
 

Proteins with a twist : torsion profiling of proteins at the single
molecule level
Citation for published version (APA):
Gutierrez Mejia, F. A. (2016). Proteins with a twist : torsion profiling of proteins at the single molecule level. [Phd
Thesis 1 (Research TU/e / Graduation TU/e), Applied Physics and Science Education]. Technische Universiteit
Eindhoven.

Document status and date:
Published: 07/11/2016

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 23. May. 2023

https://research.tue.nl/en/publications/eac956e3-2b54-4d93-8971-4ffb8d9f5f2d


Proteins with a twist: Torsion profiling of proteins
at the single molecule level

PROEFSCHRIFT

ter verkrijging van de graad van doctor aan de Technische Universiteit
Eindhoven, op gezag van de rector magnificus prof.dr.ir. F.P.T. Baaijens,
voor een commissie aangewezen door het College voor Promoties, in het

openbaar te verdedigen op mandag 7 november 2016 om 16:00 uur

door

Fabiola Azucena Gutiérrez Mejía

geboren te Mexico Stad, Mexico



Dit proefschrift is goedgekeurd door de promotoren en de samenstelling van de pro-
motiecommissie is als volgt:

voorzitter: prof.dr.ir. G.M.W. Kroesen

promotor: prof.dr.ir. M.W.J. Prins

copromotor: dr. L.J. van IJzendoorn

leden: prof.dr.ir. N. H. Dekker (TUD)

dr.rer.nat. M. Schlierf (TU Dresden)

prof.dr. M. Merkx

Het onderzoek dat in dit proefschrift wordt beschreven is uitgevoerd in overeenstemming
met de TU/e Gedragscode Wetenschapsbeoefening.



The work described in this thesis was performed in the Faculty of Applied Physics of
the Eindhoven University of Technology and was financially supported by the European
Commission’s Seventh Framework Programme (FP7/2007-2013) under the grant agree-
ment BIOMAX (project n◦ 264737) and the agreement Nanomag (project n◦ 604448).

© Fabiola Gutierrez, 2016
Proteins with a twist: Torsion profiling of proteins at the single molecule level
Cover design ICMS animation studio. Author: Fabiola Gutierrez - Eindhoven University
of Technology, 2016.
A catalogue record is available from the Eindhoven University of Technology Library
ISBN: 978-90-386-4162-1
Typeset using LATEX, printed by Gildeprint Drukkerijen, Enschede, The Netherlands.





Summary

Proteins with a twist: Torsion profiling of proteins at the single

molecule level

Proteins are biological macromolecules that perform complex tasks and give structure
to living cells. Studies on proteins generally focus on establishing relationships between
molecular structure and function. In recent years, a new set of methods is being developed
to mechanically probe proteins at the level of single molecules, aiming to probe charac-
teristics that are difficult or even impossible to measure on ensembles of molecules. This
PhD thesis focuses on single molecule studies of protein complexes under torque, with
the main aim to broaden the scope on how magnetic torque tweezers can be used to reveal
structural properties of protein systems.
In Chapter one, an introduction is given into the field of single molecule studies. Methods
to measure the mechanical properties of proteins are compared, with special attention to
recent developments in the field of magnetic torque tweezers.
Chapter two reviews the origin of the torque in superparamagnetic particles which are
employed here to manipulate proteins. New experimental observations on the dynamic
remagnetization of the particles as a function of the magnetic field applied are presented.
A semi-empirical model is proposed to describe the magnetic tweezers data. Here the
torque is rationalized as being the result of a distribution of magnetic moments with as-
sociated coercivities. These findings allow an optimization of parameters for torque mea-
surements on proteins.
In Chapter three, the effect of surfactants on the torsional properties of the Protein G-IgG
complex is addressed. The torsional deformation was quantified upon exposure of the
protein complex to the anionic surfactant SDS and the non-ionic surfactant Tween 20.
Data show that both surfactants increase the torsional flexibility of the protein complex.
Tween 20 appears to be most effective at increasing the torsional flexibility while SDS is
more effective at dissociating the protein bonds. These findings agree with observations in
which the affinity of immunoassays is affected by the presence of surfactants. The results
demonstrate that magnetic torque tweezers can be effectively used to study surfactant-
induced changes in proteins at a single molecule level.
In Chapter four, the torsional rigidity and conformational switching of cardiac Troponin
is studied in a sandwich immunoassay. The cardiac Troponin complex (cTn) plays an
important role in the contraction of cardiac muscle and it is a primary biomarker for the
detection of acute myocardial infarction. Monoclonal antibodies were selected that target
a stable region of the complex and a region that changes conformation in dependence of
the Ca2+ concentration. Actuated torsional properties, non-actuated torsional properties,
and tethered particle motion data were recorded. The data show that the torsional proper-
ties strongly depend on the targeted region and on the Ca2+ concentration, which can be
related to the conformational change that the molecule undergoes. This work shows for
the first time the use of magnetic torque tweezers in a generic immunoassay to character-



ize conformational changes in proteins.
In Chapter five, a study on the torsional properties of protein-dsDNA complexes is pre-
sented, with dsDNA fragments with lengths between 10 and 50 nm. The fragment lengths
are below the dsDNA bending persistence length and are in the size range of proteins. Ac-
tuated as well as non-actuated angular displacement data reveal a decrease of the torsional
stiffness with increasing fragment length. The role of electrostatic interactions was inves-
tigated by varying the ionic strength of the solution (150 mM PBS to 1.5 mM PBS),
showing that the torsional stiffness increases for lower salt concentration. All data show
that the torsional modulus of the short dsDNA fragments is orders of magnitude higher
than the modulus measured previously on dsDNA with micrometre length scales. This
indicates that the mechanisms underlying molecular torsional stiffness are very different
for short and long dsDNA fragments.
In Chapter six the results are summarized, a general conclusion is drawn, and the out-
look is sketched, for the field of single-molecule protein characterization as well as for
potential applications in the field of particle-based biosensing.
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1
Introduction

In this thesis a set of biophysical studies on the response of protein systems upon twist
at the single molecular level are presented. In this introductory chapter, we describe
key concepts needed for a better understanding of the subsequent chapters. The chapter
starts with the concept of single molecule experiments and biological studies at the single
molecular level. Thereafter an overview is presented of techniques to measure mechanical
stress on biomolecules at the level of single molecules. The discussion centres around
techniques that are able to apply torque. The contents are narrowed to describe the
technical and biological aspects needed to measure torque with magnetic tweezers. The
chapter is rounded off by describing proteins that are studied in this thesis. Finally, the
contents of the following chapters are addressed.

Parts of this chapter have been published in : A. van Reenen, F. A. Gutiérrez Mejía, L. J.
van IJzendoorn, and M. W. J. Prins, Torsion Profiling of Proteins Using Magnetic Parti-
cles, Biophysical Journal, Vol.104, pp 1073-180, 2013



2 Introduction

1.1 Nanomechanics of single biomolecules
Single molecule techniques provide valuable and new insights in biomolecular and nano
scale processes. Studies at the single molecule level provide unique advantages in com-
parison to ensemble measurements.1 In classical bulk measurements, the number of
molecules measured is typically on the order of Avogadro’s number and the signal is
an average over all the molecules in the sample. In the averaging process, signals of
small subpopulations and short-lived signals are lost. In a single molecule approach the
heterogeneity of a sample can be studied, in other words, distributions of species as well
as rare events can be identified. Moreover, single-molecule methods in which individ-
ual molecules are measured in real-time allow the observation of dynamics and stochastic
events independent of the ensemble-average state, so even if the ensemble is in an equilib-
rium state. Furthermore, single molecule techniques provide high resolution to measure
for example the small forces and displacements of single molecules, which are typically
in the range of 10−14 − 10−8N and 10−10 − 10−8m respectively.2

Single molecule studies have shed light on a manifold of biomolecular systems and pro-
cesses; for example, the unfolding of proteins,3–5 enzyme kinetics,6, 7 the molecular mech-
anisms in rotary motors,8–10 elastic properties of DNA under various experimental con-
ditions11–14 etc. Single molecule biophysical techniques have become powerful tools not
only to localize and resolve individual molecules15 but also to interrogate these mechan-
ically.16, 17 In this section we will present an overview of the methods that are used to
measure force and torque on single molecules, focussing on proteins and protein com-
plexes. A general concept in single molecule force techniques is to trap a protein or a
protein complex between a solid support and a mobile object.2, 18, 19 By actuating and ob-
serving the mobile object, multiple nanomechanical response parameters can be obtained
of the protein, such as the deformation, opposing force and time dependence. Some of
the common single molecule force techniques are: atomic force microscopy (AFM), teth-
ered particle motion (TPM), optical tweezers (OT) and magnetic tweezers (MT). AFM
consists of a flexible cantilever with a functionalized tip that moves towards and along a
surface. Molecular bonds created between the tip and the surface can be characterized,
typically by recording force-extension curves. TPM involves the analysis of the Brow-
nian motion of a particle that is flexibly bound to a surface by a molecular tether. The
optical tweezers method consists of trapping a dielectric particle in the focal point of a
laser beam. A biomolecule of interest is attached on one side to the dielectric particle
and on another side to a second object, such as a particle or a surface. Finally, a magnetic
tweezers setup consists of a biomolecule that is trapped between a magnetic particle and a
surface. Magnetic field gradients are applied in order to exert a force on the biomolecule.
Via an applied magnetic field, also a mechanical torque can be applied to the biomolecule
in order to measure the torsional properties of biomolecules.
The temporal, spatial and force resolution as well as technical features of each technique
have been extensively discussed in different review works.1, 2, 20–23 The preferred single
molecule method to use depends on the application. Apart from being an imaging method,
AFM is used to probe molecular interactions where high forces up to 104 pN are needed,
e.g. to unfold a protein22, 24, 25 to rupture covalent bonds26 or to study ligand-receptor
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bonds.22, 27 The thermal vibrations and stiffness of the cantilever limit applications in the
low force range. Another limitation is that it is difficult to parallelize the measurements,
so that statistics are limited. Contrary to AFM, TPM does not involve the application of
force. TPM can be easily implemented on existing microscopes, is easily parallelized, and
can operate with a wide range of particles.28, 29 An example that illustrates the capabilities
of TPM is the measurement of the induced rotary motion of a fluorescent filament by the
attachment to a F1-ATP motor.30 Optical tweezers are suited for a force range of 0.1-100
pN21 and sub-nanometer positioning accuracy. These features have allowed measure-
ments on cell membranes,31 the observation of the packing of DNA by a bacteriophage32

and the displacements of molecular motors along microtubules.10, 33 A limiting factor of
OT is the heating and photodamage caused by the high intensity laser that is used to trap
the particles. The MT technique allows simultaneous control of force (0.05-20 pN)21

and of torque. MT is suited for parallelized measurements. Detailed studies have been
performed on the mechanical properties of DNA,34, 35 the rotary motion of molecular mo-
tors,9, 36 and the torsion profiling of protein complexes.37 In the next section different
designs of experimental setups for single-molecule torque studies will be presented.

1.2 Torque spectroscopy techniques on the single molecule
level

In this section an overview is given of experimental setups to apply torque in the molecular
systems, with a particular focus on the experimental setup used in this thesis work.

Some torque generating experimental designs are shown in Figure 1.1. A variety of
experimental methods have been developed based on optical traps,38 e.g. a trap coupled
with a rotating-tip device39 (as shown in Figure 1.1a) or using birefringent particles that
are orientation controlled by laser polarization;40 these approaches will not be discussed
in detail in this work. We will focus on magnetic tweezers techniques in which torque
is magnetically controlled. Magnetic tweezers setups have been designed with perma-
nent magnets (Figure 1.1b,c,d) and/or electromagnets (Figure1.1d,e). In the majority of
the cases, stretching magnetic forces are applied by an out-of-plane field gradient and
magnetic torque is controlled by applying a rotating field. Permanent magnets are mostly
neodymium iron boron magnets (Nd2Fe14B) which can generate magnetic fields of up
to 1.3 Tesla.2 The typical configuration generates a pulling force in order to extend the
biomolecule of interest, typically DNA. To generate torque, the magnets are physically
rotated using a stepper motor. The pulling force can be controlled by varying the distance
between the magnet and the particle. Magnetic tweezers based on permanent magnets are
well suited for constant force experiments. A limitation of systems with only permanent
magnets is that the force and torque cannot be independently controlled.41, 42 An advan-
tage of using electromagnets is that field amplitudes and frequencies can be electrically
controlled, in contrast to permanent magnets that require mechanical motion. In electro-
magnets the fields are typically lower due to current limitations in the coils. Therefore,
forces and torques are typically lower, but this limitation can be somewhat overcome by
combining permanent magnets with coils.
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One of the first configurations to generate torque are the conventional magnetic tweez-
ers depicted in Figure 1.1b which consists of a pair of rotating permanent magnets in-
ducing stretching and a strong rotational constriction to a magnetic particle bound to a
surface, typically a DNA molecule.14, 43 This method does not track directly the rotational
motion since it does not have labels attached to the particle. The changes in molecu-
lar twists are studied by relating the number of applied turns and the Z-extension of the
particle above the surface. This procedure has been used to reveal a linear relationship
between the linking number and tether length of DNA14 and RNA40 under different buffer
conditions. However, this procedure fails for instance in predicting a twist relationship in
which a small molecule binds to DNA35, 44 or in another systems in which the supercoiling
behaviour cannot be assumed. Several improvements have been developed to overcome
these difficulties; one of the alternative techniques is the Magnetic Torque Tweezers35

(MTT) depicted in Figure 1.1c. This setup enables the possibility of measuring directly
the rotary motion and therefore the twist of biomolecular complexes; additionally it re-
duces the strong rotational constriction present in typical magnetic tweezers setups. The
cylindrical hollow magnet with the small side magnet, generates a strong vertical gradi-
ent and a weak horizontal angular trap that is able to apply torque. This configuration
reproduces the torsional stiffness of DNA obtained with other techniques and has been
used to measure RecA-DNA filaments.35 Another method is the electromagnetic Mag-
netic Torque Tweezers45 (eMTT) that combines permanent magnets and electromagnets
to enable independent control of the force and torque. This configuration enables sensi-
tive measurements of single molecule torque and twist and eliminates the strong coupling
of force and torque present in only permanent magnet based setups. Using eMTT the
detailed molecular mechanisms such as DNA buckling transition in high salt conditions
has been observed. In the following section, a detailed explanation of the setup used in
this thesis to generate torque on proteins will be explained.

1.2.1 Quadrupole Electromagnetic Torque Tweezers
(QEMTT)

The magnetic setup used in this thesis work is based on a quadrupole electromagnet, see
Figure1.1e. We will refer to the setup as a Quadrupole Electromagnetic Torque Tweezer
(QEMTT). Similar to eMTT, this setup is meant for sensitive measurements of torque and
twist. The QEMTT generates a homogeneous rotating horizontal field. The quadrupole
is built with four identical coils filled with a 5 mm thick soft iron core to concentrate field
lines and enhance the magnetic field amplitude. The coils are grouped in two pairs that
are oriented perpendicularly. In every pair, the opposing coils are connected in series. The
design of the setup generates a homogeneous field over an area of 1 mm2 in the center of
the setup where the samples are placed. In this way, vertical and horizontal gradients are
kept minimal. To achieve a homogeneous in-plane field, the core tips were designed with
45-degree slant angles, based on simulations in Comsol.47 Using this configuration small
gradients are formed:48 a horizontal gradient of 0.25 mT/mm at maximum up to a distance
of 5 mm from the quadrupole center, and a vertical gradient of 1.5 mT/mm at maximum
that exerts an attractive force on the magnetic beads, with a magnitude comparable to the
gravitational force. Rotating fields of 1-25 mT can be achieved with this configuration.
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Figure 1.1: Torque generating experimental approaches: a. Particle in an optical trap39 b. Conventional mag-
netic tweezers c. Magnetic torque tweezers (MTT) based on a hollow cylindrical permanent magnet43 d. Elec-
tromagnetic torque tweezers (eMTT) with Helmholtz coils to generate torque and a hollow cylindrical permanent
magnet to generate force45 e. Quadrupole Electromagnetic Torque Tweezers (QEMTT) for electromagnetic con-
trol of torque and near-zero applied force, used for measurements on proteins.37, 46 A fluorescent label (green)
is used to measure the rotation. Dashed lines indicate magnetic fields, thick arrows indicate direction of particle
magnetization, thin arrows indicate orientation. Panels a-d show experiments with DNA molecules, panel e
shows an experiment with a protein molecule.
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2.8 µm

polystyrene
matrix

magnetite
grain

superparamagnetic 
bead

6 -12 nm

K = 5×104 J/m3

K = 1×104 J/m3

a b

Figure 1.2: a. Schematic of a superparamagnetic bead. b. Flipping time of the magnetic moment of a magnetic
grain as a function of grain diameter. The horizontal dashed line represents a flipping time of 1 s, corresponding
to the characteristic frequency of 1 Hz used in the experiments.

To control the field strength and rotation frequency, function generators were connected
to a computer running LabVIEW software. In this study, demagnetization, incubation
and rotation modules have been used. In the demagnetization module, a sinc-shaped
current is generated through both coil pairs at a user-specified frequency, field strength
and duration. The incubation module was used to apply a static magnetic field where
field strength, direction and duration could be specified. The rotation module has been
used to create the rotating magnetic field, which exerts a torque on the magnetic bead and
biological complex.46

1.3 Superparamagnetic beads and magnetic torque
While the ability of applying torque with magnetic tweezers is very attractive and phys-
ically feasible, the mechanisms of torque generation in superparamagnetic particles are
yet not fully understood.49 In this section we will present some of the magnetic proper-
ties of superparamagnetic particles that are used in twisting studies. Superparamagnetic
beads exist with diameters in the range of 0.1-100 µm and a broad range of surface prop-
erties suited for biological coatings.50 The superparamagnetic beads used in this work
are spherical polystyrene M-270 beads from ThermoSci©, with a diameter of 2.8 µm, in
which magnetic nanoparticles made of Fe3O4 or Fe2O3 of 6-12 nm size are embedded,51

see Figure 1.2a. In the following paragraphs the origin of the superparamagnetism of
these superparamagnetic beads will be discussed.

