diffusion of

the molecules inside the liquid core during the time the gradient is applied.

5.3 Size Distribution Measurements by PFG NMR

Since the translational diffusion of a particle is directly related to its hydrodynamic radius

according to equation (2.6), diffusion measurements on nanoparticles by PFG NMR can

be used to measure particle size. In this context, it is useful to characterize the particles

and their diffusion first in a simple aqueous environment. Further, a validation of the

method via a direct comparison with other methods, such as DLS or NTA, becomes

possible.

As described earlier, the hydrogen nuclear spins of the hexadecane in the core of the

nanoparticles can be used as tracers to measure the diffusion of the whole particle using

PFG NMR, which in turn relates to the particle size. However, as can be seen in the

SEM image of the liquid core particles (figure 5.2), the particles are not monodisperse

and should therefore show a distribution of sizes. Further, the core volume of the bigger

nanoparticles is larger than for the smaller ones, which leads to a higher weighting of

the bigger particles in the measured diffusion coefficient. These problems are not well

accounted for by evaluating a single diffusion coefficient as described in section 5.2.4.

The following section therefore outlines a method to obtain a particle size distribution

from a PFG NMR measurement. In the following, the resulting PSD is compared with
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size measurements using DLS and NTA to prove the reliablity of the size measurement

by PFG NMR.

5.3.1 Obtaining a Number Distribution from PFG NMR

To evaluate the diffusion of polydisperse particles, the gamma distribution model of the

diffusion coefficient P (D; κ, θ) can be applied as described in section 2.2.1. However,

from this model, a volume weighted distribution of the nanoparticle diffusion coefficients

is obtained since the signal intensity of each particle is dependent on the number of

spins inside and hence on its inner volume. We therefore introduce a modified, number-

weighted gamma distribution that compensates this volume effect, which is scaled by

r3
0/r3 ∝ D3/D3

0 as

P̃ (D; κ, θ) = P (D; κ,θ) · D3

D3
0

= Dκ−1 exp(−D/θ)
Γ(κ)θκ

· D3

D3
0

= Dκ+2

D3
0

exp(−D/θ)
Γ(κ)θκ

. (5.1)

Here, Γ(x) is the gamma function, and κ and θ are shape and scale parameters, respec-

tively. The parameter r0 ∝ 1/D0 is a reference radius. D0 (or r0 analogously) can be

chosen to normalize the distribution so that

∫ ∞

0
P̃ (D)dD = 1. (5.2)

The signal attenuation of a PFG MR measurement including this distribution of diffusion

then becomes

I(b) = I0 ·
∫ ∞

0
P̃ (D) exp(−bD)dD = I0(1 + bθ)−κ. (5.3)

The calculation leading to this result is shown in the appendix A.2.2. By calculating the

weighted mean of the obtained distribution P̃ (D; κ, θ), we can get the number-weighted

mean diffusion coefficient ⟨D⟩. The standard deviation σD is calculated by the square

root of the second moment of the distribution. The results of measurements evaluated

using this number-weighted gamma distribution fit are in the following always presented

together with their standard deviation. Since the uncertainty from fitting errors is as-

sumed to be smaller than the standard deviation (see section A.2.1 for details), it will
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Figure 5.6: 1H PFG NMR measurements on liquid core particles diluted in water showing
the evaluation assuming a number-weighted gamma distribution of diffusion
coefficients. The liquid core of the used particles contains hexadecane and
SilF7. 32 scans were performed for each gradient strength, and the param-
eters ∆ = 50 ms and δg = 2.5 ms were used. a) Intensity attenuation as
obtained from the area under the two peaks assigned to hexadecane in the
spectra recorded for different gradient strengths. The peaks at δ ≈ 1.3 ppm
and δ ≈ 0.9 ppm were evaluated. Three measurements were performed. The
fit follows the signal attenuation for a number distribution of diffusion coeffi-
cients as given in equation (5.3). b) From the fitting parameters, the number
distribution of diffusion coefficients can be calculated following equation (5.1).
The obtained averaged mean diffusion coefficient is ⟨D⟩ = 3.55 · 10−12 m2/s
and the corresponding standard deviation is σD = 1.15 · 10−12 m2/s. c) Anal-
ogously, the number PSD is obtained from the fitting parameters as given
in equation (5.4), showing an averaged mean radius ⟨D⟩ = 101 nm and its
standard deviation σr = 43 nm.
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be left out to improve readability. Also, from converting the distribution of diffusion

coefficients to a distribution of radii P̃ (r; κ, θ) using the SES equation (2.6) as

P̃ (r; κ, θ) = (α/r)κ+2

(α/r0)3
exp(−α/(r · θ))

Γ(κ)θκ
, α = kBT

6πη
, (5.4)

the mean particle radius ⟨r⟩ and its standard deviation σr can be calculated in the same

way as for the distribution of the diffusion coefficients.

Figure 5.6 shows the results of 1H PFG NMR measurements of liquid core particles in

water. They are measured using a diffusion time ∆ = 50 ms, gradient length δg = 2.5 ms,

and performing 32 scans. In figure 5.6a, the intensity of the two peaks belonging to

hexadecane (δ ≈ 1.3 ppm and δ ≈ 0.9 ppm) is plotted with respect to the parameter

b, representing the gradient strength squared. Since the particle stock solution, which

contains remaining SDS from the fabrication process, is diluted in water, the intensity

of the signal by SDS is reduced compared to figure 5.5. Note the logscale on the y axis,

which represents an exponential decay as a linear slope. The curve of the measured

values does not follow an exponential decay as given in equation (2.17), which would be

the case for a diffusing species that has only one size. Instead, the curve is slightly bent,

indicating the presence of differently sized diffusing species. A fit following equation (5.3)

is therefore used to calculate a distribution of diffusion coefficients. The resulting plot

that shows the number of particles over their diffusion coefficient, as calculated from

the fitting parameters following equation (5.1), is shown in figure 5.6b. This result can

be further transferred into a PSD plot, which is shown in figure 5.6c. To validate the

results obtained by this method, the PSD is in the following compared to the distribution

obtained by DLS and NTA.

5.3.2 Comparison with DLS and NTA

To assess the validity of the PSD obtained by fitting the PFG NMR results using a

number-weighted gamma distribution of the diffusion coefficients, particles from the same

batch were measured with DLS and NTA. Details about the DLS and NTA measurements

are given in section 5.2.2. It has to be mentioned that the particle concentrations used

in DLS and NTA are smaller than for PFG NMR, which is due to the restrictions of

the different methods. However, as explained in section 5.2.2, all concentrations are
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Figure 5.7: Comparison of different methods for size measurement to validate the eval-
uation of PFG NMR results using the number-weighted gamma distribution
model. The liquid core particles containing hexadecane and SilF7 were di-
luted in water. a) Averaged results of ten DLS measurements as shown in
figure 5.3a. b) PSD obtained by NTA, averaged over two measurements. The
individual measurements are shown in figure 5.3b. c) 1H PFG NMR results,
averaged over the three measurements with two peaks, each. Original data
was shown in figure 5.6c and is adjusted here to show the diameter instead of
the radius. The error bars or shaded area in the plots represent the standard
error of the mean for each bin or size value in analogy to equation (A.5).

small enough that the effect of particle collisions is negligible. The methods are therefore

assumed to be comparable.

The resulting PSD plots with respect to the particle size (diameter) are shown in figure

5.7. The three curves show slight differences in their shape, which is assumed to be

caused by the different methods of measuring. In principle, however, their position is

very similar and the peaks are strongly aligned. It has to be noted that the curves

obtained by DLS and PFG NMR are very smooth compared to the NTA curve. This

is due to the difference in the method of measuring. In contrast to NTA, where an

evaluation of individual particles is performed, the particles in the sample are measured

as an ensemble, which causes the smooth (artificial) curve of the size distribution.

This evaluation shows that the fitting method using a number-weighted gamma distribu-

tion of the diffusion coefficients on the PFG NMR measurements as outlined above gives
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reliable results and can be used to obtain a PSD by evaluating the NMR signal of the

nuclear spins.

5.4 Diffusion Measurements by PFG NMR in Complex

Systems

While the measurements discussed in section 5.3 are performed in water with the purpose

of determining the dimensions of the used particles, the power of PFG NMR measure-

ments is that they also allow one to draw conclusions about the surrounding medium by

using the particles as diffusion nanosensors. Now that the particle size and their diffusive

behaviour in water have been determined, they can be used to probe other liquid-like

complex media. In a first step, isotropic glycerol solutions with varying viscosity are

examined.

5.4.1 Diffusion in Media of Different Viscosity

According to the SES equation (2.6), the diffusion coefficient of a diffusing species is

inversely proportional to the viscosity of the surrounding medium. If temperature and

particle size are well-known, it is possible to determine the viscosity of the medium using

the diffusion coefficient obtained by PFG NMR. To test this, the diffusion of the liquid

core particles is measured in aqueous glycerol solutions of different concentrations. The

higher the concentration of glycerol, the higher is the viscosity. This system is well

tabulated and can therefore serve as a model system to test if the measurements are

reliable.249 Glycerol is a molecule that is miscible with water due to its three hydroxyl

groups. In 1H NMR it shows peaks at chemical shifts in the range of δ ≈ 3.3 ppm to

δ ≈ 3.8 ppm and at δ ≈ 5.2 ppm as shown in figure 5.8a.250,251 There is no peak of

the glycerol overlapping with the hexadecane peaks of the oil enclosed in the particle

shell. The PFG NMR measurements on the particles in aqueous solutions of glycerol can

therefore be performed by 1H NMR, using the characteristic peaks of hexadecane.

The glycerol solutions are assumed to be homogeneous and isotropic on the covered length

scales. Therefore the diffusion should not be dependent on the diffusion time (different

to the case of diffusion in a more complex medium as discussed in the following section).
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Figure 5.8: 1H NMR spectrum of liquid core particles containing hexadecane and SilF7
suspended in an aqueous 60 % v/v glycerol solution. The peaks in the range
of δ ≈ 3.3 ppm to δ ≈ 3.5 ppm and at δ ≈ 4.5 ppm are assigned to the glyc-
erol. Since there are no peaks overlapping with the hexadecane peaks, these
are evaluated in the PFG NMR experiments to measure the diffusion of the
nanoparticles. b) The diffusion coefficients of the particles were measured for
different values of the diffusion time ∆. Three measurements were performed
for each diffusion time performing 32 scans at δg = 5 ms. The intensity atten-
uation was evaluated using the number-weighted gamma distribution model
given in equation (5.3). The resulting mean diffusion coefficients and their
standard deviations were averaged and shown in the plot. The error bars
represent the standard deviation of the distribution of diffusion coefficients.

To prove this, the diffusion coefficients of the particles in a 60 % v/v aqueous glycerol

solution were investigated for different diffusion times. In the following, all glycerol

samples are given in volume percent. Three measurements were performed for each

sample using δg = 5 ms and performing 32 scans. A fit following the number-weighted

gamma distribution of diffusion coefficients as presented in section 5.3.1 was applied for

each individual measurement. The results are listed in table A.5 and shown in figure

5.8b. For the measurements at ∆ = 100 ms, the last six gradient values were left out

due to dephasing problems. Because the gamma distribution model is more delicate than

just fitting an exponential decay, the fits of single measurements did not converge and

are therefore not part of the average values shown here. Nevertheless, each average is

calculated from at least three fits. Fits using the exponential decay (equation (2.17)) show

comparable values for the measurements where the more complex fit did not converge

to the ones where the gamma distribution fit converged. They are therefore assumed to

be consistent with all measurements and the small differences in the respective fits are

expected not to alter the results significantly.
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As can be seen in figure 5.8b, the mean diffusion coefficient does not change with the

increasing diffusion time. In the glycerol solutions, there is no spatial inhomogeneity on

the length scale that the particles are covering in the given diffusion times, which range

from
√

⟨r2⟩ = 315 nm for ∆ = 100 ms to 880 nm for ∆ = 800 ms. Glycerol solution can

therefore be assumed to be isotropic and homgeneous on the probed length scale, and

the diffusion of the particles is independent of the diffusion time.

It has further been tested to measure the diffusion coefficient in the given sample for

even shorter diffusion times between 11.93 ms and 50 ms using the same gradient length

δg = 5 ms than for the just discussed measurements. To compensate for the shorter

diffusion time, but still be able to cover a significant range of b values, the gradient

strength had to be increased up to around g = 17 T/m for these measurements. It has

to be noted that these are conditions, as discussed in section 5.2.6, where the impact

of a high gradient intensity on the liquid core particles has to be considered. As is also

discussed in section A.3.3, the signal interpretation is complicated for large gradients.

For the regime of high gradient intensity, given by the gradient length and strength, the

critical distance that the spin-bearing liquid molecules must not cover within the gradient

time is on the order of magnitude of 200 nm. For the present case of particles in a 60 %

glycerol solution, the mean covered distances of the molecules in the core is given by

the movement inside the particle core and the movement of the particle, which is very

close to the mentioned critical regime. Indeed it can be observed for the measurements

at short diffusion times and high gradient strengths that the signal attenuation near this

limit shows an unphysical behaviour for the higher gradients. After a slow attenuation

for the first data points, the decay for the higher gradients is steeper, which cannot be

explained by another diffusive species and leads to an overestimation of the diffusion

coefficient. It is therefore assumed that we are reaching the lower limit of the method

concerning the detectable diffusion at high gradient intensity with the 200 nm liquid

core particles. Additional effects that could cause this unphysical behaviour of the echo

attenuation are carefully examined and discussed in section A.3.3. The aforementioned

effect of dephasing due to a high gradient intensity is found to be the most likely artifact,

but also diffusive diffraction could play a role in explaining the observed effects.

In a next step, the diffusion coefficient of the particles in aqueous solutions of different

volume concentrations of glycerol is investigated. This is done using 1H PFG NMR with
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a diffusion time ∆ = 100 ms, gradient length δg = 5 ms. Three experiments of 32 scans

each were performed. Since the diffusion coefficient is not dependent on the diffusion

time as shown above, higher diffusion times of 150 ms and 500 ms were chosen for the

solutions of 60 % and 80 % glycerol to be able to reach higher values of b. This is needed

to compensate for the slower diffusion in the media of higher viscosity. Figure 5.9a

shows exemplary intensity attenuation plots for the different concentrations of glycerol

as evaluated for the peak at δ ≈ 1.3 ppm. It has to be noted that only a section of the

whole plot is shown for better visibiliy of the curves’ slopes. For the two higher glycerol

concentrations, some gradient values are not shown, but are nevertheless part of the

evaluation. A plot with all data points is shown in figure A.2a.

It is clearly seen that the slope decreases with increasing viscosity (i.e. with increasing

concentration of glycerol), indicating a slower diffusion in more viscous media. The

fits follow the number-weighted gamma distribution model as given in section 5.3.1 and

yield diffusion coefficients and standard distributions as listed in table A.5. These values

are shown in figure 5.9b with respect to the concentration of glycerol. The error bars

represent the standard deviation obtained by the gamma distribution model. It has to

be noted that for the 20 % glycerol sample, the fit did not converge for two values (out

of six) which are therefore not included. However, fitting an exponential decay following

equation (2.17) shows that the obtained values of the diffusion coefficient for these points

are fully consistent with the other data points.

Knowing the PSD of the used particles, the diffusion coefficient can be utilized to estimate

the viscosity. Here, this is done by varying the value of η in the calculation of the PSD

in the presence of glycerol and searching for the lowest difference to the PSD in water.

The RMS for the difference of the two curves is calculated and minimized to obtain the

closest fit. The known value of the viscosity in pure water is thereby taken as a reference.

The obtained values are given in table 5.1 and compared to the literature values.249

Although the values do not completely match, the trend is clear and the experimentally

obtained values are comparable to the literature. The inverse of the literature values of

the viscosity of aqueous glycerol solutions are also shown in Fig 5.9b as a guide to the

eye. The two axes are not correlated. However, it can again be seen that the PFG NMR

measurements follow the trend of the viscosity clearly.
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Figure 5.9: Results of 1H PFG NMR measurements of liquid core particles in glycerol
solutions of different concentrations. The particle core consists of hexade-
cane and SilF7. Three PFG NMR measurements were performed for each
sample and evaluated individually to obtain the mean diffusion coefficient
and its standard deviation from the fit assuming a number-weighted gamma
distribution of diffusion coefficients following equation (5.3). Parameters of
∆ = 100 ms and δg = 5 ms were used, and 32 scans were recorded. For
the samples in 60 % and 80 % glycerol, the diffusion times were increased to
150 ms and 500 ms to compensate for the higher viscosity. a) Exemplary in-
tensity attenuation plots for different concentrations of glycerol. The colour
coding is given the second plot. A plot showing all measurement points is
given in figure A.2a. b) Averaged mean diffusion coefficients obtained from
the fit on the intensity attenuation for samples of different concentration of
glycerol. It has to be noted, that this refers to a volume concentration. The
error bars show the averaged standard deviation of the distribution. The
viscosity of aqueous solutions of glycerol is well tabulated249 and the inverse
is shown in gray as a guide to the eye. It has to be noted that the two y axes
are not correlated.

The presented results show that PFG NMR on the liquid core particles can be performed

in a range of viscosities that cover nearly two orders of magnitude. Knowing the particle

size and the temperature, the viscosity of the liquid can be determined. While this is

easy to do for isotropic systems, the case of diffusion in complex media becomes much

more complicated and will be discussed in the following.

5.4.2 Diffusion in Hydrogels

As was shown in the last section, the diffusion coefficient of particles diffusing in isotropic

media is independent from the diffusion time. In a complex medium like a hydrogel, this

can be expected to be no longer valid. Instead, the diffusion will now appear to be

time-dependent as described in section 2.1.2. It is assumed that conclusions on the
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5.4 Diffusion Measurements by PFG NMR in Complex Systems

Table 5.1: Comparison of the viscosity of aqueous glycerol solutions of different concentra-
tions. The literature values for the given temperature of 25 ◦C are calculated
following N. Cheng249. The measured viscosity is calculated from the results
of the PFG NMR measurements of the liquid core particles in the glycerol
solutions as outlined in the text. The viscosity in water is thereby taken as a
reference and hence not listed in the table.

cglyc ηlit (mPas) ηmeas (mPas)
0 % 0.89
20 % 1.73 2.0479
40 % 4.04 3.346
60 % 12.74 16.991
80 % 66.56 55.048

microstructure of the surrounding mesh can be drawn by evaluating the behaviour of the

diffusion nanosensors.