Ferro- and ferrimagnetic materials contain so-called domains that have a uniform
magnetization. These domains are limited by domain walls in which the direction of
the magnetization changes. The existence of domain walls depends on the size of the
magnetic material; when smaller than a critical size, no domain walls are formed. For
magnetite (Fe3O4 ), single domains appear below a critical size of tens of nanometers.52

A large fraction of the grains in superparamagnetic particles are smaller than tens of
nanometers and can therefore be regarded as single domains.



1.3 Superparamagnetic beads and magnetic torque 7

In a simplified picture, the grains can be regarded as single domains with a uniax-
ial anisotropy. The magnetic moment is aligned along the preferred uniaxial orientation,
called the easy axis. The easy axis of the domain can be determined by three different
types of magnetic anisotropy: magnetocrystalline, shape or surface anisotropy.53 Further-
more, the magnetization state of the grain depends on the history of the system.54

According to the Néel-Brown model that describes the time dependent fluctuations of
a single domain due to thermal excitation, the average magnetic flipping time, or Néel
relaxation time τ of a transition to the other magnetization state, depends exponentially
on the ratio between the anisotropy energy and the thermal energy kBT . For a spherical
domain with volume V and a uniaxial magneto crystalline energy density K, the Néel
relaxation time is:

τ =
1
νo

exp(
KV
kBT

) (1.1)

with νo the attempt frequency, which is commonly taken to be 109 to 1010 s−1 for
magnetite.54

Superparamagnetic materials contain an ensemble of single domain magnetic crystals
(grains) that can quickly switch between two different magnetization states such that the
time average magnetization is zero when no field is applied. While in paramagnetism the
individual magnetic moments originate from single atoms, in the case of a superparamag-
netic system, the magnetic moment is the combined moment of all aligned spins within
single domains. Since the susceptibility in superparamagnetic materials is much larger
than in paramagnetic materials, the term superparamagnetism is used.

The magnetic properties of the superparamagnetic beads used in this work are deter-
mined by the size distribution of the grains they contain. Whether a bead behaves su-
perparamagnetically depends on time scales of the experiment and the temperature. The
experiments in this study have all been carried out at room temperature. For a characteris-
tic timescale τR of 1 second (which corresponds to a rotating field of 1 Hz, typically used
in the experiments described in this thesis) and assuming spherical grains with a magnetic
crystal anisotropy energy density between 1 × 104J/m3 and 5 × 104J/m3,52 at room tem-
perature, the superparamagnetic diameter is approximately between 15 and 25 nm. As
the magnetic grains in the beads have been reported to have a size range of 6 to 12 nm
in diameter, the multi-core beads can indeed be considered to be superparamagnetic. In
the absence of a magnetic field, single domains below the superparamagnetic limit have a
zero time-averaged magnetization as a result of random fluctuations between the two sta-
ble states. In a superparamagnetic ensemble of a very high number of randomly oriented
single domain particles, the net magnetization is not only zero when averaged over time,
but will be zero at all times. The vectorial sum of all the magnetic moments leads to a
zero net magnetization.

When an external field is applied, a superparamagnetic ensemble of grains will have
an average magnetization in the direction of the applied field. In case the flipping times
are much shorter than the characteristic time scale of the experiment, the average magne-
tization of the ensemble will always be oriented parallel to the field and will also follow a
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rotating magnetic field. Therefore one might conclude that the angle between the magne-
tization and the external field is always zero, and that no torque can be exerted on a bead
consisting of an ensemble of these grains. However, it has been shown experimentally that
superparamagnetic particles can exert torque! The mechanism of torque generation is still
under debate and authors have proposed different models for the origin of the torque. Van
Oene et al. studied the torque generated by superparamagnetic particles twisting DNA and
flagellar motors with magnetic tweezers.49 The authors fitted their data of the torsional
trap stiffness with a model of the bead that considers non-interacting superparamagnetic
grains of uniform size with their anisotropy axis oriented in the same direction. On the
basis of this model the authors hypothesize that the frequency of the magnetization flip-
ping equals twice the magnetic field frequency for any amplitude of the applied field. In
this thesis we use the twisting of protein complexes to study the remagnetization behav-
ior of the superparamagnetic beads (Chapter 2). We performed measurements in a range
of magnetic field amplitudes where the frequency behavior of the magnetization shows a
transition from single to double the field frequency. In order to explain this behavior, a
semi empirical model is proposed that assumes nanocrystals with a distribution of coer-
cive fields and a non-random distribution of the orientation of the crystal anisotropy axes.
In Chapter 2 the mechanisms of torque generation are discussed in more detail.

1.3.1 Torque calibration of a magnetic particle
The magnetic torque generated by a superparamagnetic particle with net magnetic mo-
ment −→m is described by:

−→τ mag = −→m ×
−→
B with |

−→τ mag| = mB sin(ϕ) = mB sin(ω f ieldt − θbead) (1.2)

where
−→
B is the applied magnetic flux density (hereafter referred to as the magnetic

field) and ϕ is the angle between the bead net magnetic moment and the applied field.
The torque generated by superparamagnetic beads can be experimentally quantified by
measuring the rotational behaviour of unbound particles in a rotating magnetic field.37 In
such experiments the beads are immersed a liquid, so that rotational drag opposes is given
by:

τdrag = 8πCdragCBRηR3 dθbead

dt
= λ

dθbead

dt
(1.3)

with η the dynamic viscosity of water, R the radius of the particle, ωbead =
dθbead

dt is
the angular velocity of the rotating particle. The factor Cdrag corrects for the effective
drag of a rotating particle near a surface and has been numerically estimated to be 1.22.46

The factor CBR accounts for the effect of rotational Brownian motion on the measured
breakdown frequencies. This factor was obtained from numerical simulations of a free
particle under hydrodynamic drag and a random torque related to the Brownian rotation
of the particle. The CBR factor obtained was to be CBR = 1.16 ± 0.05, see supplementary
information of Ref.37 and λ = 8πCdragCBRηR3.

The equation of motion of the rotating particle in a fluid can be expressed as:

λ
dθbead

dt
= mB sin(ω f ieldt − θbead) = τmag (1.4)



1.4 Torsional deformation of proteins 9

The free magnetic beads are observed to keep up with the magnetic field rotation
ω f ield up to a breakdown frequency ωBD

47 after which the average angular velocity of
the bead reduces, see Figure 1.3b. At larger rotation frequencies than the breakdown
frequency, the average frequency of rotation drops and the particle exhibits a forward-
backward movement or wiggling behaviour, see Figure 1.3a. It has been observed that the
frequency of occurrence of the wiggling (the wiggling frequency) doubles the frequency
of the rotation of the magnetic field in M-270 superparamagnetic beads above the break-
down frequency.55 The frequency at which the particles starts showing the breakdown
will depend on the applied field. In Chapter 2 we will also show for bound particles that
the wiggling frequency depends on the magnitude of the field applied and shows a tran-
sition regime from a single to a double frequency which varies from particle to particle.
Since van Reenen37 et al demonstrated that the maximum torque can also be reached for
(ω f ieldt − θbead) < 90o we simply define that the breakdown frequency occurs at τmag,max.
Using this definition the breakdown frequency can be expressed as:

ωBD =
τmag,max

λ
(1.5)

Combining equations 1.4 and 1.5 at maximum magnetic torque, the equation of mo-
tion of the rotating particle can be written as

dθbead

dt
= ωBD sin(ω f ieldt − θbead) (1.6)

By solving the differential equation numerically, the behaviour of a rotating particle can
be reproduced as shown in Figure 1.3a The doubling of the wiggling frequency above the
breakdown frequency suggests that the magnetic moment of the particle changes orienta-
tion during one 360o field rotation.

For the Dynal M-270 particles used in this thesis, the magnetic torque was investi-
gated. The breakdown frequency measured for different particles has a linear dependence
of the amplitude of the magnetic field, see Figure 1.3c. By investigating the particle-to-
particle variation, it was found that the standard variation of the magnetic torque is 28%
for the reached maximum torque.37 In the subsequent chapters, these results will be used
to estimate the torque of M-270 superparamagnetic particles in order to assess angular
deformation on proteins.

1.4 Torsional deformation of proteins
Due to the absence of heating problems and the available methods for probe bioconju-
gation,56, 57 the MTT technique has been the method of choice for studies on DNA in
various experimental conditions.58 In order to exert torque on to the biomolecule, mul-
tiple attachment points should link the biomolecule with the magnetic bead. The links
should be sufficiently strong not to dissociate upon torque application; typically examples
of strong links are covalent bonds, streptavidin-biotin bonds and DIG anti-DIG bonds.59

In chapter 5 the role of the attachment points depending the length of the biomolecule
will be discussed.
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Figure 1.3: Unbound M-270 superparamagnetic bead in a rotating magnetic field. a. Angular time trace at a
field frequency of 0.7Hz and field amplitude of 2 mT . The bead exhibits a wiggling characterized by a forward
and backward movement indicated by dotted lined. The red line represents the numerical solution of Eq. 1.5.
b. The average bead rotation frequency as a function of actuation frequency. A drop is observed after the
breakdown frequency. The red lines indicate the theoretical behaviour given by Eq.1.5 c. Breakdown frequency
and magnetic torque determined from the hydrodynamic drag. The red line represents a guide to eye for the
linear behaviour.
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1.4.1 Torsional profiling of proteins
A study on protein torsion has been performed by van Reenen et al.37 The authors in-
troduced a new probing technique based on rotational deformation and demonstrated the
discrimination of two structurally different protein complexes based on the torsion pro-
file. With this method, torque is applied to a single protein pair that is located between
a superparamagnetic bead and a functionalized substrate. Using a quadrupole electro-
magnetic torque tweezers (QEMTT), the authors twisted continuously protein G-(mouse)
IgG antibody complexes and primary-secondary antibody complexes namely (anti-goat)
IgG-(mouse)IgG, see figure 1.4a.

a b

Figure 1.4: a.Torsion profiling setup. A controlled torque is applied to a magnetic bead bound to a substrate
where the bond between the bead and the substrate is formed by a protein complex. b. Torsion profile of the
protein complex. The images were obtained from the publication of van Reenen et al37

IgG antibodies are immunoglobulins with a Y-like shape, consisting of two identi-
cal heavy chains and two identical light chains. Both chains have constant and variable
regions. The specific antigen recognizing domains of the antibody are located in the vari-
able regions and are called the paratopes. Immunoglobulins represent one of the most
abundant proteins in the blood and they exist in various classes depending on the struc-
ture of the heavy chain, namely IgA, IgD, IgE, IgG or IgM. The two major regions of the
antibody are the Fab (antigen-binding fragment) and Fc (crystallizable fragment) regions.
In many ELISA assays, primary antibodies bind specifically an antigen and a secondary
antibody binds to the Fc region of the primary antibody. Similarly, protein G is a strepto-
coccal membrane protein that binds to an IgG molecule in the Fc region.

Upon torsional actuation, it was observed that protein complexes behave as a torsional
spring and inhibit the continuous rotation of magnetic particles in a magnetic field.46

From these experiments the torsional stiffness of the molecular complexes was obtained.
The magnetic moment of the particles was calibrated from the rotation of free M-270
particles and the torsional profile of the proteins was obtained from twisting at different
magnetic field strengths. The torsional profiles are very different, as shown in Figure
1.4b. The torsional spring constant of the protein G-IgG complex was found to be (3.5 ±
1.5) × 10−18 Nm/rad and for the IgG-IgG complex the torsional spring constant was
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(5.5±2.5)×10−19 Nm/rad (a factor six lower), both under the same torque. The differences
between these values are attributed to the structural properties of the protein complexes.
In this case, the longer molecular system showed a larger flexibility.

Moreover, an interesting aspect demonstrated by van Reenen et al was the ability of
protein complexes to withstand different torque ranges without bond breaking. Breaking
of a protein bond in these experiments would have caused a detachment of the magnetic
particles from the surface. Using the QEMTT, the maximum torque applied was esti-
mated to be 4 × 10−18 Nm/rad, with a typical twist angle on the order of few radians.
Therefore, the stored energy can be estimated as several hundreds of kBT . This energy
can be compared with the required energy to unfold proteins upon stretching which is in
the order of hundreds of kBT for individual titin molecules. Therefore the energy required
to twist proteins is comparable to the energy required to stretch proteins.

This work paved the way for our investigations on the response of proteins to rota-
tional deformation, as described in this thesis.

DNA
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rigidity
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Figure 1.5: Molecular systems studied in this thesis

1.4.2 Molecular systems studied in this thesis
Proteins are polypeptide chains built from monomers derived from a family of 20 amino
acids. The amino acid sequence is able to fold into three-dimensional structures due to
molecular interactions such as hydrogen bonding, ionic interactions, van der Waals bond-
ing and hydrophobic interactions.24 The function of proteins strongly depends on their
conformation. The functions carried out by proteins are essential for the operation of liv-
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ing cells, examples of these functions are mechanical support, transport of nutrients, bio-
chemical pathway triggering, sensing and recognition of pathogens, DNA regulation, and
etcetera. The relationship between the structure of a protein and its function represents
a fundamental area of research. However, this relationship is far from being completely
understood since the detailed structure of proteins and the exact function that a protein
has is unknown for the majority of proteins. Single molecule biophysical methods can
provide additional information of the mechanical-functional-structural properties of pro-
teins. Single molecule studies on protein systems have already contributed to knowledge
on the nanomechanics, e.g. the flexibility of antibodies, folding assistance by chaperones,
catenin-vinculin mechanosensing3, 4, 60, 61 etc.

In this thesis the torsional deformability of protein complexes is investigated on the
single molecule level. Changes in torsion properties arise from the interaction of a protein
with a specific molecular cue and thereby we infer possible underlying molecular mecha-
nisms. In Figure 1.5, the protein systems and the type of mechanism studied are presented
per chapter. In the following paragraph the scope of each study is briefly described.

In Chapter 3 the denaturation of proteins will be addressed. We investigated the in-
fluence of surfactants on the torsional properties of the protein G - IgG complex. Sur-
factants are important additives in sandwich assays with their main purpose to minimize
non-specific adsorption and protein aggregation during various assay steps. However, sur-
factants can also lead to denaturation, loss in protein activity and conformational changes.
The magnetic twisting method provides the interesting possibility to study the influence
of surfactants on the mechanical properties of a given denatured protein complex on a
single molecule level.

In Chapter 4, the cardiac troponin ICT complex (cTn-ICT) is studied. The cardiac Tro-
ponin is the most important biomarker to detect acute myocardial infarction. In addition,
it is involved in the cardiac contraction due to its sensitivity to calcium binding. When
two molecules of Ca2+ bind to the C subunit of the complex (cTnC), a conformational
arrangement of the whole complex occurs. We used an antibody-based configuration to
target specific mechanical properties of the cTn-ICT complex and performed measure-
ments of the torsion properties of the complex in a buffer with and without calcium. Here,
we study whether torque can be used to detect conformational changes of Troponin and
whether the changes are reversible.

In Chapter 5 we design a model system consisting of short dsDNA molecules with
length scales comparable to the size of proteins. The length scales covered in this chapter
have relevance in the study of small components such as proteins (<100 nm) and there-
fore are fundamentally different to studies in which longer biomolecules (>500 nm) are
studied. This work aims to help to interpret the quantification of the torsional moduli
of proteins and the influence of close proximity effects inherent to the QEMTT method
applied to proteins.

1.5 Thesis contents
Chapter 2 introduces a semi-empirical model used to describe the torque generation

by superparamagnetic particles. The model assumes a distribution of magnetic moments
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and a distribution of coercivities, which is inspired by the fact that a superparamagnetic
particle has an internal substructure with magnetic nanoparticles with different sizes, ge-
ometries and degrees of interaction. It will be shown how this model is able to describe
the twisting of protein complexes with a superparamagnetic particle. Chapter 3 shows
how magnetic twisting can be used to measure alterations in the mechanical stability of
individual protein complexes. Protein-G-IgG molecular complexes were exposed to the
surfactants Tween 20 and SDS at different concentrations. Chapter 4 presents an inves-
tigation of the conformational changes of single cardiac Troponin complexes triggered by
calcium exposure. It is shown that local mechanical properties can be measured by spe-
cific targeting of Troponin epitopes by monoclonal antibodies, and that conformational
changes (induced by calcium binding) can be detected at the single molecule level by
torque application. Chapter 5 focuses on a systematic investigation and quantification
of the torsional rigidity of dsDNA-protein complexes with different lengths. Chapter 6
summarizes the general conclusions of every chapter and establishes the relevance of the
results for future biophysical studies.



2
A semi-empirical model of the remagnetization

of a superparamagnetic bead as observed in
protein twisting experiments

In this chapter we study the remagnetization behaviour of superparamagnetic beads for
quantitative studies of protein torsion. Superparamagnetic beads are bound to a surface
by a molecular torsional spring. In a rotating magnetic field, the torque-induced angu-
lar deformation of the spring has been used to study the dynamic remagnetization of the
bead for different field amplitudes. Below 5 mT the particle shows an oscillatory tor-
sional deformation of the molecular spring with a frequency equal to that of the applied
field. For fields higher than 15 mT the frequency of the oscillations doubles with respect
to the frequency of the magnetic field; in an intermediate regime (5-15 mT), secondary
oscillations appear in the data. We attribute this behaviour to the magnetic structure in-
side the bead. In this chapter we model the rotational behaviour of the bound particle by
an angular distribution of magnetic moments and a distribution of coercivity. Simulations
show a dynamically varying torque that reproduces the experimental data. In this way, the
molecular torsional spring experiments provide quantitative information on the magnetic
anisotropy of single superparamagnetic beads used in this thesis.