Out of the large pool of hydrogels, we decided to test our diffusion method on methacry-

lated hyaluronic acid (HAMA) gel. My colleague Dr. Dimitris Missirlis functionalized the

polymers following the protocol outlined in section A.1.3. Hyaluronic acid is a polymer

naturally occuring in our body.252 The polymers can be chemically adjusted to obtain

partly synthetic HA methacrylate (HAMA) polymers, that can be covalently crosslinked

by photopolymerization.252–255 HAMA gels, also called MHA, or MeHA in the literature,

are widely used in biomedical applications due to their good biocompatibility, the fast

synthesis, and the possibility of inducing the crosslinking process by a photoinitiator.253

They have broad application in tissue engineering252,253,256–260, drug delivery252,261 , or

cell encapsulation260,262–265.

Since HAMA gels have widespread applications, their microstructure is of interest. How-

ever, determining the mesh size of the hydrogel structure is challenging. To the best of

my knowledge, only two methods can be found in the literature when searching for the

microstructure of HAMA gels. Estimating the pore size from SEM images is a commonly

used technique for hydrogels.236,237 Pore sizes in a broad range between around 24µm

and 600µm, in individual studies up to nearly 1 mm, are reported in the literature for

pure HAMA gels265–269, which is comparable to values that can be found for modified

HAMA gels or composite gels, that contain HAMA besides others.270–276 To be able to

perform SEM, the samples need to be dehydrated. It can therefore be assumed that the

values, although obtained from good quality images, are not reliable. A second method

99



5 Nanoparticle Diffusion Measurements in Complex Media using 19F PFG NMR

for mesh size estimation is based on evaluation of the swelling. From the amount of water

that is uptaken by the hydrogel compared to the dry mass the average molecular weight

between two cross-links is calculated. The mesh size is then estimated using a model that

includes the interaction between solvent and polymer. Mesh sizes between around 540 nm

and 1.2µm are reported for different concentrations of polmer and different magnitudes

of methacrylation, while another study obtains mesh sizes between 20 nm and 60 nm. As

is pointed out in the literature, swelling assessment is just a model and includes assump-

tions that have to be made. The obtained mesh sizes should hence be understood as

an estimate of their order of magnitude.238,239,277 The literature is therefore indicating

a mesh size that is probably in the range of some tens of nanometers up to a few mi-

crons. Further, individual studies of diffusion measurements of nanoparticles in HAMA

gels have appeared, though none of them is used to estimate the mesh size.254,278,279

The motivation of the present work is that the apparent diffusion coefficients of liquid

core particles, if interpreted correctly, can give valuable information about the mesh size

in a hydrated state of hydrogels and HAMA gels in particular. This will be investigated

in the following. It has to be noted that the terms ‘pore size’ and ‘mesh size’ seem to

be often used interchangeably in the literature, especially for the case of nanoparticle

diffusion in complex structures like hydrogels.57,59,69–72,75,76,79–81,84,85,88–90,95,280–286 As

we are probing short length scales by the method of PFG NMR, it appears that using

the term ‘mesh size’ is more appropriate for the following discussion.

To investigate the diffusion of nanoparticles in HAMA gels and estimate the mesh size of

the gel, the (apparent) diffusion of liquid core particles was measured by PFG NMR for

different diffusion times. The size of the particles was determined beforehand and found

to be R ≈ 120 nm by performing PFG NMR on the particles in water and using the

number-weighted gamma distribution model to yield a number distribution as discussed

in section 5.3.1. The HAMA samples used in this section were prepared by mixing HAMA

polymer, particles, water, and the photoinitiator LAP to obtain samples of HAMA gel

containing 5 ·1011 particles/ml of the liquid core particles. A 4 % stock solution of HAMA

was used and diluted using the other components to obtain final concentrations of 0.8 %,

1.0 %, and 1.2 % HAMA gels. The purity of the polymer stock solution will influence

the final concentrations, however this can be estimated to have a minor effect as briefly

outlined in section A.1.3. The photoinitiator was always added in the same amount to
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reach a concentration of 2.5 mg/ml. After adding the photoinitiator, the samples were

illuminated by UV light at 405 nm for around 1 min. The PFG NMR measurements were

performed using 19F PFG NMR to measure the signal of SilF7. 64 scans were performed

for each measurement. A gradient length of δg = 5 ms was used. For each diffusion time,

two measurements (three for the diffusion time of 500 ms) were performed, evaluated, and

averaged. An exemplary plot of the intensity attenuation is shown in figure A.2. The
19F spectra recorded in the PFG NMR experiments show a low S/N ratio, presumably

due to the long gradient duration and the short T2 and T ∗
2 relaxation times (discussed

in section 5.2.6), as well as the lower concentration of SilF7 compared to hexadecane.

Due to the low S/N, the intensity attenuation plot with respect to parameter b is fitted

with a single exponential decay, following equation (2.19). The resulting values are listed

in table A.4. It has to be noted that this evaluation is different from the last sections,

where a gamma distributed diffusion coefficient was assumed instead of a single value

of D. This leads to smaller error bars compared to the plots shown before, since they

represent only the fit error as outlined in section A.2.1, and not the standard deviation,

as used above.

The resulting apparent diffusion coefficients with respect to the diffusion time are shown

in figure 5.10a. Different to figure 5.8b, where an independence of the diffusion coefficient

from the diffusion time was observed for glycerol, a decay of the apparent diffusion

coefficient with increasing diffusion time can be observed. This is a typical behaviour

of diffusing species in confined environment as discussed in section 2.1.2. The mean

covered distance for each diffusion time can be calculated from the measured apparent

diffusion coefficients using equation (2.4). The obtained mean covered distances are in

a range of
√

⟨r2⟩ = 109 nm (for ∆ = 500 ms and 800 ms), increasing as the diffusion

time reduces to 188 nm (for ∆ = 20 ms). The calculated values of the MSD, that do not

show an increase with the diffusion time, give rise to the assumption, that the particles

are not moving freely, but are trapped inside the hydrogel mesh. It is assumed that the

particles are allowed to diffuse inside a void of the mesh in a small free volume, but are

not able to move to another void as it is assumed in some hydrodynamic models.69–74

It is important to mention that the particles were measured to show a negative zeta

potential (measured using a Malvern Zetasizer Nano Z ), which is the same polarity as

the negatively charged HAMA polymers.253,279,287,288 It can therefore be assumed that
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Figure 5.10: 19F PFG NMR measurements on liquid core particles in HAMA hydrogels.
The signal of SilF7 in the core is used for the measurement and evaluation.
64 scans were performed for each measurement using δg = 5 ms. The in-
tensity attenuation was fitted using an exponential decay following equation
(2.17). An exemplary plot of the intensity attenuation is shown in figure
A.2b. The mean value of D and its uncertainty ∆D are evaluated as out-
lined in section A.2.1. The error bars represent this uncertainty. The values
shown in both plots are listed in table A.4. It has to be noted that the
apparent diffusion coefficient may be slightly overestimated due to possible
artifacts in the PFG NMR measurements as described in the text. a) Ap-
parent diffusion coefficients in 1 % HAMA gel for different diffusion times
∆. Two measurements were performed for each diffusion time, except for
500 ms, where three measurements were done. The diffusion coefficient in
water, measured by 1H PFG NMR and evaluated using an exponential de-
cay is (1.92±0.03) ·10−12 m2/s. b) Apparent diffusion coefficients of HAMA
gels for different polymer concentrations. The measurements were performed
at ∆ = 500 ms to ensure that the long-term diffusion is measured. Three
measurements were performed and averaged. The results of the individual
measurements are shown in gray. The estimated mesh size of the hydrogel
as calculated by equation (2.7) is indicated on the right y axis.
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the particles are not electrostatically attracted by the polymers, but rather experience a

repulsive interaction. However, the decrease of the mean covered distance with increasing

diffusion time is unphysical and careful analysis of possible artifacts has to be performed.

This is done in detail and with consideration of the effects observed for the glycerol

measurements at small diffusion times in section A.3.3. Two effects are considered that

could cause a loss of the phases coherence in an NMR signal, namely a dephasing due

to non-negligible diffusion during a high intensity gradient pulse, or diffusive diffraction

of the liquid molecules inside the particle. Both effects are assumed to generate an

overestimation of the apparent diffusion coefficient, if they are playing a role in the HAMA

measurements. The measurements shown in figure 5.10 should therefore be interpreted

with care and the reader has to keep in mind that the diffusion coefficients could be

overestimated. For the case of dephasing due to high intensity gradient pulses, it can

be assumed that the effect increases for smaller diffusion times, as can be seen for the

glycerol measurements discussed in section A.3.3. Nevertheless, the overall trend of the

decreasing apparent diffusion coefficients gives rise to the interpretation, that the particles

are not freely diffusing, but trapped inside the hydrogel mesh.

Since the particles seem to be trapped in voids in the mesh, the mesh size of the HAMA

hydrogel can be estimated by modeling the voids to have a spherical shape in analogy

to what is found in the literature.113,120–122 The mesh size can then be estimated using

equation (2.7), which is valid for long-term diffusion coefficients and the condition of

small q values. To fulfill the first requirement, only the apparent diffusion coefficients

obtained at ∆ ≥ 500 ms were taken into account for the calculation. The used q value,

defined by q = γδgg, is estimated to fulfill the small q limit condition.113 A discussion

can be found in the context of diffusive diffraction in section A.3.3. In our special case,

the MSD is determined only from the diffusion of the liquid core, which cannot sample

the whole volume of the mesh void due to the particle shell acting as a spacer. It is

therefore assumed that the mesh size obtained by this model underestimates the real

mesh size by the thickness of the particle shell of around 60 nm on both sides. Taking

these considerations into account, the mesh size obtained by this model is

ξ = 2 · a + 2 · Rshell = 2 ·
√

5∆D + 2 · 60 nm ≈ 319 nm, (5.5)
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which lies in between the values given in the literature. To estimate the uncertainty of

the evaluated mesh size, error propagation is performed using the standard deviation of

the diffusion coefficient and the particle radius, and the uncertainty of the core radius

as obtained in section 5.2.5. A detailed calculation is shown in the appendix A.2.1.

The resulting uncertainty of the mesh size is ∆ξ = 70 nm, which is mostly caused by

the particle size distribution. However, when estimating this mesh size, it has to be

noted that the apparent diffusion coefficient could be overestimated due to the discussed

artifacts. The obtained mesh size is therefore considered as an upper limit, so that the

estimated mesh size can be written to be ξ ≤ (319 ± 70) nm.

The mesh size obtained by equation (5.5) can further be supported by a simple geometric

consideration. Comparing the measured apparent diffusion coefficients in the presence of

a HAMA gel with that in water (D0 = (1.92 ± 0.03) · 10−12 m2/s), as evaluated using an

exponential decay fit, shows that even the smallest investigated diffusion time of 11.93 ms

leads to a notable slowdown of the particles by around one order of magnitude. If the

particles diffuse freely in water, they would cover a mean distance of
√

⟨r2⟩ ≈ 371 nm in

11.93 ms according to equation (2.4). They cannot move across this distance without (at

least some of them) noticing the presence of the gel network. It can therefore be assumed

that the mean mesh size is less or not notably larger than 371 nm. The calculated value of

ξ ≤ (319±70) nm agrees with this limit and can therefore be assumed to be a reasonable

estimate for the given system.

While the reader has to keep in mind that the used models and estimations simplify

the structure of the hydrogel mesh to spherical voids in the gel mesh, the presented

results are nevertheless assumed to give good estimates for the maximum average mesh

size. Diffusion measurements of liquid core particles by PFG NMR have therefore been

shown to yield valuable information of the microstructure of HAMA gels. For the specific

1 % HAMA gel, an average mesh size of around 320 nm was obtained, which is on the

same order of magnitude than values given in the literature as obtained by a swelling

assessment.238,239,277 However, for the present system of the 200 nm sized particles in a

HAMA gel, we are presumably reaching the lower limit of this method due to the size of

the liquid core particles.
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Since the concentration of polymer, besides others, can alter the microstructure of a

hydrogel, we finally investigated the diffusion of our particles in HAMA gels of 0.8 %

and 1.2 % HAMA polymer content. The samples were prepared as described above. The

PFG NMR measurements were performed at diffusion times of 500 ms, to make sure

that the long-term diffusion is observed. 64 scans per measurement were performed for

δg = 5 ms. Three measurements were performed and averaged for both samples, together

with the 1 % HAMA sample. The resulting apparent diffusion coefficients are shown

in figure 5.10b. A decay in the apparent diffusion coefficients with increasing polymer

concentration can be observed. An increasing polymer concentration is expected to

yield a smaller mesh size of the hydrogel, causing the particles to be less mobile within

the hydrogel. This agrees well with the observed behaviour of the apparent diffusion

coefficient. The mesh sizes are estimated using equation (2.7) and indicated on the right-

hand y axis. Error propagation gives uncertainties of around 70 nm for all three mesh

sizes, which are not included in the plot to maintain a clear presentation. Again, it has

to be noted that the diffusion measurements performed here seem to be at the lower limit

of the method and could therefore be subject to artifacts. As discussed before, this could

create an overestimation of the measured diffusion coefficients. There is no indication that

the measurements in the three gel concentrations could be affected by possible artifacts

in a different way. It can therefore be assumed that the apparent diffusion coefficients,

although possibly overestimated, show a clear trend to slower diffusion when increasing

the hydrogel concentration. This is particularly useful for the investigation of diffusion

mechanisms of nanoparticles in hydrogels.

5.5 Summary and Outlook

Nanoparticles can be used as diffusion nanosensors to draw conclusions about the mi-

crostructure of fluid-like media as well as about possible interactions of the particles with

the medium. To be independent from optical properties of the used particles and their

environment, PFG NMR can be used as a direct, non-invasive, and model-free method

to measure diffusion coefficients of ‘NMR active’ nuclear spins in bulk and without the

need for a fluorescent label. By fabricating oil-filled core-shell particles, the liquid core
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trapped inside the particle shell provides nuclear spins and a sharp NMR peak that can

be investigated by PFG NMR.

It has been demonstrated that the hexadecane/SilF7 liquid core gives characteristic sig-

nals in both 1H and 19F NMR spectra. Both molecules can be used to measure diffusion

of the particles since their location is restricted to the inside of the particle shell. The

successful particle fabrication was not only confirmed by SEM, but also by measuring

the PSD of the particles in water by optical methods, namely DLS and NTA. A method

to evaluate a number PSD using PFG NMR is presented and shown to give particle sizes

comparable to the other methods. The particles have been successfully tested to sur-

vive in an environment of higher viscosity and complexity. In aqueous glycerol solutions

of different viscosity, the diffusion coefficients have been observed to mirror the known

viscosity of the surrounding medium. When introduced in a HAMA gel, which shows a

more complex 1H NMR spectrum, the fluorinated component SilF7 can be used for the

diffusion measurements. It has been observed that the apparent diffusion coefficient of

the particles becomes time dependent in the complex environment of the hydrogel. This

is an indication for a tightly packed hydrogel mesh, that effectively hinders particle diffu-

sion. The method has been tested in HAMA gels of different concentration and shows a

decreasing apparent diffusion coefficient with increasing concentration of polymer, which

mirrors a decreasing mesh size of the hydrogel.

While the given system of around 200 nm particles in a HAMA hydrogel has been shown

to allow for an investigation of the diffusive behaviour of the nanoparticles, it was ob-

served that this system is reaching the limit of the analyzable diffusion coefficients where

the mesh size is small. The combination of fast diffusion of the liquid core molecules

combined with the slow diffusion of the whole particle creates a complex system, that

has to be carefully analyzed. While free particle diffusion in water or aqueous glycerol

solutions allows for measurements at high diffusion times and low and/or short gradient

pulses, the gradient strength and pulse length have to be increased when slower diffusion

is to be measured. While for the measurement of simpler systems like freely diffusing

molecules, it should be possible to measure diffusion coefficients down to the range of

5 · 10−15 m2/s by application of high and long gradients122, the measurement of liquid

core particles is restricted by dephasing effects of the liquid molecules during the gradient

pulse or by diffusive diffraction. The lowest diffusion coefficient measured in this thesis
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that is assumed to be free of artifacts is on the order of 1 · 10−13 m2/s. Therefore the

quantification of apparent diffusion coefficients inside the HAMA gel samples is assumed

to be at the lower limit of the method or below, which could lead to artifacts in the

measurement resulting in an overestimation of the diffusion coefficient. Nevertheless,

the measurements presented in this chapter show that the system of liquid core particles

measured by PFG NMR can serve as a tool to estimate diffusion mechanisms of nanopar-

ticles in complex environments that are larger than conventional PFG NMR probes. For

hydrogels with a mesh size in a range of some hundreds of nanometers to a few microns,

the presented 200 nm particles are assumed to be perfectly suited. However, if the size of

the nanoparticles is reduced, even smaller mesh size may also be probed. If, for example,

the particle sizes were further reduced to 100 nm, the diffusion increases by a factor of

two and the effect of dephasing of the liquid molecules in the core would be reduced due

to smaller covered length scales of the molecules inside the core. In addition, smaller

gradients could be used and possible effects of diffusive diffraction would be reduced.

On the other hand, a higher particle concentration would be required due to the smaller

inner volume.

Hence, the method holds a great potential in characterizing media like biologically rele-

vant hydrogels or real tissue and investigating diffusion mechanisms of different nanopar-

ticles inside such media. While other methods suffer from a limited optical penetration

depth in opaque or complex media, and might require fluorescent particle labeling, dif-

fusion measurements by PFG NMR offer a non-invasive, direct, and label-free method

to draw conclusions on the sub-micron structure of complex or opaque media, inde-

pendently from the optical properties of the nanoparticles and the medium.86,87,119,123

Changing the particle size by modifying the fabrication protocol, or varying their surface

chemistry using the layer-by-layer technique289–291 may give rise to a broad spectrum of

systems suitable for investigation of diffusive properties inside a given medium.





6 Conclusions and Outlook

Different methods of diffusion measurements in biologically relevant systems are examined

in this thesis. DNA origami is presented to serve as a precise and well-defined probe for

diffusion mesurements, which can be performed fast and sensitively down to picomolar

concentrations using NTA-FL. DNA origami benefits not only from a highly uniform

size and shape, but also from the possibility of specific binding to an analyte DNA. It

is shown that this can be used to detect the presence of characteristic DNA biomarkers

in a suspension, which is of interest in medical diagnostics of infections and diseases.

The DNA nanosensors can be carefully designed to bind the analyte strand, leading to

a connection of two origami structures via the analyte. This causes an increase in the

hydrodynamic size, which can be measured by NTA-FL as a slower diffusion. Within

only a few minutes of measurement time, an analyte strand of an overall amount of five

femtomole can be detected as shown for a random 30 base sequence, as well as for a

40 base sequence characteristic for a gene encoding antibiotic resistance. The proposed

method shows that nanoparticle diffusion can be used as a tool for detecting characteristic

DNA sequences and suggests the utilization in the detection of other biomarkers, as well

as nanoparticles, macromolecules, bacteria, or viruses.