This chapter is in preparation for publication: F. A. Gutiérrez Mejía, L. Verhees, L. J.
van IJzendoorn, and M. W. J. Prins, Torque on molecular spring reveals remagnetization
of a single superparamagnetic particle
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2.1 Introduction
(Sub)micrometer sized superparamagnetic beads (sPB) are widely applied in bioanalytical
applications thanks to the high magnetic susceptibility of the particles which allows effi-
cient separation and enrichment.62–64 In addition, several biosensing concepts have been
introduced that use magnetic beads to accelerate immunnoassays by applying magnetic
forces. Agglutination assays with magnetic beads can benefit from accelerated cluster
formation in pulsed magnetic fields65, 66 and optical detection of rotating clusters have
shown detection limits down to the picomolar regime.67 The magnetic particles can also
be used as labels in surface based immunoassays where either magnetic properties and/or
optical properties are used for detection.68 More fundamental are the studies on molec-
ular dissociation rates (ko f f ), measured by magnetic force induced dissociation of pro-
tein complexes.69 Magnetic beads are also used to apply forces to molecules in single-
molecule biophysics studies, so-called magnetic tweezers experiments.40, 70, 71 Another
unique functionality of superparamagnetic beads is the ability to generate a mechanical
torque in an applied magnetic field.36, 70 Studies on the torsional strain vs. extension of
DNA have contributed to the understanding of multiple biological processes such as tran-
scription,72, 73 and interaction of DNA with the RecA protein,35, 74 , polymerases75 and
helicases.76

An important challenge for single-molecule magnetic torque tweezers experiments
is the accurate quantification of the torque delivered by the bead. This difficulty arises
from the lack of knowledge of the distribution of nanocrystals inside the bead and a lim-
ited understanding of the origin of the magnetic anisotropy of the bead. The variation
in the magnetic content of commercial beads presents and additional difficulty: for My
Onebeads (©Dynal, ThermoFisher) the variation in torque is reported to be about 55%77

and for M-270 (©Dynal, ThermoFisher) beads it is about 25%.37 Therefore, an exper-
imental torque calibration is required for each individual bead. A better understanding
of the origin of the torque will help to define optimal regimes in both magnetic field
and rotation frequencies to perform torque measurements and will allow a more accurate
modelling of single molecule twisting experiments.

Several efforts have been undertaken to calibrate the magnetic torque of superparam-
agnetic beads. Janssen et al47 quantified experimentally the torque of an unbound bead
using its rotational drag in a fluid. Rotating magnetic fields were used with amplitudes
< 3 mT and at a broad range of rotation frequencies. It was found that a bead is able to
rotate with the same angular velocity of the field ω f up to a breakdown frequency ωbreak

at which the torque reaches a maximum value. Above this field frequency, the particle
starts wiggling and its average rotation frequency decreases. Mosconi et al78 found the
same asynchronous behaviour of the bead after the breakdown frequency. Janssen et al.
assumed a uniaxial effective magnetic moment of the bead and a maximum torque at 90o

phase lag between the field and the magnetic moment. Using protein complexes acting
as a torsional spring, van Reenen et al37 noticed that at 10 mT the deformation of the
torsional spring occurred exactly at twice the field frequency. It was also found that the
angle at which the maximum torque was reached, decreased for an increasing magnitude
of the magnetic field and thus does not always occur at 90o. Recently, van Oene et al49
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used a flagella rotating molecular motor to investigate the periodicity of the torque in a
static field and found that the torque is π periodic in agreement with van Reenen. The trap
stiffness of DNA tethered beads was measured at various field amplitudes by analysing
the Brownian angular fluctuations. It was found that the torque on a superparamagnetic
bead (Dynal M-270 and Dynal MyOne) is non-linear in the field amplitude and saturates
at magnetic fields in the range 100-200 mT . Van Oene et al extensively discussed possi-
ble models to describe the origin of the torque. They were able to fit the field dependence
of the torsional trap stiffness by assuming that (i) the bead has an internal structure with
nanocrystals that do not interact with eachother, (ii) all nanocrystals have their anisotropy
axes aligned in the same direction, and (iii) that the magnetism of the nanocrystals can
be described by the Stoner-Wohlfarth model in the superparamagnetic high-temperature
limit, so that the magnetic moment is determined by a time average of the orientation
of the magnetic moments of the individual nanocrystals. The resulting volume fraction
of iron oxide in the beads was much lower than the amount known from the chemical
analysis of the beads.51 They concluded that apparently only a small fraction of the total
nanocrystal volume contributes to the torque-generating magnetic moment. Furthermore,
on the basis of their model, van Oene et al hypothesized that the periodicity of the magne-
tization of the bead would manifest itself in any experiment as twice the rotation frequency
of the applied field.49

In this work we investigate experimentally the magnetization behaviour of a single
bead using the deformation of a protein molecular spring. In a continuously rotating field
below 5 mT , the particle shows an oscillatory torsional deformation with a frequency
equal to that of the applied field (in contrast to the hypothesis of van Oene et al). For
fields higher than about 15 mT the frequency of the oscillations of the particles doubles
the frequency of the magnetic field in agreement with the earlier observations.37, 49 Be-
tween 5 and 15 mT an intermediate regime is identified with a more complex remagneti-
zation behaviour. These data indicate that a magnetization model is required that includes
a field-dependent transition between non-flipping and flipping magnetic moments. Here,
we explain the gradual transition by a semi-empirical model assuming that (i) the bead
consists of independent magnetic elements, these being either clusters of interacting mag-
netic nanocrystals or single magnetic nanocrystals, (iii) the magnetic elements have a
distribution in the orientation of their anisotropy axes, (iii) the magnetism of each mag-
netic element can be described by a coercive field, so that the moment only flips when
exposed to a field above the coercive field, and (iv) that the magnetic elements have a
distribution of coercive fields. It appears that our experimental observations can be de-
scribed with this model. The physical origin of the coercive magnetic elements does not
need to be known for the modelling of the experiments, but the elements represent either
a number of interacting nanocrystals with an effective coercive field, or a part of the size
distribution of the nanocrystals for which the magnetic anisotropy barrier is on the order
of the interaction energy with the magnetic field. This simplified model neglects the role
of thermal fluctuations (low-temperature limit). The model is able to reproduce the tran-
sition from torque generation once per revolution of the magnetic field, to a frequency of
torque generation equal to twice the revolution of the field, as seen in the experiments of
torsional protein deformation.
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Figure 2.1: a. A single domain with uniaxial anysotropy axis (dashed line) with magnetization M, and under
the influence of a B field. θ1 is the angle between the the magnetization and the easy axis of the grain and θ2 is
the angle between the magnetic field B and the direction of magnetization, θsPB is the angle between the easy
axis of the nanocrystal and the magnetic field. b. Is the representation of a superparamagnetic particle sPB
containing individual nanocrystals and clusters containing multiple nanocrystals with a distribution of easy axes
(black arrows).

2.1.1 Physical models for torque generation
Modelling torque generation by superparamagnetic beads is complicated due to the lack
of knowledge on their magnetic content. A bead contains single crystalline iron oxide
nanoparticles with an unknown size distribution fixed in a polymer matrix with a high
density (13% for MyOne and 6% for M-270 beads).79 The discussion on the origin of the
torque has been focused primarily in terms of the magnetic properties of non-interacting
individual nanoparticles.

Each individual nanoparticle is assumed to be in a single-domain state i.e. it behaves
as a single magnetic moment. The particle is characterized by a magnetic anisotropy that
originates from its crystal structure, its shape anisotropy and its surface anisotropy, see
Figure 2.1. The Stoner-Wohlfarth model80 is generally applied to describe the magnetiza-
tion and hysteresis of such a single domain particle with an anisotropy constant K in the
form of an energy density [J/m3].

In the absence of an external magnetic field, the free energy of the particle is then

given by: F =
1
2

KV sin2(θ1) with θ1 the angle between the magnetic moment of the
nanoparticle and the easy axis and V the particle volume. The probability for alignment
of the magnetic moment along the easy axis depends on a Boltzmann factor and depends
on the particle volume.

The free energy for a single nanoparticle fixed in a polymer bead in the presence of a

magnetic field is given by: F =
1
2

KV sin2(θ1) − |−→m||
−→
B | cos(θ2) in which −→m describes the

magnetic moment of the nanocrystal and θ2 is the angle between the magnetic moment
and the external field

−→
B . The direction of the magnetic moment −→m is now determined

by the magnetic anisotropy KV , the magnetic field amplitude B and the amplitude of the
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magnetic moment m. Note that the magnetic moment also scales with the particle volume
since −→m =

−→
MsatV with

−→
Msat the saturation magnetization of the material inside the crystal.

The torque that can be applied on a single nanocrystal: −→τ = −→m ×
−→
B can be easily

understood by considering some characteristic regimes. If KV � mB and KV � kBT
the magnetic moment is aligned along the easy axis and no hysteresis effects of the mag-
netization in the particle are occurring, i.e. the particle acts like a permanent dipole. In
this regime, the maximum of the torque in a rotating magnetic field is reached when the
direction of the easy axis is perpendicular to external field (θsPB = θ1 + θ2 � θ2 = 90o).
A second characteristic regime is applicable for small particles where KV � kBT and
KV � mB. Here the direction of the magnetic moment is determined by a time average
where the probability to find the orientation is determined by the free energy in the Boltz-
mann factor. Van Oene et al (supplementary information)49 showed that in a rotating field
the maximum torque is reached at θsPB = 45o.

Obviously, the torque generation in a sPB is non trivial by the presence of a size dis-
tribution of nanoparticles which requires the sum of all the effects described above. This
doesn’t only involve the size effects but in addition also the distribution of orientations of
the easy axes of the nanoparticles in the sPB. Furthermore the high density of iron oxide
in nanoparticles in the M-270 sPB’s (6% v/v corresponding to an average particle-particle
distance of less than a factor two larger than the size of the nanoparticles) strongly suggest
that a non uniform spatial distribution will also result in clusters of particles in the bead.
These clusters will introduce additional magnetic anisotropy axes in the bead that depend
on their shape and size, see Figure 2.1b.

In literature usually non-interacting distributions of nanoparticles in the sPB’s have
been considered to explain torque generation. In the low magnetic field regime (B ≤ 5
mT ), Janssen et al, modelled their experiments with the single dipole moment regime
described above. For protein twisting only a single torsional deformation was measured
per revolution of the magnetic field. It was hypothesized that the large particles in the tail
of the size distribution determined the torque. Due to the small number of particles in the
large volume tail of the distribution the individual contributions of the nanoparticles to
the torque do not cancel out.

Van Reenen et al investigated proteins by applying torque with rotating magnetic
fields near 20 mT . At these field amplitudes two torsional deformation cycles appeared
per revolution of the field. Futhermore the maximum torque was reached at angles θsPB

as low as 35o and this angle decreased with increasing magnetic field strength. Although
van Reenen did not present a detailed model for torque generation and relied for calibra-
tion on the experienced hydrodynamic drag of free rotating particles, the entire bead was
considered to have a magnetic moment that can be remagnetized. It was hypothesized
(supplementary information of37) that the origin of this behaviour was in the distribution
of nanoparticles with mB � KV showing hysteresis behavior as in the Stoner-Wohlfarth
model combined with a non isotropic distribution of easy axes in the bead.

Van Oene et al systematically investigated magnetic field strengths up to 100 mT and
concluded from angular Brownian motion experiments that their experimental data is best
described by a model of independent non-interacting nanoparticles with a single size with
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KV � kBTand KV � mB (denoted as the Super Paramagnetic Model, SPM). This model
is preferred over the Stoner-Wohlfarth regime with mB � KV . Based on the SPM model
the authors however find that only 3% of the total magnetic volume contributes to the
torque. The change of the torque generation from once per single revolution of the field
to twice is however not discussed by these authors.
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Figure 2.2: Sketch of the experiment. a. A torque is exerted on the molecular complex Protein-G (purple)-IgG
(multicolour) that is sandwiched between a M-270 bead (grey) labelled with a fluorescent particle (green) and
a glass surface (light blue). b. Torsion profiling setup. A sample is exposed to a rotating field generated by a
quadrupole electromagnet. Individual particles are observed with a microscope from the top.

2.2 Materials and methods
The molecular spring between the bead and the surface of a glass cover slip consists of the
ligand receptor pair Protein G-IgG, as depicted in Figure 2.2a. Carboxylic M-270 beads
(2.8 µm diameter, Thermo Fisher) were covalently coated with recombinant Protein G
(0.13 µM, Merck) and Streptavidin (0.03 µM, Merck) with EDC and NHS chemistry as
described elsewhere.37, 47 After functionalization, the beads were resuspended in Phos-
phate Buffer Saline (PBS) at 150 mM and labelled with 0.2 µm diameter biotinylated
fluorescent particles that bind to the Streptavidin on the bead. Glass coverslips (Menzel-
Gläser) were cleaned by 10 min sonication in baths of acetone, ethanol and isopropanol,
subsequently followed by drying in a desiccator. A Secure Seal spacer was glued on top
of the glass to form a fluid cell with a diameter of 9 mm and 0.12 mm high. Monoclonal
antibodies IgG (Merck) (100 µl 1 nM, 1 hr) were physisorbed onto the glass area inside
the fluid cell. Non-specific absorption of magnetic beads to the glass was prevented by a
coating of BSA (Merck) (1% w/v, 100 µl 30 min). To form the Protein G-IgG bond, the
Protein-G functionalized beads were incubated on the cover slip with IgG for 10 minutes.
Simultaneously, a constant magnetic field of 2 mT was applied with the field vector di-



2.3 Results and Discussion 21

rected in the plane of the cover slip, in order to align the magnetic moment of the beads
in the plane of rotation. After the specific bonds were formed, the assay fluid cell was
closed with a second coverslip and turned upside down to allow all non-bound particles to
sediment to the bottom of the fluid cell. The sample was placed on a custom made mag-
netic rotation setup, which was placed on the stage of a microscope (DM6000M, Leica).
The sample was exposed to a mercury lamp to excite the fluorescent labels on the particle
and a filter cube L5 (Leica) was used to filter out the excitation light and measure the
fluorescence. In addition the sample was exposed in bright field with a Halogen lamp to
clearly visualize the M-270 bead. The magnetic setup is depicted in Figure 2.2b and con-
sists of four coils in a cross arrangement, each with slanted soft-iron pole tips. Sinusoidal
current signals with a 90o phase shift were applied to the two pairs of facing coils in order
to create a rotating field with constant field strength, over an area of 1 mm2 on the centre
of the quadrupole electromagnet. The angular orientations of individual particles were
recorded at different magnitudes of the rotating field, using a CMOS camera (Andor Neo,
Oxford Instruments) with a frame rate of ∼33 fps. The recordings of individual parti-
cles were afterwards analysed with a tracking algorithm written in Matlab; the algorithm
determines the angular displacement of fluorescent particles in polar coordinates using
autocorrelation analysis from the initial position of the particle and the subsequent frames
after angular displacement. The angular tracking used here has an accuracy of ±3o. The
error was determined from an autocorrelation analysis in which the particle was rotated
artificially by a well-defined angle.

2.3 Results and Discussion

2.3.1 Angular deformation of the molecular spring as a function of
the magnetic field amplitude

The angular excursion of a bound bead at different amplitudes of the rotating field B is
shown in Figure 2.3a. For an applied field of 5 mT and 0.4 Hz (1 cycle/(2.5s)), the time
trace shows peaks corresponding to the deformation of the molecular spring that appear
at a frequency corresponding to the angular frequency of the external magnetic field,
namely 0.4 Hz. With increasing field amplitude, secondary peaks appear in the data that
are located in between the peaks present at 0.4 Hz; the secondary peaks grow larger for
the applied fields of 10 mT and 15 mT respectively. When a field of 20 mT is applied, all
the peaks are comparable in amplitude which then appear at a frequency of 0.8 Hz. The
angle at which maximum torque is exerted by the bead is determined from the maximum
angular excursion. At this point in time the magnetic torque is exactly equal to the counter
torque from the molecular spring. We calculated the phase lag of the particle at maximum
torque as the difference in angle of the bead at the point of maximum torque and the
magnetic field direction. The resultant phase lag is shown in Figure 2.3b. It can be seen
that the phase lag is close to 90o at low field and decreases for increasing field amplitude.
A phase lag less than 90o was previously also reported by van Reenen et al.37
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a b

Figure 2.3: Protein torsion experiments in a rotating magnetic field, at different field strenghts. a. Measured
data (open gray circles) for a M-270 particle bound to a surface with the Protein-G-IgG complex in a clockwise
continuously rotating magnetic field (grey dotted lines) of 5 mT , 10 mT , 15 mT and 20 mT b. The measured
phase lag between the angular excursion of the particle and the magnetic field, at the point where the excursion
is maximum. The phase lag at 10 mT and 15 mT fields is measured from the primary peaks. The error bars
originate from the uncertainty of the angular tracking and the variation of the phase lag measured for multiple
peaks (>5).

2.3.2 Model

The experimental data in Figure 2.3a shows that the amplitude of the magnetic field has a
profound influence on the torque that a superparamagnetic beads exerts on the molecular
spring. The magnetic nanocrystals in the bead apparently result in an overall effective
magnetic moment with an amplitude and direction that depends strongly on the applied
field. The gradual transition from a single to a double frequency in the angular deforma-
tion pattern clearly indicates that the effective magnetic moment of the bead can partially
remagnetize with increasing magnetic fields. Additionally, the decrease in the phase lag
between the orientation of the bead and the field at maximum deformation shows that the
effective magnetic moment dynamically changes direction during the rotation cycle. The
appearance of torque generation at the same frequency as the applied field at low field
amplitudes contradicts the hypothesis of van Oene et al49 in which the time average of
the minimum in the free energy of the magnetization direction always has a π periodicity.
Apparently, the Stoner-Wohlfarth model in the superparamagnetic limit (SPM) does not
hold for low applied magnetic fields (≤ 15 mT ).