Diffusion measurements of nanoparticles can further be applied to investigate the viscosity

or microstructure of complex media. PFG NMR is known as a non-invasive, direct, and

absolute method that can measure diffusion coefficients of an ensemble of molecules in

bulk solutions without being dependent on the optical properties of the medium and the

particles. While the application for solid nanoparticles is limited due to line broadening

because of dipolar coupling, it is shown that liquid core particles show a sharp NMR

signal provided by the mobile molecules in the core, which can be used to measure the

diffusion of the whole particle. It is shown that adding a fluorinated silane in the liquid

core allows for 19F NMR measurements, which open the door for the investigation of
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nanoparticle diffusion even in complex media, that often show a complicated 1H NMR

spectrum. This can be used to measure particle diffusion in systems of different viscosity,

as shown for aqueous glycerol solutions of different concentrations, and to investigate the

diffusion mechanism of the particles in a hydrogel, as shown for HAMA gels of different

polymer concentrations. This allows for quantifying the viscosity and for estimating the

mesh size of the hydrogel. Although the 200 nm sized particles in HAMA gel were found

to be at the lower limit of the method, the results can be interpreted qualitatively. As

the liquid core particles offer the possibility for changing the particle size and surface

functionalization, they provide a powerful system to measure nanoparticle diffusion in

different biologically relevant environments.

As pointed out by Franconi96, diffusion measurements by PFG NMR could be highly

beneficial in the field of nanomedicine. Making nanoparticles in the range of hundreds of

nanometers accessible for the investigation by PFG NMR allows for the use in different

applications. For drug delivery, drug carrier vehicles in the size range of < 200 − 500 nm

are often used to encapsulate a drug.292–294 This is done in order to prevent the cargo

from enzyme-mediated degradation and to be able to functionalize the surface.294 A

detailed understanding of the diffusion mechanism of nanoparticles in model hydrogels

or biological tissue is therefore of importance to predict the diffusive behaviour of drug

carriers and their interaction with the surrounding medium. Since information on the

sub-micron structure of a biological hydrogel or tissue can be obtained from diffusion

measurements of suitable diffusion nanosensors, the field is also of interest for tissue

engineering. A deep knowledge and understanding of the microstructure is important to

mimic the structure and mechanical properties of biological tissues.295–298 Biological and

artifical tissue can be compared by measuring the diffusion of nanoparticles with various

sizes and surface chemistries.

The diffusion of nanoparticles has been shown to be highly affected by the material prop-

erties of the medium in which they are suspended. This includes physical properties of

the medium like the viscosity, structural characteristics like the microstructure, as well as

the presence of a characteristic molecule in the solution. Measuring nanoparticle diffusion

further permits to draw conclusions on diffusion mechanisms and interactions between

the particle and its environment. For the characterization of biological systems, diffusion

measurements on nanoparticles can therefore serve as a valuable tool. With the methods
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presented in the context of this thesis, the toolbox of diffusion measurements in biolog-

ical systems is extended by the introduction of DNA origami as a diffusion nanosensor

measured by NTA-FL, and the application of PFG NMR to liquid core particles of a

biologically relevant size of around 200 nm. PFG NMR offers the possibility to examine

complex and optically inaccessible systems. If correctly implemented, the presented dif-

fusion methods provide valuable information regarding the presence of analytes and the

structure of complex biological samples.





A Appendix

A.1 Methods

A.1.1 Settings for NTA-FL of DNA Origami

The measurements were performed on a Nanosight NS300 machine from Malvern Pana-

lytical that is equipped with a microscope objective attached to a sCMOS camera with a

frame rate of 25 frames/s. The camera level was set to 15. The focus was set individually

for each sample. A laser wavelength of 488 nm was used. For the NTA-FL measurements

on the DNA origami, SYBR gold was used to obtain fluorescent staining of the nanosen-

sors. A 500 nm high pass filter was used to restrict the measured signal to the emitted

light of the fluorophore. The same laser wavelength was used for NTA measurements.

The laser power was less than 55 mW. Unless otherwise specified, the measurements were

performed at 20 ◦C. The built-in software Nanosight NTA 3.4 was used for analysis of

the captured videos. Unless further specified, the settings were chosen to be a detection

threshold of 5, blur 5×5, max jump distance of 12, and min track length of 5.

To prevent bleaching of the fluorophore, the sample was flushed through the flow chamber

at a flow speed of 2µl/s, which corresponds to an infusion rate of 50. Each sample

was measured five times for 60 s each unless otherwise noted. Between two repeats,

the flow cell was flushed for 10 s at an infusion rate of 200 (flow speed 8µl/s). The

flow chamber was flushed with the pure, filtered buffer between two samples. For DNA

origami concentrations of 5 pM, the number of tracked origami structures per experiment

was around 50 000 (83 zeptomole).



A Appendix

A.1.2 Fabrication of Oil-Filled Core-Shell Particles

Oil-filled core-shell nanoparticles with solid shells made of PMMA polymer and liquid

cores containing hexadecane and SilF7 were fabricated using a phase separation method

optimized for the PFG NMR measurements.

An aqueous solution of 0.2 % SDS was prepared by dissolving 0.1 g SDS in 50 ml water.

In a second vial, 0.166 g PMMA and 4.582 g DCM were mixed. 0.25 g hexadecane and

100µl SilF7 were added to this mixture, which was gently stirred in order to generate

a uniform organic phase. To form a stable oil-in-water emulsion, the resulting liquid

was slowly added over 60 s to the SDS solution, which was stirred meanwhile using an

ultrasound homogenizer (cycle 0.5, amplitude 100 %). 0.25 g acetone were added in order

to reduce foaming. Another 40 s of ultrasonication were applied to achieve a reduction

of the particle size down to the range of a few hundreds of nanometers. Afterwards, the

sample was diluted using 7.5 g of the aqueous SDS solution to stabilize the dispersion.

Finally, this was transferred to a flat beaker and left in a fume hood overnight to evaporate

the DCM and acetone. This protocol allows for the fabrication of nanoparticles with a

solid PMMA shell that encapsulates a liquid core of hexadecane and SilF7.

A.1.3 Preparation of HAMA Gels

The functionalization of HA polymer to obtain methacrylated HA was performed by my

colleague Dimitris Missirlis. The following protocol was used in analogy to the litera-

ture.299 Sodium hyaluronate with 100 kDa molecular weight was dissolved in milliQ water

at a final concentration of 1 % w/v.The pH was adjusted to 9 and the solution was contin-

uously and vigorously stirred while monitoring the pH. A 5x molar excess of methacrylic

anhydride to the repeat unit were slowly added, and the solution turned opaque due to

phase separation. 1 N NaOH was regularly added to keep the pH of the reaction mixture

between 7 and 9. After 2.5 h, the reaction mixture was centrifuged and the hyaluronic

acid methacrylate was precipitated in 5x volume excess of cold acetone, and washed

2 times with cold acetone. Finally, the precipitate was dissolved in milliQ water and

lyophilized to obtain a white powder that was stored at −20 ◦C. A stock solution of 4 %

w/v in PBS was used for gel preparation. Finally, the degree of functionalization was

investigated by me using 1H NMR, which yielded a degree of 14 %. The NMR spectrum
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A.2 Evaluation Methodology

showed that the product contained a small amount of methacrylic anhydride at around

half the molar concentration than the methacrylate bound to the polymer. However, this

can be estimated to have a minor effect of < 3 % when estimating the mass ratio of the

polymer, causing e.g. an actual concentration of 0.97 % in the gel of nominal 1.0 %.

A.1.4 Used Buffers

Information about the components in the different buffers used in the context of this

thesis are given in table A.1.

Table A.1: Buffer information

TE/MgCl2 TA/MgCl2 0.5x TA/MgCl2 TAE/MgCl2

Tris (mM) 5 40 20 40

Acetic Acid (mM) 20 10 20

EDTA (mM) 1 1

MgCl2 (mM) 14 14 7 14

A.2 Evaluation Methodology

A.2.1 Calculation of Uncertainties

The uncertainties of the different measures evaluated from NTA, NTA-FL, and PFG

NMR experiments are calculated using the Gaussian error propagation,

∆f(xi) =

√√√√∑
i

(
∂f

∂xi

)2
∆x2

i (A.1)

for any function f dependent on error-bearing measures xi. Alternatively, a maximum

error estimation based on error propagation is used, which follows

∆f(xi) =
∑

i

∣∣∣∣ ∂f

∂xi

∣∣∣∣∆xi. (A.2)
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Maximum of Log-Normal Distribution

As mentioned in section 4.2.3, the results of NTA or NTA-FL experiments are always

presented with the standard error of the (in most cases) five performed measurements as

evaluated by the used software Nanosight NTA 3.4. To compare different measurements,

the maximum of the log-normal distribution fit is calculated following

dmax = exp(ln(xm) − σ2). (A.3)

The uncertainty is calculated from the fitting errors of the parameters ln(xm) and σ using

a maximum error estimation given by equation (A.2).

PFG NMR Exponential Decay

For the PFG NMR experiments, three experiments were performed in most cases. For
1H measurements, two peaks for hexadecane were evaluated, while for 19F NMR only the

larger peak of SilF7 was taken into account. They were evaluated individually to obtain

the diffusion coefficient D and its uncertainty ∆D, given as the standard error of the

fitting parameter, if the evaluation was performed using a single exponential fit as given

in equation (2.17).

To calculate the mean diffusion coefficient D̄ and its uncertainty out of the N = 6 (1H) or

N = 3 (19F) values of D and ∆D, different sources of uncertainty are taken into account.

First, the mean value D̄ is calculated as the arithmetic mean following

D̄ = 1
N

N∑
i=1

Di. (A.4)

The standard error of the mean diffusion coefficient was calculated using

SEMD̄ = 1√
N

√√√√ 1
N − 1

N∑
i=1

(Di − D̄)2. (A.5)
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Since the results of the individual measurements are not correlated, Gaussian error prop-

agation is used to calculate the uncertainty of the mean diffusion coefficient STDD̄ fol-

lowing equation (A.1). Here, this leads to

STDD̄ =

√√√√ N∑
i=1

(
∂D̄

∂Di

)2

∆D2
i = 1

N

√√√√ N∑
i=1

∆D2
i . (A.6)

The results of equations (A.5) and (A.6) can be added using Gaussian error propagation

to yield

∆D̄ =
√

SEM2
D̄

+ STD2
D̄

. (A.7)

For the sake of simplicity, the mean values D̄ and their uncertainty ∆D̄ are given as

D = D̄ ± ∆D̄ in the text.

PFG NMR Gamma Distribution

For the evaluation of PFG NMR measurements using the gamma distribution of the

diffusion coefficient, not only the mean ⟨D⟩ of the distribution can be obtained, but also

its standard deviation σD. Both values are averaged using the arithmetic mean equation

(A.4). For the standard form of the gamma distribution model, which is not number-

weighted as given in section 2.2.1, a clear connection between fitting parameters and

diffusion coefficient is given in the literature.145 However, for the number-weighted form

of the fit model as derived in section 5.3.1, this connection is no longer valid. Therefore,

the mean diffusion coefficient and its standard deivation were obtained from the weighted

mean squareroot of the second moment of the distribution. Giving an uncertainty of both

measures arising from fitting errors is therefore not straightforward. Instead, from the

quality of the fit, it is assumed that the error of the mean diffusion coefficient should

be in the range of, or smaller than the uncertainty from the fitting error in case of the

exponential fit, which is smaller than 3 % as evaluated for measurements in different

glycerol solutions.
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Uncertainty of Shell Thickness (Oil-Filled Core-Shell Particles)

The shell thickness of the oil-filled core-shell particles is calcualted by comparing the

intensities of two NMR peaks, namely the peak at δ1 ≈ 1.7 ppm, which is assigned to

SDS, and δ2 ≈ 1.3 ppm, where peaks of SDS and hexadecane are overlapping. Two

hydrogen atoms per molecules SDS are included in δ1, while 18 atoms of SDS and 28 of

an hexadecane molecules contribute to δ2.

The relative areas under these peaks are A1 = 100 and A2 = 1030.6197. Using these and

the information of the number of contributing atoms per molecule, the radius of the core

can be calculated, assuming that SDS in only present inside the core, and SDS is limited

to outside of the particles. The calculation follows

ÑSDS = A1
2 (A.8)

Ñhex = 1
28(A2 − 18 · ÑSDS) (A.9)

where ÑSDS and Ñhex are the relative numbers of SDS and hexadecane molecules. Using

the known mass of SDS contained in the solution, which is 1 mg in 500µl, the number

of SDS molecules NSDS = mSDS/MSDS in the samples can be used to calculate the total

number of hexadecane molecules as

Nhex = NSDS · Ñhex

ÑSDS
. (A.10)

This number corresponds to a total volume of hexadecane of

V hex = Nhex · Mhex
ρhex

, (A.11)

where Mhex and ρhex denote molecular mass and density of hexadecane, respectively. By

dividing the overall volume of hexadecane by the known number of particles Npar, the

volume of the particle core can calculated by V core = V hex/Npar. From this, the inner

radius can be calculated to be

Ri =
(3V core

4π

)1/3
. (A.12)
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Table A.2: Summary of the parameters, their values, and the respective errors as used
for the estimation of the uncertainty of the shell thickness of the liquid core
particles. Details about the calculation are given in the text.
Measure Value Error Note
A1 100 0.1 0.1 %
A2 1030.62 1.03 0.1 %
ÑSDS 50 1.05 2 % + error propagation
Ñhex 4.66 0.71
NSDS (mol) 3.47 · 10−6 3.47 · 10−8 1% weighting error
Nhex (mol) 3.24 · 10−7 5.94 · 10−8

mhex (g) 7.33 · 10−5 1.34 · 10−5

V hex (m3) 9.48 · 10−11 1.74 · 10−11

Npar 1.02 · 1011 1.02 · 1010 10% of Npar
V core (m3) 9.29 · 10−22 2.63 · 10−22

Ri (m) 6.05 · 10−8 5.72 · 10−9

The error estimation follows the maximum error estimation given in equation (A.2). The

results of the intermediate steps of the calculation, as well as their errors are shown in

table A.2. The column ‘Note’ tells the errors that are estimated. The uncertainty of the

areas in the NMR spectrum is estimated from the difference in determining the area in

the NMR spectrum in different approaches. For the relative number of SDS molecules

ÑSDS, an error of 2 % SDS (compared to the total amount of SDS) inside the core of

the particles is assumed, so that only around 98 % of the total amount of the SDS are

present in the solution outside the particles. For the concentration of SDS in the solution,

presented by NSDS, a weighting error of 1 % is assumed. The number of particles Npar

is assumed to be uncertain by aorund 10 %, as given by the standard deviation of the

concentrations obtained by NTA measurements on the same sample, but with different

settings. These measurements were performed on another sample than the one evaluated

here, but are assumed to serve as a good approximation.

The resulting value of the inner radius is therefore Ri = (60.5 ± 5.7) nm. Compared to

an outer radius of R = 119.7 nm, with the standard deviation of 37.6 nm as obtained

by fitting a number PSD distribution to the PFG NMR intensity attenuation, the inner

diameter is approximated as 50 % of the outer radius for all particles.
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Uncertainty of Mesh Size (Hydrogel)

To obtain the uncertainty of the mesh size of HAMA gels as calculated in equation (5.5),

a maximum error estimation following equation (A.2) is performed. The uncertainty of

the shell thickness Rshell = R − Ri is

∆Rshell = ∆R + ∆Ri = 31.7 nm. (A.13)

Here, the value of ∆Ri = 5.7 nm (see table A.2) is used as a maximum value of the

shell thickness error. For ∆R, the standard deviation σR = 16.0 nm of the used particles

as evaluated from fitting the number PSD onto the PFG NMR intensity attenuation is

used.

The total uncertainty of the mesh sizes evaluated by equation (5.5) for the particle system

used in section 5.4.2 can therefore be estimated as

∆ξ = 1
2

√
5∆
D

∆D + 2∆Rshell. (A.14)

The uncertainty of the diffusion coefficient as calculated from equation (A.7) is used for

each sample. The resulting values of ∆ξ ≈ 70 nm show that the uncertainty of the mesh

size is mostly caused by the polydispersity of the particles and the uncertainty of the

shell thickness.

A.2.2 Evaluating PFG NMR Results Assuming a Number PSD

In section 5.3.1, the signal attenuation of a PFG NMR intensity attenuation plot is given

for a number weighted gamma distribution of the diffusion coefficients. The result given

120



A.3 Experimental Results

in equation (5.3) is calculated following Appendix A in a study by Roeding et al.145 as

follows:

Ĩ(b) = I0

∫ ∞

0
P̃ (D) exp(−bD)dD (A.15)

= I0

∫ ∞

0
Dκ+2D−3

0
exp(−D/θ)

Γ(κ)θκ
exp(−bD)dD (A.16)

= I0θ−κ
∫ ∞

0
Dκ+2D−3

0
1

Γ(κ) exp(−D/θ − bD)dD (A.17)

= I0θ−κ
∫ ∞

0
Dκ+2D−3

0
1

Γ(κ) · exp
(

−D/

( 1
b + 1/θ

))
dD (A.18)

= I0θ−κ
( 1

b + 1/θ

)κ ∫ ∞

0
Dκ+2D−3

0
1

Γ(κ)
(

1
b+1/θ

)κ · exp
(

−D/

( 1
b + 1/θ

))
dD

(A.19)

= I0θ−κ
( 1

b + 1/θ

)κ ∫ ∞

0
P̃

(
D; κ,

1
b + 1/θ

)
dD (A.20)

(∗)= I0θ−κ (b + 1/θ)−κ (A.21)

= I0(1 + bθ)−κ (A.22)

using (*)

∫ ∞

0
P̃

(
D; κ,

1
b + 1/θ

)
dD =

∫ ∞

0
Dκ+2D−3

0
exp

(
−D/

(
1

b+1/θ

))
Γ(κ)

(
1

b+1/θ

)κ dD = 1 (A.23)

A.3 Experimental Results

A.3.1 List of NTA-FL Results

When fitting the log-normal distribution to the PSD obtained by NTA-FL, the maximum

value can be obtained from the fitting parameters. For most of the experiments shown in

chapter 4, the exact values of the distribution maximum and their uncertainties are given

with the figure. For the plot showing the size shift with respect to the concentration of

IM strands in figure 4.18, the values are given in table A.3.
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Table A.3: List of the maximum values of the log-normal distribution and their uncer-
tainties for the measurements shown in figure 4.18.