In order to explain the angular motion of the sPB bound to the surface, we used a
semi-empirical numerical model that describes the torsional deformation of a classical
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torsional spring using a torque balance:

τm(B) = kθsPB + 8πCdragCBMηR3 dθsPB

dt
(2.1)

Here τm(B) is the magnetic torque with B the amplitude of the applied magnetic field.
The two terms on the right hand side represent the torque applied by the molecular spring
and the torque from the rotational drag in the fluid respectively. Here k is the torsional
spring constant of the molecular complex and θsPB is the angle of rotation of the bead
with respect to the equilibrium angle of the bead in the absence of torsional deformation;
the dynamic viscosity of the buffer is described by η with Cdrag a correction factor that
accounts for the rotation of a sphere close to a planar surface: Cdrag = 1.22;46 CBM

is an effective additional drag originating from Brownian rotation with a value of 1.16
(supplementary information of37); R is the bead radius that equals 1.4 µm for M-270
particles; (dθsPB)/dt is the angular velocity of the bead. The magnitude of the magnetic
torque is 20 times larger than the hydrodynamic drag when a field of 20 mT is applied;
for an applied field of 5 mT , the magnetic torque is 5 times bigger than the torque due to
hydrodynamic drag.

We use the measured response of the bead, attached to the surface with a torsional
spring, to derive the signature of the field dependent magnetic torque −→τ m(B). The transi-
tion from a periodicity equal to the periodicity of the applied field to the double frequency
seems at first sight characteristic for an effective magnetic moment −→me f f of the sPB with
an associated coercivity. However, the gradual appearance of the secondary peak in Figure
2.3a in the field range from 5-15 mT shows that the sPB can also be partly remagnetized
which is likely to be related to its internal structure.

The superparamagnetic beads are produced in two consecutive steps: the formation of
a porous polymer sphere by emulsion polymerisation81, 82 followed by the crystallisation
of iron oxides in the pores of the polymer sphere. The iron oxide nanocrystals have
typical sizes of 6-12 nm with an unknown size distribution.51 The magnetic anisotropy of
the nanocrystals depends primarily on the orientation of their crystal axes, the shape of the
nanocrystals and their surface anisotropy. During crystal growth, no a priori orientation
of the magnetic anisotropy is imposed or expected. The density of the iron oxide in sPB’s
is estimated to 13% (v/v) for the MyOne beads51 and 6% (v/v) for the M-270 bead49

used here. Based on these volume concentrations the distance of nanocrystals in the M-
270 beads can be estimated for a spatially homogeneous distribution and is less than a
factor of two larger than the size of the crystals. Consequently, for an inhomogeneous
distribution of nanocrystals, clusters will be present in the bead and these will interact
through dipole-dipole interactions. These clusters are likely to have a magnetic anisotropy
axis that depends on their geometry.

The direction of the magnetization of the nanocrystals in the absence of a mag-
netic field is determined by the competition between thermal energy and the coupling
to the magnetic anisotropy axis. The energy barrier between the two magnetisation direc-
tions for uniaxial anisotropy (as in the Stoner Wohlfarth model) depends on the crystal
anisotropy, the shape anisotropy and the surface anisotropy. The crystal anisotropy for
Fe3O4 nanoparticles is reported to be83 K ≈ 1.4 × 104J/m3and is significantly higher
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than for bulk Fe3O4 K ≈ 4.7× 103J/m3. Consequently, for a single spherical nanocrystal
with a diameter larger than ≈ 10 nm the magnetic energy barrier will be comparable to
the thermal energy. For clusters of nanoparticles that interact, we estimate on the basis of
shape anisotropy and an increased amount of magnetic material that the magnetic energy
barrier can be significantly higher: ≈ 10 kBT . These estimations suggest that a significant
fraction of the magnetic material inside the sPB will be thermally blocked. Only when
the interaction with the external magnetic field, which is on the order of |−→m||

−→
B |, exceeds

the magnetic energy barrier, the torque generation will get a frequency signature of twice
the field rotation frequency.

Based on these considerations we built a numerical model of the bead based on the
hypothesis that the internal structure contains clusters of magnetic nanocrystals with a
uniaxial magnetic anisotropy and an individual moment −→mi , and a corresponding coercive
field Bci that can be switched by 180o when the energy barrier for remagnetization is
overcome (neglecting thermal fluctuations). As discussed, a physical description or model
of the magnetic clusters is deliberately left open due to the many uncertainties in the
amount of magnetic material in a cluster, the magnitude of the interactions in the cluster
and their shape anisotropy. The effective magnetic moment of the sPB me f f , is now
expressed as the sum of n discrete non-interacting magnetic moments mi. In this case, the
torque generated by the entire sPB is:

τm(B) = |−→me f f ×
−→
B | =

n∑
i=1

|
−→mi ×

−→
B | (2.2)

The experiments shown in Figure 2.3 indicate that the sum of magnetic moments of
the individual clusters do not average out to zero since the sPB has a net magnetic moment
and exerts torque on the molecular spring. The presence of a uniaxial effective anisotropy
of the sPB even at relatively high fields is consistent with a non-isotropic distribution of
easy axes of the individual elements. Following this reasoning, we define a Gaussian
angular distribution of the easy axes γi of the individual clusters:

P(γi) ∝
1

σangle
exp(−

(γi − γo)2

2σ2
angle

) (2.3)

with γo the centre of the distribution and σangle the standard deviation of the angles
of their easy axes. Similarly we also introduce a distribution in the coercive field of the
magnetic elements:

P(Bci ) ∝
1
σBc

exp(−
(Bci − Bcav )

2

2σ2
Bc

) (2.4)

with the peak of the distribution represented by Bcav and with a standard deviation
σBc. Negative values of the coercive field are excluded. Note that the distribution of
coercive fields cannot be linked to the size distribution of the nanocrystals nor to the size
distribution of the elements due to their unknown geometry and composition. We focus
on modeling the shape of the angular deformation patterns in Figure 2.3 and therefore we
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normalize to the total magnetic moment of the bead and leave the number of magnetic
elements as a free parameter. The coercivity distribution σBc only defines the fraction
of the total effective moment that is susceptible for magnetization, see section 2.3.5 for
further discussion on this.

2.3.3 A bead with a single magnetic moment and coercive field
The first simplified case that we consider is a sPB in which all the individual magnetic el-
ements are oriented in the same direction. This situation is achieved in the simulations by
fixing n = 1. Then the single magnetic moment is remagnetized once the projection of the
external field along the anisotropy axis is opposite to the magnetic moment and exceeds
the coercive field Bc. The simulations of the angular traces for beads with different B/Bc

ratio are plotted in Figure 2.4 and show the transition from single to double frequency of
the bead rotation for a fixed B. When B < Bc, the bead movement has the same period-
icity as the field because the magnetic moment does not flip during the cycle of rotation.
When B > Bc, remagnetization does occur, beyond the point when the maximum torque
is reached. After remagnetization a small drop in the angle of rotation occurs and the
periodicity of the bead excursion doubles the field rotation frequency. When B � Bc the
remagnetization occurs as soon the phase lag is 90o, which coincides with the maximum
angle of rotation as seen in Figure 2.4. Some additional aspects of the time traces can be
noted. First, the maximum phase lag between the angle of the bead and the field direction
is found to be 90o for all cases. Second, the maximum angle of the bead does not depend
on the B/Bc ratio, this means that in the single moment regime the maximum rotation
angle is mainly determined by me f f B/k whereas the B/Bc determines the peak amplitude
(θmax − θmin).

The experimental data shows (Figure 2.3b) that the phase lag between the field and
the maximum torque angle is typically smaller than 90o. Therefore, the experimentally
measured angular behaviour of the bead cannot be explained by the remagnetization of a
single magnetic moment.

2.3.4 Clusters with an angular distribution of the magnetic anisotropy
The next step is to introduce a bead with magnetic elements that have a Gaussian distri-
bution of the orientation of their magnetic anisotropy axes as defined by equation 2.3. To
study the influence of the Gaussian distribution, we have simulated the angular traces of
a bead with an angular distribution of identical magnetic moments with an equal coercive
field of 4 mT (see Figure 2.5). For easy comparison, the ratio me f f B/k = 1, was kept
constant. Note that in this case remagnetization of individual elements is calculated for
each time step and alters me f f . For B < Bci , me f f does not change during the period of
oscillation. Similar to the single moment case, the transition from single to double period
is observed when the applied field exceeds the coercive field of the individual clusters.
The simulations show a lower amplitude of angular deformation for larger fields because
the remagnetization of the average magnetic moment occurs earlier in the cycle. There-
fore, for magnetic fields larger than the coercive field, the phase difference with the field
applied was found to be smaller than 90o (Figure 2.5 b) in agreement with our experi-
mental findings. This can be explained as follows. Once the first magnetic moment in de
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Figure 2.4: Numerical simulations of a sPB with a single magnetic moment exposed to a rotating field with
different B/Bc ratios a. B/Bc = 0.8 b. B/Bc = 1.2 and c. B/Bc = 100. For comparison, the graphs are repeated
in each panel as soft grey lines. The simulation parameters used are k = 4.7 × 10−18 Nm/rad; m = 7.5 × 10−17

Am2; B = 5 mT ; f = 0.4 Hz; Bc = variable; σBc = 0 mT ; n = 1; σangle = 0o.

distribution flips along its easy axis, the effective magnetic moment decreases yielding a
lower magnetic torque. A new equilibrium between the magnetic and the viscous torque
is established and leads to a smaller value of me f f and an increase in the phase lag between
the effective magnetic moment of the sMP and the field. As more grains continue to flip
their moments, there will be a point at which a cascade effect occurs where all grains will
remagnetize accordingly. Due to the cascade effect the total effective magnetic moment
flips by 180o and a physical retraction of the particle takes place towards the equilibrium
position of the torsional spring. The moment in the cycle at which the first moment flips
and the cascade effect takes place depends on the field strength as can be seen in Figure
2.5a. However, an angular distribution of identical magnetic elements does not reproduce
the difference in amplitude of the secondary and primary peaks of the measured data.

Reminding that one of the conditions for the flipping of elements is that the angle
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a b

Figure 2.5: a. Simulations of beads with a Gaussian distribution of magnetic moments at different magnitudes
of the applied magnetic field. b. Phase lag at the maximum torque angle. The simulation parameters include a
constant ratio with 1 = mk/B = m ∗ 4.5 × 10−18Nm/rad/1 mT , f = 0.4 Hz, Bc = 4 mT ; σBc = 0, σangle = 20o.

between the field and the angle of a single element exceeds 90o, it is interesting to evaluate
different widths of angular distributions. To illustrate changes caused by the spread in
angles, simulations of three particles with different distributions of σangle = 1o, 20o, 40o,
are presented in Figure B in appendix B. It is observed that under the same applied field,
the flipping of the sPB occurs first in the period of rotation for the particle with the wider
distribution and later for the narrower one. This effect is consistent with the reasoning of
the early flipping of the outer grains of the wider distribution in which the 90o phase lag
is achieve sooner and therefore the flipping of the whole particle occurs first.

2.3.5 A distribution of coercive fields
The next level of complexity is to add, in addition to the angular distribution of the orien-
tation of the magnetic anisotropy, a distribution of coercivity according to Equation 2.4.
The resulting simulations are shown in Figure 2.6 for rotating fields of different ampli-
tude. The addition of the distribution of coercivity does modify the transition from single
to double frequency of the bead rotation for B values within the range of the coercivity
distribution. Three different regimes can be identified: when B < (Bc − 3σBc) no remag-
netization events occur, ω is equal to ωB, and all the oscillations keep the same amplitude.
When |B − Bc| < 3σBc , remagnetization of a fraction of clusters causes the formation of
secondary peaks in the rotation pattern as seen in Figure 2.6 b-e. The fraction of mag-
netic elements that remagnetize is determined by the width of the distribution σc and it
therefore also determines the amplitude of the secondary peaks; when B > (Bc + 3σBc)
all magnetic moments flip and all the angular oscillations in the bead motion have the
same amplitude with a frequency of 2 f . This behaviour is very similar to the angular
deformation of the torsional spring found in our measurements.

As mentioned in the description of the model (Section 2.3.2), the standard deviation
of the coercivity distribution σBc defines the fraction of the total effective moment that
is susceptible for magnetization at a given external field B applied. To illustrate this,
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simulations of two angular bead traces were performed, one with a narrow distribution
of coercive fields σBc = 1 mT and one with a standard deviation σBc = 2.5 mT . In both
simulation, Bc = 7 mT and the amplitude of the external field was B = 10 mT . All the
other parameters were fixed, see Figure A in the appendix A. The angular traces show
that the particle with the narrow coercivity distribution has identical peaks appearing at
the double field frequency whereas the distribution with σBc = 2.5 mT gives peaks with
alternating intensities. This illustrates that for an external field of 10 mT , the majority of
the elements of the particle with σBc = 1 mT remagnetize while a fraction of the elements
in the particle with σBc = 2.5 mT does not remagnetize and therefore does not contribute
to the torque generated in the secondary oscillation.

a b  c

d e f

Figure 2.6: Simulation of a bead with a distribution of clusters with a fixed distribution of coercive fields for
rotating external fields of different amplitudes. a. 5 mT b. 7 mT c. 9 mT d. 11 mT e. 13 mT f. 20 mT . The
parameters used are k = 4.7×10−18Nm/rad; m = 7.5×10−17Am2; B = variable; f = 0.4 Hz; Bc =9 mT ; σBc =

2.5 mT ; n = 100; σangle = 30o.

2.3.6 Modelling experimental curves
Numerical simulations based on a model with an angular distribution of grains and a
distribution of coercive fields, are able to reproduce the signature of the angular curves
measured. Using this model we are able to interpret the torsional deformation of protein
complexes generated by a sPB (Dynal, Thermo Fisher M-270) in a regime of magnetic
field amplitudes up to 20 mT . The angular traces can be qualitatively understood by
the dynamic partial remagnetization of a distribution of individual magnetic moments as
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further illustrated in Figure 2.7. From a starting equilibrium position (0) a rotating field is
applied. When the phase lag between the total number of individual moments and the field
increases, the particle exerts a physical rotation (1) which leads to an increase of the angle
of the particle θsPB. Once the coercive field for remagnetization of a fraction of grains
is overcome, the flipping over 180o of this fraction starts and lowers the torque applied
on the molecular spring, leading to a retraction of the particle movement and thereby a
decrease in the angle θsPB. (2) When a phase lag occurs between the rotating field and the
remagnetized fraction of grains, a second increase in physical rotation appears (3) up to a
local maximum. Subsequently, a second remagnetization of the dynamic fraction occurs
as indicated by the retraction of rotation (4) and finally, of the moments of the grains are
oriented in the initial direction
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Figure 2.7: a. Angular trace of a particle that exhibits remagnetization b. Numerical simulation data showing
the temporal evolution of the angle of a bound sPB (in black) under the influence of a magnetic field (blue)
during one cycle of rotation. The direction of the individual magnetic clusters are distributed along an angular
range (red), the direction of the effective magnetic moment me f f (in green) is the sum of the contribution of
each individual moment mi; the length of the green arrow indicates the magnitude of the net magnetic moment
at each time. When remagnetization occurs, the individual moments flip over 180o (gray color) the fraction of
moments that do not flip, stay in red.

Three fundamental assumptions are used here: 1. The remagnetization of individual
clusters in a distribution that sums up to the effective magnetic moment of the entire sPB.
This leads to the forward and backward movement of a bound particle and the transition of
periodicity of the particle rotation from single to double frequency. 2. The non-isotropic
angular distribution of orientations of magnetic anisotropy of grains. By setting a non-
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random direction of magnetic moments in the particle, the moments will flip at different
instants during the rotation cycle of the applied magnetic field. The outer grains in the
distribution for example flip already before the total effective magnetic moment flips. This
earlier realignment of the grains decreases the torque applied and leads to a phase lag
lower than 90o. 3. The distribution of coercive fields which originates from the different
clusters sizes and possibly also by single nanoparticle crystals. Depending on the applied
field two different maximum angles of rotation are observed, one corresponding to all the
grains contributing to the torque and the second where only a fraction contributes. The
numerical model described above was used to reproduce the angular excursion of the M-
270 bead bound to a surface with the protein complex Protein G-IgG presented in Figure
2.2a. The parameters in the model were adapted until simulations show good agreement
with the measurements as shown in Figure 2.8. As a result, our experiments allow us to
probe the magnetic anisotropy of individual sPB’s. Due to the restriction in orientation
and the restoring force imposed by the molecular spring, the angles of remagnetization
between the particle and the field can be repetitively determined when the particle is
exposed to a continuously rotating field. The phase difference between the applied field
and the orientation of the particle can be validated with our simulations.

Experimentally, the angle θsPB is determined from the image tracking of the fluores-
cent marker on the M-270 particle. The torsion constant of the Protein-G-IgG is used as
an input parameter that can be determined independently by the angular Brownian fluctu-
ations of the particle, and yields a value of k = 4.7× 10−18Nm/rad. The value of the total
magnetic moment required to explain the angular deformation is m = 7.5 × 10−17Am2.
The value of the individual moments used in the simulation is a free parameter and is
the maximum magnetic moment divided by the total number of clusters mi = m/n with
n = 100 used in the simulation. The comparison of the simulations with the measure-
ments does reveal the coercive field distribution of the clusters of nanocrystals (or large
single nanocrystals) in the bead: Bc = 9 mT with σBc = 2.8 mT . The large variety of
possible cluster sizes and geometries prevents us from drawing any conclusions on the
internal structure of the bead. However if we assume that the energy barrier for remag-
netization originates from the crystal magnetic anisotropy K of single nanocrystals, this
would provide direct insight in the grain size distribution. Pursuing this approach results
in a mean crystal size (depending on the K value chosen) in a range from 8-12 nm. This is
in agreement with the grain sizes that are required to obtained energy barriers for switch-
ing exceeding the thermal energy as discussed in paragraph 2.3.3. It is noteworthy that
Fonnum et al51 concluded that the magnetic properties of the MyOne Dynal beads can
be modelled with a log-normal size distribution of iron oxide nanocrystals with a mean
radius of 3.8 nm and a standard deviation of 0.26 nm which implies that nanocrystals of
10 nm diameter are present in the beads, which is consistent with our analysis.