Concentration IM (pM) dmax (nm) ∆dmax (nm)

0.0 97.8 0.5

2.5 101.7 0.5

5.0 112.0 0.8

7.5 112.6 1.1

10.0 114.8 1.0

12.5 118.3 0.8

15.0 122.0 1.2

25.0 129.7 1.2

35.0 130.6 1.0

50.0 127.1 1.1

75.0 128.8 0.9

100.0 130.7 1.0

A.3.2 19F PFG NMR Attenuation Plots

Comparison 1H PFG NMR vs 19F NMR on the same sample of particles in water

Figure A.1 shows PFG NMR measurements on the same sample of particles suspended

in water. The oil-filled core-shell particles had a core containing hexadecane and SilF7,

so that the two peaks of hexadecane were evaluated in the 1H PFG NMR experiment,

while the SilF7 provides spins for the 19F PFG NMR. In the 1H experiment, the value

obtained for the first gradient was left out, because an impact of the overlapping SDS

peak was assumed. To compare between the two measurements, exponential decay were

fitted on all curves and averaged. The resulting diffusion coefficients are:

D1H = (2.64 ± 0.08) · 10−12 m2/s (A.24)

D19F = (2.67 ± 0.14) · 10−12 m2/s (A.25)
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Figure A.1: Comparison of 1H and 19F PFG NMR on the same sample of oil-filled core-
shell particles with a core of hexcadecane and FilF7, suspended in water.
Both plots were fitted using an exponential decay as given in equation (2.17).
The measurements were performed using δg = 2.5 ms and ∆ = 50 ms. a) 1H
PFG NMR, 32 scans were performed. b) 19F PFG NMR, 128 scans were
performed.

It has to be noted that in some samples, when less scans were measured, the agreement

between the 1H and 19F measurements was worse than for the sample shown here. This

can range up to 20 %. However, there was no clear trend of the 19F compared to the 1H

measurements. It is assumed that – if measurement conditions are chosen appropriately

– 1H and 19F measurements can be assumed to give the same results. Nevertheless,

measurements on the same nucleus were performed to compare within a series of mea-

surements.

Intensity attenuation plots for glycerol and HAMA gel

Exemplary intensity attenuation plots for 1H PFG NMR measurements on oil-filled core-

shell particles in aqueous glycerol solutions and 19F PFG NMR measurements in 1 %

HAMA gel are shown in figure A.2.

A.3.3 Discussion of Possible Artifacts in PFG NMR Measurements in

Complex Systems

As mentioned in section 5.4, the interpretation of PFG NMR measurements of oil-filled

core-shell particles recorded in aqueous 60 % glycerol solution in case of small diffusion

times ∆ requires consideration of the fluid inside the core with respect to the particle as a
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Figure A.2: a) Full representation of figure 5.9a, where a section was shown. The inten-
sity attenuations of exemplary measurements on oil-filled core-shell particles
in aqueous glycerol solutions are shown as measured by 1H PFG NMR. The
colors denote increasing concentration of glycerol as follows: light green -
0 % glycerol, light blue - 20 % glycerol, dark blue - 40 % glycerol, dark green
- 60 % glycerol, orange - 80 % glycerol. The fits follow the number-weighted
gamma distribution model in equation (5.3). Parameters ∆ = 100 ms and
δg = 5 ms were used, and 32 scans were recorded. For the samples in 60 %
and 80 % glycerol, the diffusion times were increased to 150 ms and 500 ms.
b) Intensity attenuation plot of oil-filled core-shell particles containing hex-
adecane and SilF7, suspended in 1 % HAMA gel as measured by 19F PFG
NMR. Parametes were ∆ = 500 ms, δg = 5 ms, and 64 scans were performed.
The fits follow a single exponential decay as given in Eg. (2.17). The result-
ing averaged diffusion coefficient is part of figure 5.10.

whole, and the impacts of PFG NMR in this system. In short, for the measured diffusion

times ∆ = 11.93 ms, 20 ms, and 50 ms the spectra recorded for the higher gradient values

show broadening and a loss of the phase. The measurement using ∆ = 100 ms shows a

minor effect. This leads to an intensity attenuation plot as for instance shown in Fig.

A.3a for a diffusion time of 20 ms measured in the 60 % glycerol solution. Measurement

conditions are given in the figure caption. For the higher diffusion times (shown in Fig.

5.8b) the effect was not observed. However, for the latter case the maximum gradient was

reduced upon increasing the diffusion time while keeping the gradient length constant,

to cover a reasonable range of the parameter b for the expected diffusion coefficient.

It is therefore not easy to indentify what effects might cause the unphysical decay of

the signal attenuation plot. It is not obvious whether the short diffusion time (with

respect to the gradient length), or the large gradients are responsible for the phase

problems, or if other effects arise in the present system. However, one aspect in the

measurements might provide a hint: While all three mentioned measurements measured
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Figure A.3: a) Signal attenuation of the liquid core particles suspended in an aqueous
60 % glycerol solution, measured by 1H PFG NMR. Only the evaluation of
the higher hexadecane peak is shown. Although the points overlap, three
measurements are shown. Measurements were performed at ∆ = 20 ms,
δg = 5 ms, and 32 scans. The particle concentration was 5 ·1011 particles/ml.
b) 1H PFG NMR intensity attenuation for a sample of liquid core particles in
water. Used parameters were a concentration of around 2 · 1012 particles/ml,
∆ = 25 ms, δg = 2.5 ms, and 32 scans.

at a gradient strength g > 17 T/m show a loss of the phase, the apparent evaluated

diffusion coefficient steadily decreases from D∆=11.93 ms = (4.7 ± 0.3) · 10−13 m2/s over

D∆=20 ms = (3.6 ± 0.2) · 10−13 m2/s and D∆=50 ms = (1.5 ± 0.1) · 10−13 m2/s towards the

long-term diffusion coefficient D∆=800 ms = (1.1±0.1)·10−13 m2/s measured using smaller

gradient strengths of around 4 T/m (all values obtained using a single exponential fit for

the attenuation of the larger peak of hexadecane). This suggests that the artifact is larger

for shorter diffusion times.

In the following, different possible explanations are listed, as well as a discussion of the

potential impact on the interpretation of the measurements in the HAMA gel (section

5.4). For the comparison with measurements in the HAMA gel it has to be noted, that the

unphysical echo decay due to phase loss does not seem to play a role in the attenuation

plots. However, the effect might nevertheless affect the measurements, but could unde-

tected due to the S/N. Further, the HAMA observations contain a surprisingly slightly

decreasing mean covered distance for increasing diffusion times. While this could also be

attributed to the higher S/N of the 19F PFG NMR measurements, I will nevertheless

discuss possible problems in the following that could explain this behaviour of the appar-

ently decreasing covered distance. Therefore the possible effects for the HAMA samples

are included in the following discussion.
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• Eddy currents: For the measurement in figure A.3a, strong gradients of up to

around 17.4 T/m were applied. The strong gradients could give rise to eddy cur-

rents, which can possibly cause problems for the measurement if they are not re-

covered at the moment of the signal acquisition. Eddy currents are a well-discussed

phenomenon in PFG NMR, see e.g. literature by W. Price119,300. To decrease the

intensity of eddy currents, sine shaped pulses are used, and a time delay is imple-

mented between the second gradient pulse and the data acquisition. In the diffSte

pulse sequence used for the diffusion measurements, a delay of 1 ms was used be-

fore the acquisition of the FID. Although it has not been calculated or estimated if

this is enough to let the eddy currents fully decay, a comparison to another mea-

surement gives rise to the assumption that eddy currents should not have a big

impact on the shown measurement in glycerol. Fig A.3b shows a measurement of

the particles in water. Specific parameters of the measurement are given in the

figure caption. The measurement in water is performed at slightly lower maximum

gradient (15.4 T/m), but also as a shorter gradient time (δg = 2.5 s). Since the gen-

eration of eddy currents is dependent on the change in the magnetic field strength

dB/dt, the eddy currents for the shorter gradient pulse are assumed to be larger

than for a longer gradient pulse. As the effect of the unphysical echo attenuation

was not observed in the water sample, the effect of eddy currents is assumed to be

negligible for the glycerol sample as well. For completeness, it is noted that the two

measurements shown in figure A.3a and b are recorded at different dates and the

instrument was moved to another lab in between, but with the usual experimental

controls this is not considered to affect the measurements.

• Sedimentation/buoyancy and convection: While it can be assumed that the

particles in water do not show density-driven movement, this can not be excluded

for the case of glycerol. In water, centrifugation of the particles was tested to force

them to sediment or float, with the result that no solid sediment was observed,

but it seemed that the larger particles were distributed more in the upper part

of the suspension, while in the lower part more small particles were found. From

this result, it is assumed that the particles in water should have a comparable

density overall (including shell and liquid core) compared to the surrounding water

and the effects of density-driven movement in a water sample should be negligible.
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However, if they are suspended in a glycerol solution, the density difference is larger,

which could lead to slight buoyancy effect. Flow (like convection or density-driven

movement) causes a shift in the phase of the NMR signal. However, it is assumed

that the effect of flow should have a larger impact for longer diffusion times, which

does not seem to be the case when considering the measurements in glycerol for

larger diffusion times. Density-driven movement therefore seems to play a negligible

role in the present systems. The same is assumed for convection.