The simulation to reproduce the experimental data shown in Figure 2.8, required a
Gaussian angular distribution of the magnetic anisotropy axes of the clusters with a stan-
dard deviation σangle = 30o. The origin of this angular distribution is unknown but pos-
sible origins can be contemplated. The anisotropy might be caused by a self-assembly
process induced by dipole-dipole interaction during the growth of the crystals inside the
polymer sphere. Alternatively, the anisotropy distribution may result from magnetic sep-
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Figure 2.8: Measured data (open black circles) with numerical simulations (red solid line) for a particle bound to
a surface with the ProteinG-IgG complex in clockwise rotating magnetic fields (grey dotted lines) of a. 5 mT , b.
10 mT , c. 15 mT d. 20 mT . The parameters used to reproduce the experimental data are: k = 4.7×10−18Nm/rad;
m = 7.5 × 10−17Am2, B = variable; f = 0.4 Hz; Bc = 9 mT ; σBc = 2.8mT ; n = 100; σangle = 30o.

aration or fractionation processes during the particle production process. The simulations
discussed in this chapter reveal the torque generating properties of single beads, and can
be used to infer particle-to-particle variations. To illustrate the particle to particle vari-
ability, measurements and simulations of a particle with a lower coercivity are shown
in the supplementary information (Figure C,appendix C). Finally it should be noted that
the remagnetization behavior of superparamagnetic beads is particularly important in the
low-field range (<15 mT ) and is of interest to investigate protein complexes without dis-
sociation or disruption of the protein binding. Other types of magnetic tweezers, based on
permanent magnets, often achieve magnetic fields of tens to hundreds of mT .43, 49, 70 For
those field strengths many types of superparamagnetic particles exhibit already a dou-
ble frequency behavior. These high fields do not reveal information on the magnetic
anisotropy of the distribution of grains inside the beads.

2.4 Conclusions
We have simulated the remagnetization of a superparamagnetic bead in a magnetic field
range up to 20 mT by assuming an internal structure of the bead consisting of clusters
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of nanocrystals or by individual nanocrystals with a magnetic anisotropy exceeding the
thermal energy. Experiments that showed a gradual transition in frequency and magnitude
of torque generation have been modelled and reproduced by the simulations. The model
is based on an internal structure of the magnetic bead that is characterized by a Gaussian
distribution of coercive fields and a Gaussian distribution of orientations of the magnetic
anisotropies. The comparison with the experimental data provides information on a single
particle basis, needed in single molecule biophysics to study the mechanical properties of
the proteins. In the remainder of this thesis, the numerical model presented here has been
used to estimate the torsional stiffness of protein assemblies given that the applied field
and the magnetic moment of M-270 particles are known.



Appendix

A Width of the coercive field distributions

σBc= 1.0  mT
σBc= 2.5  mT

Figure A: Simulation of particles with a distribution of clusters with different standard deviation of the coercive
field σBc. The constant parameters are k = 3.4 × 10−18Nm/rad; m = 8.5 × 10−17Am2, B = variable; f = 0.4
Hz; Bc = 7 mT ; σBc = variable; n = 100; σangle = 30o.
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B Angular traces with different width of angular distributions

σangle= 1o

σangle= 20o

σangle= 40o
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Figure B: Simulation of particles with a distribution of magnetic elements with different standard deviation of
the angular distribution σangle. The constant parameters are k = 3.4 × 10−18Nm/rad; m = 8.5 × 10−17Am2, B =

15 mT ; f = 0.4 Hz; Bc = 7 mT ; σBc = variable; n = 100; σangle = 1, 20 and 40o.
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C A particle with low coercivity
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Figure C: Effect of varying field magnitude on the rotational behaviour of a bound M-270 particle with a low
coercive field. In this particle the applied field was on the counter clockwise direction a. measurements and
b. simulations. c. and d. indicate the maximum angle of rotation θmax and the peak-to-peak distance δθ
of the measurements and simulations respectively. In the numerical simulation the parameters are k = 4.8 ×
10−18Nm/rad; m = 1.5 × 10−16Am2, B=15 mT ; f = 0.4 Hz; Bc =2 mT ; σBc =0.3 mT ; n = 128; σangle = 20o.
The dotted lines represent the rotating field lines separated by 180o.





3
Surfactants modify the torsion properties of

proteins: a single molecule study

Surfactants are widely used in diagnostic assays to prevent protein aggregation and non-
specific adsorption at surfaces. In this chapter, a single molecule quadrupole electromag-
netic torque tweezers study is reported, aiming to quantify surfactant-induced changes
in the torsional flexibility of a protein model system: protein-G-IgG attached to a glass
surface. The influences of Sodium Dodecyl Sulphate (SDS) and Polysorbate 20 (Tween
20) on the protein pair have been investigated. The proteins were exposed to the sur-
factants at concentrations relative to the Critical Micelle Concentration (CMC), namely
0.1xCMC, 1xCMC, and 10xCMC. Both surfactants increase the torsional flexibility of the
protein-G-IgG complex. Tween 20 is most effective at increasing the torsional flexibility
of the complex at the surface while SDS is more effective at dissociating the protein bonds.
Tweezer data on the IgG-IgG protein pair show no influence of Tween 20 on the torsional
flexibility. Furthermore, temperature dependent near UV and far UV circular dichroism
data at 10xCMC show that Tween 20 does not significantly alter the secondary and ter-
tiary structure of both protein-G and IgG while SDS does. These results provide evidence
that both the mechanical properties of the protein structure and the interaction between
proteins can alter the torsional rigidity measured with quadrupole electromagnetic torque
tweezers. This study shows for the first time the ability to use magnetic tweezers as a probe
for surfactant-induced changes in proteins at a single molecule level.

This chapter has been published in: F. A. Gutiérrez Mejía, L. J. van IJzendoorn, and M.
W. J. Prins,Surfactants modify the torsion properties of proteins: a single molecule study,
New Biotechnology Journal, Volume 32, Issue 5, 2015, Pages 441-449 .
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3.1 Introduction
Surfactants are commonly used in affinity assays to optimize assay performance because
surfactants can inhibit protein aggregation84, 85 and prevent non-specific adsorption of pro-
teins at surfaces and interfaces. However, surfactants can also induce structural changes,
depression of activity, and denaturation of proteins, which may deteriorate assay perfor-
mance. Yet, the mechanisms of how surfactants interact with proteins are rather complex
and are often not well understood.86–94 Surfactants are amphiphilic molecules classi-
fied in three different groups depending on the charge of the hydrophilic head group:
anionic when negatively charged, cationic for positively charged, and non-ionic for a
non-charged head. With increasing concentration of surfactant in an aqueous solution,
surfactants can self-assemble and form structures like micelles at and above the critical
micelle concentration (CMC). In this work, we investigate whether quadrupole electro-
magnetic torque tweezers (QEMTT) can be used to study the influence of surfactants on
the mechanical properties of protein complexes at a single molecule level. We studied
the influence on a protein-antibody model system of two surfactants that are widely used
in biotechnological applications: the anionic Sodium Dodecyl Sulphate (SDS) and the
non-ionic Polysorbate 20 (Tween 20). SDS is well known for its denaturing properties
which are exploited in the SDS-PAGE method for protein analysis. Although there is
not a universal model to explain the protein surfactant denaturation model, the unfolding
pathway of proteins in interaction with SDS is generally described as follows: Below
the CMC the SDS monomers interact electrostatically with positively charged protein do-
mains and no large changes in structure of the protein take place. Near the CMC, the
surfactant molecules associate with proteins due to hydrophobic interactions and induce
major conformational changes in the protein structure. In the regime near the CMC the
major changes are explained by two current models:95, 96 1) the necklace model where
hydrophobic sites in the protein serve as nucleation sites for SDS binding; and 2) the
decorated micelle model where proteins wrap around the SDS micelles. An increase in
the SDS concentration beyond the CMC (to a total weight ratio of 1.4 SDS /protein) can
lead to a total denaturation of the protein.89, 97 For a non-ionic surfactant such as Tween
20, the interaction with proteins at low concentrations (below the CMC) is rather weak.
Tween monomers can bind to proteins without inducing denaturation and consequently
these non-ionic surfactants are often used for protein stabilization.98 However, a strong
denaturing effect of non-ionic surfactants is found in the micelle regime, where a com-
bination of surfactant monomers at the protein surface and micelles induce an unfolding
process.89 Several experimental methods are used to study the influence of surfactants on
protein structure. Among others, far UV and near UV Circular Dichroism spectroscopy
detect changes in the secondary and tertiary structure of proteins.99, 100 Dynamic Light
Scattering (DLS),101 Small Angle Neutron Scattering (SANS),97, 102 Small Angle X-ray
Scattering (SAXS)103 and Capillary Electrophoresis (CE)87, 104 can, for example, infer the
binding stoichiometry of protein-surfactant complexes. These techniques are ensemble
measurements wherein average properties are quantified. Single molecule techniques can
give further insight into the structural and functional states of molecules. Single molecule
studies based on magnetic105 and optical tweezers106 revealed structural changes in DNA



3.2 Materials and methods 39

 

 

 

Top view
quadrupole magnet

Flow cell

IgG

Protein-G

   

Side view

Figure 3.1: Sketch of the experimental setup to apply torque and detect deformation in individual molecular
complexes. An arrangement of four coils was used to generate a rotating magnetic field that actuates the mag-
netic particles. The zoom-in shows a graphical representation of the molecular format with protein-G and IgG
antibodies. The magnetic particles were labelled with fluorescent nanoparticles (light green). The response
of individual particles was first studied in a PBS buffer and thereafter in a solution with surfactant at different
concentrations.

when bound to cationic surfactants such as CTAB and DTAB. To our knowledge, the use
of single molecule techniques to study protein-surfactant interactions has not yet been
explored. In the present work we measure the torsion properties of individual protein
pairs attached to a surface in order to detect mechanical changes upon the addition of
surfactants. Making use of magnetic particles, we are able to apply a mechanical torque
on proteins.46 As a model system we used the protein complex of an immunoglobulin
G (IgG) and Streptococcal protein-G, which binds to the crystallisable region of the IgG.
The torsion properties of this complex in the absence of surfactants have been studied
and characterized recently.37 In this paper we study the interaction of the IgG-protein-
G system with Tween 20 and SDS. We studied three relevant concentration regimes with
respect to the CMC: 1) 0.1xCMC, the monomeric regime, 2) 1xCMC, where a phase tran-
sition from monomers to micelles occurs, and 3)10xCMC, where micelles and rod-like
shapes micelles coexist.107, 108
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3.2 Materials and methods
Surface functionalization
Superparamagnetic particles M-270 (2.8 µm diameter) were purchased from Life Tech-
nologies (Thermo Fisher Scientific). The particles were covalently coated using EDC/NHS
chemistry with Recombinant protein-G (Sigma-Aldrich) or IgG (Goat Anti Mouse, Merck)
and Streptavidin (> 99%, Thermo Fisher Scientific). In order to track the particle rota-
tion, particles were labelled by adding fluorescent biotinylated nanoparticles (200 nm,
Dynal Invitrogen), which bind to the Streptavidin on the particle surface. Separately, 1
nM IgG (Monoclonal Mouse, Merck) diluted in PBS was incubated on cleaned bare glass
coverslips (22x22 mm, Harvard Apparatus). The cleaning of the substrates consisted of
consecutive sonication baths in Technical Acetone, Isopropanol and Ethanol followed by
a drying step in a vacuum desiccator during three minutes. After antibody physisorption,
the glass surface was blocked with a 1% BSA buffer (> 99%,Thermo Fisher Scientific)
to prevent nonspecific interactions. Then the particles coated with either protein-G or
anti-mouse IgG antibodies were incubated for 10 minutes on the surface with mouse IgG
antibodies. The incubation was performed in the presence of an in-plane constant mag-
netic field of 2 mT . More information about the protocol can be found in.37

Flow cell for buffer exchange
In this work we integrated a fluid cell in the magnetic tweezers setup. This allows for
buffer exchange during the assays, which is useful to probe directly the effect of surfactant
on individual molecular bonds. For this purpose, a RC-20 fluidic chamber (358 µl volume,
Warner Instruments) was inserted in the quadrupole setup. A cleaned glass substrate
formed the bottom of the fluid cell. The sample with incubated particles was flipped
upside down to form the top of the chamber. To seal the chamber, a Silicone Grease
Kit (111-kit, Warner Instruments) was used according to specifications. The fluid cell
was connected to a Pump 11 Pico plus (Harvard Apparatus) to fill up the volume with
PBS (150 mM, Sigma-Aldrich). The connection between the fluid cell and the pump was
made through a polyethylene tubing (1.14x1.57 mm2 Warner Instruments) and a perfusion
manifold (4 inputs, Warner Instruments ) to allow the input of different buffers. The pump
flow was set to 10 µl/min in order to minimize detachment of particles due to the flow.
Buffer solutions of Tween 20 (Sigma-Aldrich) and Sodium Dodecyl Sulphate SDS (99.9%
pure, Sigma-Aldrich) were diluted in 150 mM Phosphate Buffered Saline (PBS, Sigma-
Aldrich) at a pH of 7.4. Since the salt-based buffer (PBS) is not expected to greatly
modify the CMC of Tween 20, the concentrations chosen for Tween 20 were 6 µM, 60
µM and 600 µM, corresponding to 0.1xCMC, 1xCMC, and 10xCMC in water according
to the technical datasheet. For SDS the concentrations were 0.1 mM, 1 mM and 10 mM,
corresponding to 0.1xCMC, 1xCMC, and 10xCMC.109

Magnetic actuation
Magnetic actuation was carried out using a custom-made quadrupole electromagnet de-
signed by Janssen et al.47 It consists of four identical coils with soft iron cores where
the pole tips are slanted, arranged as shown in Figure 3.1. Through these coils, sinu-
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soidal currents shifted by 90o in phase generate a rotating field. Software developed in
Labview (National Instruments) was used to control the currents in the coil array. The
soft iron cores with slanted pole tips generate a magnetic field intensity up to 36 mT
without introducing a vertical field gradient. Samples were imaged with a microscope
(LeicaDM6000M; Leica Microsystems) using a 126× total magnification and a combi-
nation of bright light and fluorescent light. For the image acquisition we used a sCMOS
camera (Andor Neo; Andor Technology) at a frame rate of 33 frames per second. Torsion
experiments were conducted according to the following actuation protocol (unless stated
differently): 1) One second of waiting time in an equilibrium angle where no current was
applied through the coils, 2) One second in an initial angle position predefined by the
software, 3) 17 seconds magnetic field rotation in a clockwise sense at a frequency of 0.4
Hz and an amplitude of 20 mT , 4) A waiting time of one second without current through
the coils, 5) One second at a predefined starting angle, and finally 5) An anticlockwise
magnetic field of 20 mT rotating at 0.4 Hz. Examples of the time traces of the measure-
ments for this protocol actuation can be found in Figure 3.2. Note that in absence of a
current through the coils still a small magnetic field can remain from the cores, with a
strength ≤ 1 mT (as indicated in Figure 3.2).

Data analysis
To determine the angular displacement of the particles, we performed an analysis in MAT-
LAB (The MathWorks). The software performs a correlation analysis in polar coordinates
between an initial image containing the fluorescent markers and the subsequent images
where the particle has an angular displacement. In this analysis the location of the centre
of the particle is a critical aspect. For a better precision we selected the diffraction rings
of the particle as a reference to locate the centre of the particle, rather than a reference
image that includes a circle around the centre of the particle as previously proposed by
van Reenen et al.37 Using the diffraction rings, an angle resolution of 0.5o is achieved.

Circular Dichroism
Far-UV and near-UV Circular Dichroism (CD) experiments were performed to detect
changes in the secondary and tertiary structure of proteins when surfactants are added.
Measurements were performed in a J.185 CD spectrometer (Jasco Analytical Instruments)
equipped with a Peltier temperature control system (Jasco Analytical instruments). For
the far-UV CD experiments samples have been used with 0.2 mg of protein-G and IgG
diluted in PBS with surfactants at 10xCMC. The samples were contained in a 1 mm path
length quartz cuvette (Hellma Analytics). The CD spectra were obtained in the far-UV
region from 200 to 240 nm at a scan speed of 1 nm/sec in steps of 1 nm, in a temperature
range from 20 − 70oC. The baseline of the PBS buffer was subtracted from each spec-
trum. The measurements presented here are the average of four scans. The spectra were
smoothed using the Savitzky-Golay method. For near-UV CD experiments samples have
been prepared with 1 mg/ml of protein G or IgG in PBS or in 10xCMC of surfactants. A
quartz cuvette of 1 cm path length was used and a scan speed of 20 nm/min. As with the
far-UV spectra, the data was smoothed, the baseline of the PBS buffer was subtracted and
the measurements presented are the average of four scans.
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Figure 3.2: Time traces of six different particles before (red) and after (black) surfactant exposure at different
concentrations of Tween 20 (a,b,c) and SDS (d,e,f): 0.1xCMC, 1xCMC and 10xCMC respectively. Note the
increase of the y-scales for increasing surfactant concentrations. The first half of each measurement was obtained
by rotating the particles in the clockwise sense, and the second half shows the trajectories of the particles in the
anticlockwise direction. The horizontal lines at the beginning, middle, and end of the curves indicate the absence
of rotation. During these periods the current through the coils was switched off and a small remanent field (≤ 1
mT ) prevents the particles from turning back to equilibrium angle at t = 0. The multiple peaks are the result of
the continuous rotation of the field during several seconds. For the measurements in a,b,d,e,f the rotation time
in one sense generates ≈14 peaks, which corresponds to a frequency of particle rotation of 0.8 Hz, with the field
rotating at 0.4 Hz; the double frequency is caused by particle remagnetization.37 In panel c, the rotation time
was enlarged in order to be able to observe the maximum angle of deformation in both senses of field rotation.
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3.3 Results
3.3.1 Twisting of proteins in the presence of surfactants
When a continuously rotating magnetic field is applied to a particle bound to a surface
by a torsional molecular spring, then the particle executes a sawtooth-like path of angle
versus time,37 as can be seen in Figure 3.2. More precisely, when the rotating field is
on, the particle rotates in the same sense as the magnetic field until a maximum angle of
deformation is reached. At this point, a sudden turning back of the particle takes place
due to the remagnetization of the magnetic moment of the particle. As the field keeps
rotating, the particle and the field synchronize again. This process is repeated twice in an
entire cycle. The maximum angle of deformation is a function of the maximum magnetic
torque delivered by the particle and the counter torque of the protein complex under twist.
We have analysed the response of proteins to an applied torque for multiple particles, first
in a PBS buffer and thereafter in a solution with surfactant. Figure 3.2 shows examples of
particles exposed to different concentrations of Tween 20 (Figure 3.2a-c) and SDS (Figure
3.2d-f). For all concentrations the angular response of the protein complex changes when
a surfactant solution is added. From the PBS control data, it is also noticeable that the an-
gular excursion varies from particle to particle. The variation can be caused by differences
of the magnetic moments of the particles and by different molecular arrangements, e.g.
different orientations of the proteins coupled to the particle and substrate, and in some
cases particles may be bound to the substrate by more than one bond. Therefore, it is
interesting to quantify the change of torsional flexibility by exposing a given particle first
to a surfactant-free buffer and thereafter to a buffer with surfactant. The relative change
in the angle of oscillation can be quantified by the following relationship:

R =
θsur f − θPBS

θPBS
(3.1)

Here θsur f is the absolute maximum angle of rotation obtained from the maximum clock-
wise and anticlockwise rotation angles in surfactant medium, and θPBS is determined in
the same way in PBS buffer prior to exposure to surfactant. The factor R is related to the
change of flexibility of the protein complex, since the torsion constant is inversely pro-
portional to the angle of deformation. The bigger R, the less stiff a protein became after
surfactant exposure. The factor R was determined for multiple particles at the different
surfactant concentrations. Histograms obtained for different particles are shown in Figure
3.3.