• Dephasing during high intensity gradient pulses To be able to measure small

diffusion coefficients as present in highly concentrated glycerol solution or in HAMA

gel, high gradient strengths and long gradient durations have to be used to reach

values of b that allow for a reasonable fit on the echo attenuation plot. However,

if the diffusing spins cover a considerable distance during the gradient, the phase

encoding of their location becomes blurred, which leads to an unphysical negative

curvature of the echo attenuation as already discussed in section 5.2.6.113 It seems

very likely that the loss of phase is caused by this effect since it matches the observed

behaviour. This phenomenon is also mentioned in the literature113.The decrease in

the apparent diffusion coefficient as evaluated from the disturbed echo decay plots

in the glycerol sample, however, shows that this effect is smaller for higher diffusion

times. It is assumed that this can be attributed to an increasing range of covered

b values.

HAMA gel: All measurements in the HAMA gel were performed at the same gra-

dient conditions as the aforementioned glycerol sample, it is therefore likely that

the effect of dephasing due to movement during the gradient – if this is indeed the

artifact – could also affect the measurements in HAMA gel. The discussed effect

of a high gradient intensity could well explain the behaviour of the unphysical de-

crease in the apparent mean covered distance with increasing diffusion time. For

the measurements in glycerol, it was observed that the impact of overestimating

the diffusion coefficient is higher for small diffusion times, which would in turn lead

to an overestimation of the mean covered distance.

While this effect can qualitatively explain the unphysical estimates at short diffusion

times in both the glycerol and the HAMA sample, it is hard to quantify this effect
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for the hydrogel sample. One could assume that in the hydrogel the effect is smaller

than for the case of the glycerol sample, since fluorine 19F nuclei that are used in

the HAMA sample ‘experience’ the effect of the magnetic field less than hydrogen

nuclei due to the gyromagnetic ratio. This amounts a difference of a few percent

in the gyromagnetic ratio. Further, if we assume the particles to be less mobile in

the gel compared to the homogeneous glycerol solution, we can assume that the

covered distance is smaller and hence the effect of the dephasing is less pronounced.

On the other hand, the apparent diffusion coefficient in the hydrogel seems to be

smaller than in the glycerol sample. It is unclear if this could increase the impact

of the phase loss in the intensity attenuation fit. Even if it is unclear how big this

effect in the gel sample is, it can be assumed that it could lead to an overestimation

of the apparent diffusion coefficient. However, it can be assumed that his effect is

less pronounced for larger diffusion times.

• Diffusive diffraction: Diffusive behaviour in restricted geometries can be in-

vestigated using diffraction phenomena as described e.g. by W. Price119 and P.

Callaghan113. In short, for diffusing species trapped inside a cavity, the echo atten-

uation plot shows dips dependent on the geometry of the cavity. This phenomenon

is present if the the condition D∆/a2 > 1 is fulfilled, where a is the radius of the

restricting pore for the case of a spherical cavity. If we only consider the diffusion

of the molecules in the particle core and assume the particle to be static, so that D

equals the free diffusion coefficient of the hexadecane molecules and a ≈ 60 nm, this

condition is fulfilled for the liquid molecules diffusing inside the particle core. It

can therefore be assumed that diffusive diffraction effects play a role here. The first

diffraction dip is then located at 2q · a ≈ 1, with q = γδgg. However, if we estimate

this for the given conditions of g = 17 T/m and δg = 5 ms, we are not reaching high

enough values of q to image this first diffraction peak.119 It is intuitively reasonable

that the apparent diffusion coefficient could be overestimated when taking only the

decay part of the curve towards the dip into account. However, the values of q are

the same for the three mentioned measurements in the glycerol sample that showed

phase loss, but there is no obvious reason why the apparent diffusion coefficient

should change for increasing diffusion time.
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Further, it has to be taken into account that the particles diffuse inside the glyc-

erol solution. This creates a superimposing effect on the echo attenuation, which

makes the present system much more complicated than just considering the diffu-

sive diffraction of molecules inside a static particle. To my knowledge, there is no

study about the case of diffraction inside cavities (particles) that themselves also

move. It can therefore neither be ruled out nor assumed that diffusive diffraction

plays a role in the present system. All in all, diffraction phenomena represent a

very interesting field. However, it seems that we are outside a reasonable regime

for these findings, and the superimposed movement of the particles complicated the

interpretation of the system. Nevertheless, it is assumed that the dips generated by

the diffraction could in principle affect the measurements of the particles, although

it is unclear to which extent. Studying diffusive diffraction in the given particle

system would be an interesting topic and could be subject of further investigation,

but lies outside the scope of this thesis.

HAMA gel: Since we cannot rule out that diffraction could be responsible for the

loss of phase observed in the glycerol samples, the effect on the HAMA gel samples

has to be estimated. Since we are in the same regime of gradient intensity as in

the glycerol samples that showed the phase problems, it can be asummed that – if

the effect plays a role in the HAMA samples – it would lead to an overestimation

of the real diffusion coefficient, same as for the samples in glycerol. However, it is

assumed that all measurements should be similarly affected since the distance of

the maximum used gradient intensity values to the theoretical position of the first

dip should be roughly the same for all samples. It is therefore unclear whether the

diffractive behaviour could explain the apparent decay of the mean covered distance

for the particles in HAMA gel.

Considering the different discussed effects leads me to conlude that two phenomena,

namely dephasing due to high intensity gradient pulses, or diffusive diffraction are most

likely the cause of the unphysical observations of phase loss in the glycerol sample or

the decreasing mean covered distance for increasing diffusion times in the HAMA gel

samples. It can be concluded, that both effects could arise in the HAMA sample, which

could lead to an overestimation of the measured apparent diffusion coefficient, however

by an unknown extent. Nevertheless, the method of PFG NMR measurements using
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Table A.4: Diffusion coefficients of the PFG NMR experiments shown in this thesis that
are evaluated using an exponential decay. ‘Nuc.’ denotes the nucleus, ‘NS’
is the number of scans. For the 1H experiments, three measurements were
performed and both hexadecane peaks were evaluated, unless otherwise spec-
ified in the notes. For 19F experiments, one peak was evaluated for three
measurements, unless the notes denote something else. Notes: (1): Only one
measurement (1 peak) is evaluated for the exemplary plot; (2): Only two
measurements performed due to time restrictions.

Fig. Sample Nuc. δg ∆ NS D ∆D Note
(ms) (ms) (m2/s) (m2/s)

5.5 0.2 % SDS sol. 1H 4.1 23 128 1.51 · 10−10 0.15 · 10−10 (1)
2.38 · 10−12 0.04 · 10−12 (1)

5.10a 1 % HAMA 19F 5 11.93 64 3.85 · 10−13 2.27 · 10−14 (2)
20 2.94 · 10−13 1.19 · 10−14 (2)
40 1.07 · 10−13 9.42 · 10−15 (2)
70 5.53 · 10−14 4.10 · 10−15 (2)
100 3.92 · 10−14 5.71 · 10−15 (2)
150 2.26 · 10−14 3.40 · 10−15 (2)
200 1.84 · 10−14 2.48 · 10−15 (2)
300 9.55 · 10−15 1.11 · 10−15 (2)
500 3.97 · 10−15 3.87 · 10−16

800 2.49 · 10−15 6.65 · 10−16 (2)
5.10b 0.8 % HAMA 19F 5 500 64 5.92 · 10−15 3.92 · 10−16

1.2 % HAMA 2.57 · 10−15 2.95 · 10−16

A.1 Water 1H 2.5 50 32 2.64 · 10−12 7.50 · 10−14
19F 128 2.67 · 10−12 1.43 · 10−13

liquid core particle gives accurate and reliable results for other measurement conditions.

It is assumed that the impact of the discussed effects can be reduced by using smaller

nanoparticles as discussed in section 5.5.

A.3.4 List of PFG NMR Results

Table A.4 lists diffusion coefficients and their uncertainties for all samples evaluated with

an exponential decay (equation (2.17)). For each sample, two peaks of three measure-

ments were used for the evaluation following equations (A.4) to (A.7), unless otherwise

specified in the last column.

For the measurements evaluated assuming a number-weighted gamma distribution of the

diffusion coefficient, the exact values and their standard deviations plotted in different

figures are shown in Tab A.5.



Table A.5: Diffusion coefficients of the PFG NMR experiments shown in this thesis that
are evaluated using the number-weighted gamma distribution. ‘Nuc.’ denotes
the nucleus, ‘NS’ is the number of scans. For the 1H experiments, three mea-
surements were performed and both headecane peaks were evaluated, unless
otherwise specified in the notes. For 19F experiments, one peak was evalu-
ated for three measurements, unless the notes denote something else. Notes:
(3): Last gradient values left out due to dephasing; (4): Only three results
averaged; (5): Only four results averaged

Fig. Sample Nuc. δg ∆ NS D σD Note
(ms) (ms) (m2/s) (m2/s)

5.6 Water 1H 2.5 50 32 3.55 · 10−12 1.15 · 10−12

5.8b 60 % Glyc. 1H 5 100 32 1.66 · 10−13 4.49 · 10−14 (3), (4)
150 1.58 · 10−13 4.27 · 10−14

200 1.71 · 10−13 5.06 · 10−14

500 1.67 · 10−13 4.79 · 10−14

800 1.62 · 10−13 4.43 · 10−14 (4)
5.9b Water 1H 5 100 32 2.63 · 10−12 6.96 · 10−13

20 % Glyc. 100 1.47 · 10−12 5.21 · 10−13 (5)
40 % Glyc. 100 8.54 · 10−13 3.43 · 10−13

60 % Glyc. 150 1.58 · 10−13 4.26 · 10−14

80 % Glyc. 500 4.68 · 10−14 1.52 · 10−14
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