As a control experiment (Figure 3.3 a,b top), particles were measured initially in PBS
buffer, and thereafter PBS was re-introduced into the microfluidic chamber in the same
way as surfactant solution would have been introduced, and then the twisting was per-
formed again. The data shows that the flow of buffer through the chamber changes the
flexibility of the protein complex by R = 0.1 ± 0.3, showing that the influences of time
and flow are very small. For Tween 20, in the regime below the CMC a small shift of the
distributions towards R = 1.5± 0.2 is observed. When higher concentration of surfactants
are used, R increases to 2.7 ± 1.3 for 1xCMC and to an average value of 14 for 10xCMC.
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Figure 3.3: Histograms of the factor R obtained from multiple particles in torsion experiments for a. Tween 20
and b. SDS at different concentrations. The top panels report the control experiment when solely PBS is injected
into the chamber. The mean values and the standard deviation of the R are indicated as well as the number of
particles studied.

For 10XCMC a large variability of R was observed ranging from ∼ 0.2 to a maximum
value of R = 37. In the highest concentration, the maximum observed increase of tor-
sional flexibility was R = 37. The R values show a clear increase of the average and the
spread for increasing surfactant concentration. In the case of SDS, for 0.1xCMC a value
of R = 0.3 ± 0.3 is found, tending toward a weak torsional stiffening of the molecular
system. At the CMC, a value of R = 1.7 ± 1.0 is found, indicating a moderate increase
in the angles of oscillation. When a concentration of 10xCMC is added, an increase to
R = 4.2 ± 2.5 is observed. Again, the effect of SDS increases with the concentration.

3.3.2 Quantifying the torsion constant from experiments
From the magnetic twisting experiments, a torsion constant can be extracted as a measure
for the structural state of the protein complex. Due to the fact that superparamagnetic
particles have a remanent magnetic moment, we are able to exert torque on the protein
complex sandwiched between the magnetic particle and the surface. The pattern of ro-
tation of the particle can be interpreted in terms of the three main torques acting in the
system: the torque applied by the superparamagnetic particle also called magnetic torque,
the hydrodynamic drag caused by the movement of the particle in an aqueous medium,
and the torsional resistance of the protein complex. The balance of torques is shown in
Eq. (3.2)

me f f B sin(φ) = 8πCηr3 dθb

dt
+ k(θb)θb (3.2)
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Figure 3.4: Examples of simulations (red lines) and experimental time traces (blue lines) for the twisting exper-
iment with particles bound to a surface via a protein complex. The simulations closely resemble the measured
experimental curves, so that the torsion constant of the protein complex can be extracted. Panel a. shows a
particle in 1xCMC SDS. The simulations have been performed with k = 4.5 × 103 pNnm/rad. Panel b. shows a
particle in 10xCMC Tween 20. A torsion constant k = 4.7 × 101 pNnm/rad was used to reproduce the experi-
mental curves.

Here, me f f is the effective remanent magnetic moment of the particle. The phase lag
φ accounts for the angular difference between the direction of the rotating field and the
effective magnetic moment of the particle. C is a dimensionless factor that corrects for
the hydrodynamic influence of the nearby substrate and the labels attached to the particle
(which was estimated to be 1.2 for M-270 particles37), η is the dynamic viscosity of water,
r is the radius of the particle (1.4 µm), and θb is the angle with respect to the equilibrium
position when no torque is applied torque. The molecular torque is included as a Hookean
angular spring with an angle-dependent torsion constant k.

The value of the maximum magnetic torque has been deduced from the breakdown
frequency of unbound M-270 particles in a fluid caused by the hydrodynamic drag.37

With this method the maximum magnetic torque at 20 mT was measured to be (3.5 ±
1.3)×10−18Nm. Eq. 3.2 was numerically solved using the Runge-Kuta method in Matlab.
The simulations show good agreement with the measurements, both for stiff molecules
(θb ≤ 360o, see Figure 3.4a) as well as for molecules in a very flexible state (θb ≥ 360,
see Figure 3.4b). Therefore, we quantified the torsion constant of the protein complex
for all surfactant concentrations, see Figure 3.5. The error bars are caused by particle-to-
particle variations and not by differences between the simulations and the experimental
results. The value of the torsion constant of the complex in PBS is consistent with the
value reported previously37 of (4.2±1.2)×103 pNnm/rad. Due to the large error bars it is
not possible to quantify the influence of surfactants on the torsion constant of the protein
complex. Only in the case of Tween 20 at 10xCMC, there is a statistically significant
decrease in the torsion constant by one order of magnitude to (3.8±3.7)×102 pNnm/rad.

3.3.3 Circular Dichroism measurements
Since the torsion experiments probe the mechanical properties of the entire protein-G-IgG
complex, we investigated whether changes in the structural integrity of the individual pro-
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Figure 3.5: Torsion constant of the protein-G-IgG complex at increasing surfactant concentrations averaged over
all particles. The "no surfactant" data corresponds to experiments where PBS is the medium of the assay. The
error bars represent the standard deviation of the torsion constant determined for the particles in Figure 3.3

teins can be responsible for the changes in the torsional properties. For this purpose, both
far-UV (200-240 nm) and near-UV (250-320 nm) CD experiments were performed at tem-
perature intervals of 10oC in the range 20 - 70oC. In the far-UV region, peptide bonds ab-
sorb and the spectra can be related to the number of α-helices and β-sheets (the secondary
structure) of the protein. In the near-UV region the aromatic amino acids (phenylalanine,
tyrosine and tryptophan) absorb and the spectrum is a fingerprint of the tertiary structure
of the protein. Changes in the far-UV and near-UV spectra upon addition of surfactants
therefore provide information on the integrity of the secondary and tertiary structures of
the protein.110 CD experiments were performed at 10xCMC the concentration of both
surfactants.

The presence of Tween 20 at 10xCMC does not change the far-UV and near-UV spec-
tra of protein-G and IgG significantly when compared to the spectrum measured in PBS.
We show in appendix B that the spectra obtained at 20oC for both proteins exposed to
Tween 20 overlap with the spectra of the native proteins in PBS. Apparently, the interac-
tion of Tween 20 monomers with protein G as well as IgG and the presence of Tween 20
micelles is not sufficient to induce changes in both their secondary and tertiary structure
up to a level that can be observed with CD. For SDS, slight changes are observed in the
tertiary structure of the protein-G and IgG as shown in appendix C (Figure C). At ele-
vated temperatures (Figure 3.6) a change in the tertiary structure is apparent which means
that SDS affects the thermal stability of the protein. To visualize the influence of SDS we
plotted, in the inset of Figure 3.6, the temperature dependence of the CD signal at 300
nm compared to the signal at 300 nm of IgG in PBS without surfactant. It is observed
that the protein in PBS does not show denaturation in the interval of temperatures stud-
ied, in contrast to the protein exposed to SDS, where a drop in the CD signal is observed
above 60oC. These experiments show that SDS has a large influence on the structural
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Figure 3.6: Circular Dichroism spectra in the near-UV range for the IgG antibody in 10xCMC SDS at different
temperatures. The inset shows a plot of the CD signal at 300 nm as a function of temperature, the measurements
were performed in PBS 150 mM (gray) and in PBS+10xCMC SDS (black).

Table 3.1: Detachment percentage of particles upon perfusion of the fluid chamber with surfactant solution.
Errors indicate the standard deviation. The data is the average of three independent samples.

Concentration % of particle detachment SDS % of particle detachment Tween 20
0.1xCMC 5 ± 1 2 ± 2
1xCMC 47 ± 2 2 ± 2
10xCMC 47 ± 3 30 ± 3

integrity of the IgG at elevated temperatures, nevertheless at room temperature the struc-
tural changes observed are minimal. To our knowledge, the denaturation of Protein-G by
surfactants has not been studied yet but Protein-G is considered to be a robust molecule
with high resistance to thermal denaturation and harsh pH conditions.111–113 For some
types of IgG it has been reported that they can be stable upon prolonged storage with SDS
and Tween 20, and thermal denaturation occurs at temperatures higher than 65 degrees
Celsius.114, 115 These findings support our observations from the CD spectroscopy but
cannot explain the large influence of Tween 20 on the measured twisting amplitudes in
our magnetic tweezers experiments.

3.3.4 Dissociation of particles from the surface due to surfactants
In the QEMTT experiments, the bound particles were observed to be stable for the du-
ration of the experiment. This means that a formed protein G-IgG complex was con-
served during a rotation experiment with exposure to surfactants. However, prior to the
rotation experiment, a fraction of the particles were observed to detach from the surface
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when the fluid chamber was perfused with surfactant solution, as shown in Table 3.1. At
1xCMC, SDS induces a detachment of almost half of the particles, and the same is seen
at 10xCMC. The detachment of proteins from glass surfaces by SDS has been observed
before in,116 where Lyzosyme proteins detached at concentrations below the CMC. Also
for Tween 20 at 10xCMC the detachment of particles was observed in our experiments.
The desorption of antibodies from different types of surfaces due to Tween 20 also has
been reported above the CMC.117, 118 We therefore attribute the detachment of particles
in our experiments to the detachment of physisorbed antibodies from the glass substrate.
Note that In the rotation experiments, we analyse particles that are still bound after sur-
factant has been added to the fluid chamber, so the involved antibodies are bound strongly
enough to the glass substrate to be stable for the duration of the rotation experiment.

3.4 Discussion
The magnetic twisting experiments on the model assay protein G-IgG show a significant
increase in torsional flexibility at a single molecule level of the subpopulation of particles
that remains bound to the surface, upon addition of both Tween 20 and SDS. By adding
Tween 20 at 10xCMC, we detected an increase in the flexibility by a factor R = 14 ± 15.
Apparently, Tween 20 preserves the bond stability while providing high flexibility to the
protein complex. Remarkably, for SDS at 10xCMC an increase in torsional flexibility of
only R = 4.2 ± 2.5 is measured. This is in contrast to the common knowledge that SDS
has a larger impact on the structural integrity of proteins than Tween 20. Our far-UV
and near-UV experiments on the effect of Tween 20 and SDS on both protein G and IgG
support this opinion at elevated temperatures but also show that both proteins are relatively
robust to denaturation due to surfactants. At room temperature, both far-UV and near-UV
spectra are nearly unchanged upon addition of both surfactants. The measured increase
in torsional flexibility upon the addition of surfactant is obviously not only related to the
overall structural integrity of the proteins. A second mechanism is likely to play a role
and probably inherent to the fundamentally different methodology: a measurement in an
assay format at a surface versus a bulk technique applied at large quantities of individual
proteins.

It is interesting to combine the common knowledge from the experiments on diagnos-
tic assays with the mechanisms that are brought forward to describe the interactions of
surfactants with proteins.92, 95, 96, 118, 119 The addition of surfactants to assays is preventing
protein aggregation and non-specific adsorption of proteins. The models that describe the
binding of surfactant molecules to proteins discuss several subsequent stages starting with
the binding of individual surfactant molecules at the proteins at either charged groups (in
case of ionic surfactants such as SDS) or polar groups (in case of non-ionic surfactants).
In this first stage, the overall integrity of the protein is hardly compromised. Only in a
second phase, when many surfactant molecules mutually interact and form new stable
structures, the free energy of the system can be lowered when the protein denatures and
changes in CD experiments become apparent. In our experiments, both SDS and Tween
20 do not enter this second phase (as indicated by our CD measurements) but it is still
likely that a corona of single molecule surfactants is attached to the proteins which is re-
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lated to the beneficial effects of surfactants in diagnostic assays such as the suppression
of protein aggregation.

We hypothesize that the presence of surfactant molecules at the surface of the proteins
will have a larger influence on the protein twisting experiments than on the CD measure-
ments. In the twisting experiments, both the strength of the bond between the proteins and
the overall mechanical stiffness of the protein will determine the torsional rigidity. The
magnetic twisting experiments are therefore inherently more sensitive to the first (layer)
of surfactants on the proteins.

The experiments presented here provide quantitative data on torsion constants but
unfortunately a quantitative model to explain the torsional stiffness is not available yet. It
is interesting to note that Brogan et al. have shown that non-ionic surfactants reduce the
binding force between a complex consisting of a Protein A and an IgG antibody120 using
SPR. Performing SPR experiments in our system, could provide additional evidence that
the surfactant molecules weaken the protein interactions and support the hypothesis that
the surfactants modify the morphology near the surface of the proteins which causes the
increased torsional flexibility. In addition, also magnetic force spectroscopy might be
used to study the change in the dissociation rate constant upon surfactant exposure.121

Our results also show a remarkable difference between the Protein G-IgG and the
IgG-IgG model system (see appendix A figure A). The latter does not show an increase of
torsional flexibility upon addition of surfactants which, following the hypothesis above,
implies a different local surface morphology near the binding sites. It also demonstrates
that the increase in torsional flexibility is a result of structural modifications of the protein
pair which excludes the surfactants affecting the particle surface. The fact that the par-
ticles remain stably bound during the rotation experiments implies that the non-specific
bond of IgG with the glass surface remains intact. This might be understood since during
the initial exposure of the sample to the surfactants all weakly bound particles already
dissociated from the surface (Table 3.1). During this process only a selection of particles
remains that is firmly attached by IgG molecules to the glass that withstand the surfac-
tants.

3.5 Conclusions
This work demonstrates that magnetic twisting measurements can be used to measure
alterations in the mechanical stability of individual protein complexes that are attached to
a glass surface. For a Protein G-IgG model assay, the observed increased flexibility upon
the addition of Tween 20 exceeds the increase observed for the addition of SDS at room
temperature while CD experiments do not confirm a full denaturation of the proteins.
This leads to the hypothesis that local denaturation near the binding sites is causing the
increased torsional flexibility and implies that the magnetic twisting technique is sensitive
to the local morphology near the binding site. This hypothesis is consistent with the
common knowledge in assay development that surfactants prevent protein aggregation.
Experiments are proposed to support this hypothesis by investigating binding strength
in SPR or magnetic force dissociation measurements upon addition of surfactants. The
potential of magnetic twisting is not limited to the use surfactants but can be extended to
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study other interfering factors in assays. Consequently protein twisting has the potential
to improve the specificity and sensitivity of diagnostic assays, both by characterizing the
torsional response and by identifying interfering factors in specific assay conditions.



Appendix

A Torsion experiments on an IgG-IgG pair
Torsion experiments were performed on a complex of two antibodies: a primary mouse
IgG and a secondary goat anti-mouse IgG. Torsion experiments were performed in PBS
and thereafter in the presence of Tween 20 at 10xCMC
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Figure A: Histogram of torsion measurements for the IgG-IgG complex in Tween 20 at 10xCMC.
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B Near and Far UV CD Spectra Tween 20
According to fitting of the far-UV spectra carried out in the software DichroWeb 130.
Protein-G measured in PBS contains ∼ 38% of α-Helix and ∼ 10% of β-sheet structures.
Goward et al111 obtained the content of secondary structures for protein-G as 37 ± 4% of
α-Helix and 30±5% of β-sheet. In spite of the difference of the β-sheet content, the shape
of the spectra reported here closely resembles the spectra reported by Goward et al.111

For the IgG sample, the percentage of α-Helix content is 3% and the β-sheet content is of
43% which agrees on typical data of CD on antibodies.115

Figure B: Near-UV (left) and far CD (right)spectra for the protein-G (top) and IgG (bottom) in 10xCMC Tween
20 solution (dotted lines) and in PBS (straight lines). All spectra shown were recorded at 20oC.

The data shows that Tween 20 has little effect on the tertiary and secondary structure
of protein-G since the spectra almost overlap with those of the native structure of the
protein in PBS. For IgG, no deviation from the spectra in PBS is observed in the near-UV
region, therefore no important changes in the tertiary structure of the protein is detected.
The far-UV CD data for IgG shows a slight difference in the spectra. The addition of
Tween 20 does not modify the α-Helix fraction and increases the β-sheet content by 3%.
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C Near and Far UV CD Spectra SDS

Figure C: Near-UV (left) and far CD (right)spectra for the protein-G (top) and IgG (bottom) in 10xCMC SDS
solution (dotted lines) and in PBS (straight lines). All spectra shown were recorded at 20oC except for the
near-UV spectra for protein G which are measured at 40oC.

For the SDS surfactant, the spectra shows subtle differences for the protein-G in the
far-UV region respect its native structure in PBS. The fitting analysis reflects an increase
of 3% in α-Helix and the β-sheet content is decreased by 2 % respect the protein dissolved
in PBS. For the IgG molecule, a slight variation is observed in the near-UV CD region
corresponding to the absorption of the phenylalanine amino acid (from 255 nm to 270
nm). The secondary structure of the IgG is also modified, the fitting rendered an increase
of 4% in α-Helix and a decrease of the β-sheet content by 3%. To investigate further the
sensitivity of IgG to SDS we measured the temperature dependence as described in the
main text (see Figure 3.6).





4
Cardiac troponin conformation switching

observed on the single molecule level by
antibody-targeted nanomechanics

Proteins are complex macromolecules with a wide variety of functions inside cells and
tissue. A fascinating example is the cardiac Troponin complex (cTn) of which a calcium-
triggered conformational change regulates muscle contraction. Direct observation of
such changes at the single molecule level requires a probing methodology that is site-
specific and sensitive. Here we demonstrate that antibody-based epitope targeting in a
sandwich format can be used to record cTn conformation changes at the single molecule
level. We designed an experiment in which two different regions of cTn were targeted,
namely a flexible region and a stable region. Nanomechanical changes could be sensi-
tively studied by capturing the cTn between a particle and a substrate, via three indepen-
dent nanomechanical observables: the torsional compliance measured with quadrupole
electromagnetic torque tweezers, the amplitude of the angular Brownian motion of the
particle, and the in-plane particle motion pattern. The average recorded angular and
translational particle displacements were higher for the experiment on the flexible region
of cTn than on the stable region. Furthermore, the flexible region exhibits a susceptibility
to changes in the Ca2+ concentration that is consistently found in the three observables
and that can be attributed to the reversible conformational change that cardiac troponin
undergoes. This experimental approach opens a new perspective for quantifying nanome-
chanical properties and analysing conformational changes of native protein complexes
using available libraries of monoclonal antibodies.

This chapter is in preparation for publication: F. A. Gutiérrez Mejía, C.P.M Moerland,
L. J. van IJzendoorn, and M. W. J. Prins, Conformation switching observed on the single
molecule level by torsional deformation.
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4.1 Introduction
Proteins are complex molecular machines that form the basis of the structure and function
of cells and tissues. An important process for living beings that is driven and controlled
by proteins is the contraction and relaxation of heart muscle cells. In the 60’s Ebashi et
al.122 discovered that the cardiac Troponin protein complex (cTn) is an essential regulator
in cardiac function. Later it was established that the release of cTn in the blood stream
is a sensitive and reliable biomarker for cardiac damage. Antibodies with high speci-
ficity and affinity have been developed123, 124 and cTn immunoassays are now the primary
tool for diagnosing acute coronary syndrome125–127 . The cardiac Troponin complex is
an elongated and flexible heterotrimer with three functional subunits: the inhibitory sub-
unit I (cTnI), the Ca2+ sensor subunit C (cTnC) and the tropomyosin-binding subunit T
(cTnT). Multiple studies have been conducted to determine the structural features of the
individual subunits and of the whole cTn complex using NMR,128–131 cryo-electron mi-
croscopy132–134 and X-ray crystallography.135, 136 Techniques such as CD spectroscopy137

and Fluorescence Resonance Energy Transfer (FRET)130, 138–140 have been used to char-
acterize the Ca2+ affinity of cTnC in relation to conformational switching of the molecule
(for reviews see141–144). From these studies a mechanistic picture appears that is summa-
rized in Figure 4.1a. The cTnI subunit is composed of multiple α-helix domains (H1 to
H4) and disordered regions. In the relaxed muscle state with low Ca2+ levels, cTnI in-
hibits the actomyosin-ATPase activity145 and blocks the myosin binding site on actin.146

cTnC has a dumbbell shape, with two globular lobes (N terminal and C terminal) that
are connected through a flexible linker.147–149 Upon Ca2+ binding to the N lobe of cTnC,
a change in conformation occurs and the switch region of cTnI binds to a hydropho-
bic patch exposed on the cTnC. This conformational change induces the displacement
of the inhibitory region of cTnI from the myosin binding site and thereby leads to mus-
cle contraction.150, 151 All the above mentioned studies have been done using ensemble
techniques, wherein averages are recorded of large populations of molecules. In contrast,
single molecule studies are able to reveal details within populations, such as intrinsic vari-
abilities of the molecules (e.g. states of intrinsically disordered proteins), heterogeneities
due to molecular interactions (e.g. oligomerization, aggregation, complexation), or vari-
abilities caused by experimental procedures (e.g. imperfect labelling, variable conjuga-
tion or targeting, etc). Single-molecule Fluorescence Resonance Energy Transfer (sm-
FRET) has recently been applied to study the highly dynamic intrinsically disordered
region of the H4 helix of cTnI.152 The method could restrain the conformational space of
the H4 helix and thereby reconcile apparent contradictory structures proposed in litera-
ture. However, limitations of smFRET are that the signals are very low, that the single-
molecule observation time is limited due to fluorophore bleaching, and that forces and
torques are not quantified. In the last two decades a series of single-molecule methods
have been developed in which a molecule is attached to a small and mobile object, typi-
cally a particle or a tip.2, 70, 105, 153 Examples of such methods are atomic force microscopy
(AFM), tethered particle motion (TPM), optical tweezers (OT), magnetic tweezers (MT),
and magnetic torque tweezers (MTT). These tools have allowed quantifications of the
nanomechanical properties of macromolecules and have revealed valuable information
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about for example motor proteins,154 protein folding,3, 155, 156 dissociation kinetics,121 and
the elongation stiffness and torsional stiffness of proteins37, 43, 157, 158 . An important chal-
lenge in nanomechanical studies on proteins lies in the molecular attachment by which
force, torque and displacement are conferred to the protein under study. The attach-
ment should be site-specific and should introduce minimal uncertainty and noise in the
mechanical parameters of the experiment. The latter is very demanding when conforma-
tional changes need to be measured. One approach is to recombinantly provide the protein
with tags at desired locations.4, 159 However, many native proteins including the cardiac
Troponin as complex are not recombinantly available, typically due to protein expression
difficulties, folding imperfections, post-translational modifications, etc.160–162 Based on
our earlier single-molecule experiments with antibodies37, 47, 163 and on the availability of
high-quality monoclonal antibodies for well-defined cTn epitopes123, 125, 144 , we hypoth-
esized that antibodies might be suited for targeting cTn and revealing its conformation
switching at the single-molecule level.

Here, we report an antibody-targeted study of Ca2+ induced changes of the nanome-
chanical properties of the native cTn complex at the single molecule level, studied by
three particle-based detection methods: Quadrupole Electromagnetic Torque Tweezers
(QEMTT), Angular Brownian Motion (ABM), and Tethered Particle Motion (TPM). Two
molecular targeting configurations are compared: an antibody pair that captures a stable
region of cTnI, and an antibody pair that captures a region of cTnI that undergoes a con-
formation switch upon Ca2+ exchange. The results demonstrate that antibody targeting
in a particle-based nanomechanical detection method indeed allows the measurement of
cTn conformation switching at the single-molecule level. These results pave the way for
further mechanistic studies on the functionality of the cardiac Troponin complex and of
other native molecular machines.

4.2 Methods
Particle Functionalization

Commercially available carboxylic acid superparamagnetic M-270 micro particles (2.8
µm, Thermo Scientific) were used here and the standard procedures for functionalization
from the manufacturer were used. In particular, we used 1-Ethyl-3-(3-dimethylaminopropyl,
Sigma Aldrich) carbodiimide (EDC) to form amide bonding between the carboxylic groups
of particles and the primary amino groups of the proteins of interest. First, 10 µl of a stock
solution of 20 mg/ml of M-270 particles were incubated for 30 min in 200 µl of 8 mg/ml
solution of EDC. Posteriorly, 0.16 mg/ml of antibodies specific for Tn I (Cat 4T211 560 or
625, Hytest) were diluted in 100 µl of 15 mM of Morpholino Ethanesulfonic acid (MES)
buffer (pH 5, Merck). Also, 100 µl Streptavidin (Merck) was diluted in MES buffer to
a concentration of 0.03 mg/ml. M-270 particles were incubated for 2 hours with 100 µl
of streptavidin and 100 µl of the Antibody solutions mentioned above at room tempera-
ture(RT). Afterwards, the magnetic particles were magnetically separated and rinsed three
times with a wash buffer consisted of TBS (Sigma Aldrich, 100 mM Tris HCl and 150
mM NaCl and 0.1% Tween 20 ) for 30 minutes. Prior to the experiments, 40 µl of the par-
ticle solution was diluted with 4 µl of 200 nm Biotin labelled nanoparticles (Fluospheres)
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Figure 4.1: Cardiac Torponin (cTn) switching and experimental approach. a. Schematic representation of the
Ca2+ induced conformational change of cTn according to Takeda et al.135 The inset depicts the molecular
structure that was resolved by the authors b. The cTnI epitopes targeted by different monoclonal antibodies in
this study, highlighted in green (mAb 625, targeting aminoacids 169-178 on cTnI), magenta (mAb 560, targeting
aminoacids 83-92 on cTnI) and brown (mAb 19C7, targeting aminoacids 41-49 on cTnI). The flexible region
of cTn and its Ca2+ induced conformational change are indicated. c. Experimental approach: cTn is targeted
by a pair of antibodies and is thereby sandwiched between a polystyrene coverslip and a magnetic bead. The
magnetic bead is provided with fluorescent tags for angular tracking. The system is embedded in a flow cell for
control of the calcium concentration. The drawing is not to scale; the magnetic bead (∅2.8 µm) is much larger
than the protein molecules (typically ∼10 nm). The inset depicts the molecular structure and dimensions of an
antibody molecule d. Detection setup: The flow cell is placed between four electromagnets.46 The particle
orientation and position are tracked as a function of time using a microscope, revealing conformation switching
of the cTn molecule via changes of molecular stiffness.

in 100 µl of wash buffer.

Particle based assay in a closed cell and in a buffer exchange cell

Polystyrene coverslips (Agar Scientific) were cleaned with sequential sonication in baths
of Isopropanol and Ultrapure water for 15 minutes each. To form the assay area for the
closed fluid cells, a circular double sided adhesive tape spacer (Secure seal) was attached
to one of the coverslips. On the assay area, 100 µl of concentrations of the anti-TnI (Cat
4T211 19C7, Hytest) were incubated for one hour at RT . After gently rinsing, the inactive
surface was blocked with 100 µl of a 1% solution of Bovine Serum Albumin (BSA, Sigma
Aldrich) diluted in TBS during one hour. The coverslip was rinsed again with TBST, and
100 µl of 30 nM of Troponin complex ICT (Cat 4T211 , Hytest) diluted in a rich calcium
buffer (100 mM KCl, 10 mM (hydroxymethyl)aminomethane (Tris), 1 mM ethylene gly-
col tetraacetic acid (EGTA) and 5 mM CaCl2 ), was incubated for two hours at 4 oC. After
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the troponin complex was bound to the surface trough the physisorbed antibodies, further
non-specific interactions were prevented with a second coating with BSA solution. Poste-
riorly, 8.5 µl of the coated magnetic particles diluted in (100 mM KCl, 10 mM Tris, 1 mM
EGTA and the desired concentration of CaCl2 ) sedimented on the assay surface under
the influence of a weak (2 mT ) magnetic field during 7 min in order to induce afterwards
an in-plane rotation. Once the "sandwich" assay was formed, the other side of the spacer
was peeled and a second clean coverslip was used to close the assay chamber. Finally,
the chamber was turned upside down in order to discriminate with gravity the bound from
the unbound particles. Dilution series of Anti cTnI 19C7 incubated in the polystyrene
surface were incubated on the coverslips to investigate the limits of no specific absorption
on the assays proposed, see Figure A on the supplementary information. Based on this a
concentration of 10 nM of Anti cTnI 19C7 was chosen to perform torque measurements.
To set-up the exchange buffer cell, the incubation of proteins was the same as the followed
for the closed fluid cell; with the difference that no tape spacer was used to define the area
of the assay. Instead, a 358 µl RC-20 fluidic chamber (Warner Instruments)was used. To
seal the chamber, Silicone Grease Kit (111-kit, Warner Instruments) was used according
to the product specs. To control the buffer exchange flow (20 µl min−1 during 1 hour) a
syringe Pump 11 Picoplus (Harvard Apparatus) was connected to the chamber. The assay
buffer consisted from 1% of BSA diluted in 100 mM KCl, 10 mM Tris, 1 mM EGTA and
the desired concentration of CaCl2 (1 mM or 1 nM). In particular measurements always
started with 1 nM CaCl2 followed by the addition of 1 mM CaCl2 and a reflushing of
1nM of CaCl2 and a similar procedure has been also described in.164

Particle counting

The images acquired were analysed with a Matlab software. To generate the dose response
curves shown in the appendix Figure A, the counting of bound particles to the function-
alized coverslips was performed using a counting algorithm in Matlab recognizing with a
Gaussian filter, individual particles.

Angular tracking

The angular position of the magnetic bead is determined over time either under torque
(large angles) or at equilibrium (small angles). The Matlab script uses the first image of
the series as a template, the template consist of a black background with a white ring of
the size of the first diffraction ring with a protuberance related to the fluorescent labels
attached to the particle (the centre peak is left out). The reference image and the subse-
quent centred images are translated into Polar coordinates and then the cross-correlation
of the subsequent images with the first image is calculated. The position of the maximum
of the cross-correlation is then used to calculate the angle of rotation. The accuracy of the
angles measure has been estimated to be ±1 deg.

Quadrupole Electromagnetic Torque Tweezers (QEMTT)

A four pole electromagnet with iron cores was used to generate the magnetic particle’s
rotation, the details of the setup have been described previously in.37 To image individ-
ual bound particles, a microscope with a 126× amplification water objective was used
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(DM6000M; Leica Microsystems). The microscope was coupled with a high speed and
high resolution camera (Andor Neo) and recordings of the particles were acquired at ∼18
fps. An important feature of our setup is that vertical gradients of the magnetic field kept
to be minimal. Here, to study the continuous torsional deformation first we localized
the particles exhibiting torsional flexibility (1 particle per field of view), thereafter, con-
tinuous rotating fields with an amplitude 20 mT at a frequency f=0.5 Hz on clockwise
and counter-clockwise sense for ≈ 5 seconds each. Previously in37 the magnetic torque
applied has been estimated for M-270 particles and yields a value of (2.5 ± 0.6) × 102

pNnm. Representative measurements are shown in Figure 4.2. To quantify the torsional
flexibility we measured the maximum angle of deformation θmax which is calculated from
averaging the maximum angle from clockwise and anticlockwise rotation. The error as-
sociated to the angle determination is obtained from the repetition of the measurements
upon continuous torque. We have determined the amplitude on the oscillations is stable
over continuous torque and the error associated to the remagnetization of the particle on
a continuous rotating field, can modify the total angle by ±3 deg.

Angular Brownian Motion (ABM)

On the particles actuated under rotating fields, we also measured the rotational Brownian
fluctuations without magnetic actuation. To reduce the remanent magnetization of the
cores originated due to the field actuation, a demagnetization step was applied to the
sample which consist of applying a sinusoidal shaped current trough two facing coils
in the electromagnet. After demagnetization, the influence of the remanent field can be
neglected and the rotational constrain is attributed entirely to the particle-protein system.
Brownian fluctuations were recorded for 120 seconds at 18 fps. From the angular time
traces, an histogram of the angular positions can be obtained, see Figure 4.2b. Regarding
that the magnetic bead is bound through a torsional spring, a fit of the angular distribution
was performed by balancing the Brownian energy with the energy stored in the torsional
spring:

P(θ) ∝ exp(−
k(θ − θo)2

2kBT
) (4.1)

Tethered Particle motion analysis (TPM)

From the particle tracking, the x,y coordinates of the centre of the particle determined
when no magnetic actuation is applied. The centre can be positioned with subpixel res-
olution by using the centre of intensity of a subset of pixels in the centre of the particle,
which can be identified as a bright spot in the centre of the particle, see Figure 4.1d. Poste-
riorly the displacement of the particle is calculated by correlating the subsequent position
with the initial position of the first image of the series. From the recordings of the parti-
cles in rest, the fluctuations in x and y of the particle can be determined. Since the pixel
size is 51.58 nm the projection of the displacement of the particle over time is depicted in
Figure 4.2c. By tracking the particle centre over time, an effective area A is determined
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from the accumulated centre positions. The area is defined to include the 95% of the total
number of points. Statistical analysis Data analysis was performed using the software
Origin. The mean significant difference between the 625-19C7 and the 560-19C7 pop-
ulations was assessed using a two sample t-test. To assess the effect of Ca2+ the mean
significant difference was performed on a given assay at different Ca2+ concentrations by
performing pair sample t-test. The significance level chosen was α = 0.05.

4.3 Results
4.3.1 Particle bonding analysis
Two matched antibody pairs targeting specific domains of cTnI in complex with cTnT
and cTnC are used: 1) The antibody pair 560-19C7 which epitopes are located in H1
helix (aminoacids 41-49 on cTnI) and H2 helix (aminoacids 83-92 on cTnI) respectively
and 2) the antibody pair 625-19C7 targeting the H1 helix (aminoacids 41-49 on cTnI) and
the H4 helix (aminoacids 169-178 on cTnI) respectively, see Figure 4.1a,b. The molec-
ular systems are immobilized in polystyrene coverslips and labelled with fluorescently
tagged superparamagnetic particles and are measured in an inverted geometry as shown
in Figure 4.1c. The procedure followed to build the cTnI antibody targeting is described
in the Methods section. The experimental conditions were optimized to reach the sin-
gle molecule regime, i.e. low concentrations of the antibody 19C7 were incubated on
the polystyrene coverslips to achieve low surface coverage. Non-specific absorption of
particles was suppressed by incubating a layer of BSA on the coverslips. Typically for
particle-based assays, the bonding between magnetic particles and the coverslip can have
a specific as well as from non-specific origin. Specific interactions are caused by the at-
tachment through single or multiple antibody-protein-antibody bonds and the non-specific
bonds arise from imperfect blocking of the surfaces.121 Dorokhin et al,163 determined the
nature of the bond formation of a sandwich immunoassay for cTn similar to the ones
used here, using MT the authors measured the dissociation rates by subjecting the bound
particles to pulling downward forces when a 10 nM of an antibody specific for Troponin
was physisorbed in the coverslip. The time dependent dissociation behaviour showed a so
called fast component and a slow component. The fast fraction was associated with weak
interactions between cTnI and the antibodies and misorientation in the binding. The slow
dissociating fraction was related to single specific antibody-cTn-antibody assemblies that
were able to form strong and stable bonds. Moreover, previously we have investigated
the type of bonding of bound particles through an antibody-protein pair with the response
under rotational stress.37 We determined that the single specific bonds correspond to the
particles exhibiting an oscillatory behaviour in a rotating field rather than immobile or
continuous rotating particles.

Particles coated with the antibody 560 or 625 are incubated to the polystyrene surfaces
that contain the cTn complex attached to the physisorbed 19C7 antibodies. In a dilution
series of 19C7 containing buffers used during the incubation of the polystyrene surfaces,
we find an increase of the specific particle binding already at 1 nM concentration and
10 nM of antibody 19C7 was used in the torsion experiments to optimize the number of
particles with specific bonds, see the appendix Figure 4.1. We performed a bond analy-
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Figure 4.2: Measurements of two individual particles bound through the 625-19C7 antibody pair (attaching
the particle to the non-mobile H2 helix of cTnI) and 560-19C7 antibody pairs (attaching the particle to the
mobile H4 helix) at 1 nM Ca2+. a. QEMTT measurements. The maximum angular excursion is indicated with
the black arrows. The horizontal segment in the middle indicates a waiting time for the field activation in the
opposite direction b. Angular Brownian Motion measurements. Histograms of the angular fluctuations of the
same particles without magnetic field applied. The FWHM of the distribution is indicated with arrows. c. Tether
Particle Motion measurements. The accumulated positions of the particle are plotted. An ellipse surrounding
the 95% points and the directors of the ellipse are depicted in red.

sis in the sandwich configuration using our the QEMTT (which will be discussed in the
next paragraph) and similarly as in our earlier experiments on e.g. Protein G-IgG pairs,
we observe three different fractions of particles: continuously rotating particles ∼ 70%,
oscillatory particles ∼ 10%, and stuck particles ∼ 20%. The population of continuously
rotating particles is tentatively attributed to a single covalent bond between the particle
and the antibody 560/625. The particles are activated with EDC to bind primary amino
groups on the antibody, only when more than one amide bond is formed between the Ab
an the particle, the rotation of the particle is restricted. The subpopulation of stuck par-
ticles are more likely bound non-specifically or attached with multiple antibody-troponin
complexes. We will focus on 10% of the population that previously has been identified
as representing specific single bonds (oscillatory behaviour). Furthermore, the data pre-
sented in this paper is from particles that remain bound over the time of experiment (∼90
min) and were able to withstand torque without detaching.

4.3.2 Mechanical flexibility of specific targeted regions in cTnI

Three independent techniques are used to analyse the antibody targeted regions of cTnI:
quadrupole electromagnetic torque tweezers, angular Brownian motion and tether parti-
cle motion. In the following sections the analysis performed in each modality will be
described.
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Quadrupole Electromagnetic Torque Tweezers (QEMTT)

Twisting a cardiac troponin complex is achieved by an individual superparamagnetic par-
ticle functionalized with either 625 or 560 antibodies. The antibody on the particle forms
a matched pair with the 19C7 antibody on the surface resulting in the architecture of Fig-
ure 4.1c. The particles are incubated in a constant magnetic field of 2 mT parallel to the
sample surface in order to align the magnetic anisotropy axes of the superparamagnetic
particle with the equilibrium position of the protein torsional spring. Subsequently the
samples are turned upside down and an in-plane rotating magnetic field of 20 mT and
frequency of 0.5 Hz is applied. The rotation of the bound superparamagnetic particles is
detected by tracking the position of a fluorescent label as can be seen in Figure 4.1d. From
the rotational movement of the particle, the torsional properties of the molecular complex
can be inferred. The measurements of the molecular architectures under torque describe a
saw tooth-like behaviour with double the frequency of the applied magnetic field similarly
to the previously studied PG-IgG and IgG-IgG pairs.55 Interestingly, angular traces from
cTn twisting are not fully symmetrical upon reversal of the sense of rotation , see Figure
4.2a. The maximum angle of oscillation compared to the equilibrium position (horizon-
tal baselines in Figure 4.2a) as well as the peak-to-peak distance differ depending on the
sense of rotation. The skewness on the angular potential of the molecular complex is
likely to be caused by the non-rotational symmetry along the probing axis and thereby the
torsional stiffness of the molecular complex differs depending on the deformation direc-
tion, see the appendix B. Apart from the inherent non-rotational symmetry of cTnI also
the non-controlled orientation of the antibodies on the surface and particle contribute to
this asymmetry. Nonetheless, the amplitude of the oscillations is nearly constant over the
actuation time. The maximum angle of deformation θmax was obtained from the data by
averaging the maximum angle from clockwise and anticlockwise rotation as indicated in
Figure 4.2a and will be used as a figure of merit for the rotational mechanical stiffness of
the troponin complex. The oscillatory behaviour can be described in terms of the applied
magnetic field B, the effective magnetic moment of the particle m, the angular velocity of
the particle dθp/dt and the angle of excursion of the particle θp as:

τm(B,m, θ f ield) = τdrag(dθp/dt) + τmol(θp) (4.2)

The first term on the left corresponds to the applied magnetic torque τm and causes the
particle to exhibit a rotation frequency double of the applied field due to remagnetization
of the superparamagnetic particle. The terms on the right correspond to the hydrodynamic
drag τdrag and the nanomechanical torque of the protein complex under torsional defor-
mation τmol respectively. The oscillatory behaviour of superparamagnetic particles bound
to a surface with a nanomechanical complex is described further in the S.I. Figure B. As-
suming a linear relationship between angular deformation and applied torque (Hookean
torsional spring), the maximum angular deformation θmax relates to the torsion constant k
averaged over the two senses of rotation by the following relationship:

θmax =
τm,max(B)

k
(4.3)
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Here, we use that upon reversal of the twisting movement the rotation drag vanishes. For
M-270 particles the maximum torque τm,max(B) has been experimentally determined from
studying the maximum rotation frequency of particles free in solution.37 The maximum
angle of deformation θmax measured by applying torque on a particle bound with the
matched 625-19C7 antibody pair at 1 nM Ca2+ yields larger angles than obtained from
the 560-19C7 system. This is in agreement with the location of the epitopes which implies
binding of the epitope at the mobile H4 helix in case of the 625-19C7 antibody pair. We
can compare the θmax values obtained here with measurements previously performed on
the protein systems protein G-IgG and IgG-IgG.37 Under the same torque (using B=20
mT ), the Protein G-IgG pair showed θmax of ∼ 40-110 deg and for the IgG-IgG systems
angles of ∼100-300 deg. Even though the systems used here have three components,
the angular deformation of the 560-19C7 antibody pair addressing the stable H1 and H2
regions of the cTnI is more similar to the protein-IgG systems which indicates a relatively
compact and rigid structure.

Angular Brownian Motion (ABM)

The torsional stiffness of protein complexes for small angular deformations can be mea-
sured by studying the angular fluctuations of a bound particle. In this case the torsional
stiffness of the molecular complex can be estimated from the confinement of the angular
Brownian rotation of the particle. A large torsion constant creates more confinement, thus
leading to a narrow angular distribution. The ratio between the thermal energy and po-
tential energy originating from the torsional spring determines the probability to find the
bead at a certain angle from its equilibrium position. Approximating the torsional spring
as a harmonic oscillator, the shape of the angular distribution P(θp) function becomes:

P(θp) ∝ exp(−
k(θp − θo)2

2kBT
) (4.4)

Where kB is the Boltzmann constant, and T is the temperature, θp is the angular posi-
tion of the particle with respect to the initial position θo and k the torsion constant of the
molecular bond. The full width at half maximum (FWHM = 2.355σ) of the distribution
is used as a parameter to measure the angular flexibility with σ the standard deviation of
the distribution. By fitting the distribution, k can be obtained. Figure 4.2b shows the ABM
histograms of the same particles (and their corresponding protein complex) that were used
for the QEMTT measurements (Fig 4.2a). In the ABM experiment, the magnetic actua-
tion was deactivated and followed by a demagnetization routine to avoid magnetic con-
finement (see Methods section). The measured distributions are symmetrical, as expected
for very small deformations. The particle attached by the 625-19C7 antibody pair shows
a larger torsional flexibility than the particle attached by the 560-19C7 pair, in agreement
with the MTT measurements. The torsion constants were calculated for the particles of
Figure 4.2, for the MTT and the ABM methods, using equations 4.3 and 4.4; see Table
B in the appendix B. The data shows that the torsion constants of ABM are larger than
the MTT values. The proximity of the particle to a substrate may generate energy barriers
that hinder the rotational motion of the particle.165 Such barriers are expected to limit the
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particle motion more in ABM than in MTT, because ABM relies on thermal energy while
a much larger energy is magnetically supplied to the system in MTT.

Tethered particle motion (TPM)

TPM is a widely used method to study properties of molecular systems using a particle as
a label. From the Brownian translation of a particle bound to a surface, the contour length
of the tether, conformational changes, the persistence length etc. can be obtained.165, 166

Although typical TPM experiments are performed for tethers of few µm, we can use
the same principle to infer the flexibility of an antibody-antigen-antibody complex (of
approx. 40 nm in length) by evaluating the particle mobility of an attached particle. In
our approach the area of excursion of the particle A will be used as the parameter to relate
to the compactness of the Troponin-Ab complex that acts like an artificial tether. Note that
we cannot simply relate the amplitude of motion to the length of the artificial tether due
to the inherently compact structure of the protein complex which will most likely limit its
motion. Moreover, due to the relatively long exposure time of 50 ms per frame that was
chosen to optimize the angular tracking, motion blurring will occur. However, the results
in Figure 4.2c show that the 625-19C7 configuration which targets the mobile H4 helix of
cTnI moves over a larger area A f than the corresponding area of the 560-19C7 architecture
As targeting the stable H2 helix. Another interesting finding is that the areas covering the
particle movement are ellipsoidal and not fully circular. We attribute this asymmetry to the
non-isotropic geometry of the protein complex and the lack of control on the orientation
of the antibodies on the surfaces involved. Thus, the observed asymmetry is considered
to have a similar origin as for measured asymmetry in the QEMTT measurements.

It is important to note that QEMTT , angular Brownian motion and tethered parti-
cle motion methods, each give information about the antibody targeted nanomechanical
properties of the protein complex which allows to investigate induced changes in the con-
formations of the proteins involved.

4.3.3 Calcium dependence
As discussed previously, cardiac troponin changes conformation upon calcium binding.
CD spectroscopy and FRET have shown that the troponin complex has two high affinity
Ca2+ binding sites (KCa ∼ 3.2±1.2×108M−1) located in the C-terminal lobe of cTnC and
one with lower affinity (KCa ∼ 2.5 ± 2.0 × 106M−1) located in the N- terminal of cTnC
that interacts with the motile H4 helix of cTnI upon Ca2+ binding.137 Since our single
molecule techniques are clearly able to discriminate between the nanomechanical proper-
ties of the Troponin complex targeted at the flexible H4 helix (by the 625 Antibody) and
the H2 helix (by the 560 antibody), we also investigated the ability to detect the change
in conformation upon Ca2+ addition and removal. We monitored single particles bound
with the 625 antibody in a flow cell changing the concentration from 1 nM to 1 mM Ca2+

concentration and back. The Ca2+ was controlled using EGTA as a chelator agent and
the concentration was monitored in the flow cell to ensure the desired Ca2+ levels, see
the appendix figure C. Figure 4.3 shows the QEMTT, ABM and TPM measurements
on a single particle which show a clear dependency upon calcium exchange in the sys-
tem. When the calcium concentration increases from 1 nM to 1 mM the measurements
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Figure 4.3: Calcium dependency of one particle bound by the 625-antibody to the H4 helix of cTnI. The initial
concentration of 1 nm Ca2+ was increased in the fluid cell up to 1 mM Ca2+ and subsequently reduced to 1
nM Ca2+. At each concentration a. the angular deformation from QEMTT experiments b. Angular Brownian
Motion and c. the area from TPM measurements were simultaneously recorded. Measurements at each Ca2+

concentration have been recorded with a time difference of ∼ 30 min. in order to exchange the buffer in the flow
cell.
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revealed a decrease in θmax, FWHM, and A. Which indicates that upon Ca2+ binding the
stiffness of the molecular complex increases. This behaviour is found to be reversible,
when the concentration of Ca2+ decreases from 1 mM to 1 nM the absolute values of
the observables increase, although the exact original values are not recovered. The same
measurements were performed on the complex 560-19C7; for this assay configuration no
strong influence of calcium was found see the appendix Figure D. Therefore not only
the mechanical properties of cTnI moieties are distinct but also the susceptibility upon
Ca2+. In the discussion section the molecular mechanism underlying this effects will be
explained.

4.3.4 Statistical analysis
So far we have highlighted the features of measurements of individual particles. Now,
we present observations of multiple bound particles bound by the 560-19C7 and the 560-
19C7 antibody pair. In Figure 4.4, the observables obtained with QEMTT, ABM and
TPM for both configuration and upon addition and withdrawal of calcium are presented.
Box plots overlapped with the scattered measured values were used to observe the distri-
butional characteristics of our data. The lower boundary and upper boundary of the box
indicate the first quartile Q1 and the third quartile Q3 of the data respectively. The median
is indicated as a line inside the box. The upper whisker is determined by Q3 + 1.5 ∗ IQR
and the lower whisker is Q1 − 1.5 ∗ IQR, where IQR is the interquartile range. To assess
significant differences, data was correlated with a T-test (p < 0.05), see Methods.

The boxplots of the data indicate clear distinctions between the troponin targeted by
the 625-19C7 and the 560-19C7 antibodies at the start of the experiment for the 1 nM
Ca2+ concentration, see the first column of Figure 4.4. For example, QEMTT measure-
ments showed a larger median value for the 625-19C7 complex than for the 560-19C7
pair. A second aspect is the spread of the data, whereas the 625-19C7 system presents
torsion angles from 20 to 150 deg, the distribution of values on the 560-19C7 complex is
confined in a lower range of angles from 10-20 deg. At the same initial concentration of
1 nM of Ca2+, the ABM and TPM clearly show agreement with the QEMTT measure-
ments: smaller median values and spread for the 560-19C7 pair than for the 625-19C7
pair of antibodies. From our statistical analysis, a significant difference was consistently
obtained in the three methods between the two configurations.

The particle to particle variability in our measurements can have different origins de-
pending on the experimental method. In the QEMTT measurements, the θmax depends on
the maximum torque applied which can vary by 28% for M-270 superparamagnetic parti-
cles.37 In addition, the non-controlled orientation of antibodies with respect to the axis of
rotation can provide a further source of variability. Previously, torque measurements on
a system containing one antibody (PG-IgG) exhibited variations of torsion angle of 30%
and systems with two antibodies (IgG-IgG) showed 40% of variation. Differences in the
orientation of troponin complex induced by the antibody binding also can add variability
on the measurements. In the case of the ABM, the variability does not depend on the
magnetic properties of the particle but mostly on close proximity effects of the particle
with the surface which can create additional constrains to the particle movements. Simi-
lar effects have been shown in the case of TPM in which the particle roughness has been
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Figure 4.4: Box plots with measured values for each assay (labelled with capital letters). The number of particles
measured are for the 625-19C7 assay n=14 and for the 560-19C7 assay n = 8 using. The Ca2+ concentration is
indicated on the top of the figure and the experimental method is indicated in the left side.
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shown to be of profound influence on the measured movement pattern.165 A common
factor in experiments is the antibody targeting of the cTnI domains, however, the cTnI
interacts tightly with the other subunits and the stiffness measured depends on the com-
plexing with cTnC and cTnT. According to the manufacturer, the ratio of the components
provided of cTnI:cTnT:cTnC is 1:0.68:1.10. Therefore, it is probable that some probed
complexes lack cTnT and present a larger flexibility.

Upon increase of Ca2+ concentration on the 625-19C7 construct, the median of the
distribution of QEMTT measurement decreases, together with a slight decrease of the
width of the distribution. In contrast, for the 560-19C7 system, where not noticeable
change in the distribution is found. Consistently, the experimental observables from ABM
and TPM also present an increase of stiffening and compactness upon calcium (lower
medians) for the 625-19C7 antibodies and no evident effects for the 560-19C7 assay. The
T-tests show that the stiffening and compactness measured with QEMTT and TPM upon
increase of Ca2+ is significant. However, the analysis obtained with ABM does not show
significant differences for the 625-19C7 construct. The statistical analysis for the cTn
targeted with the 560-19C7 antibodies does not show significant differences for all three
techniques.

When subsequently the calcium concentration was decreased to 1 nM the median of
the population of θmax for the 625-19C7 targeted cTn did not fully recover (third column
Figure 4.4) as observed in the case of QEMTT measurements. Hypotheses for the relative
insensitivity of the torsional rigidity after the first increase might be a firm attachment of
the complex and the bound particles as a result of the conformational change. Neverthe-
less, it is observed that the first quartile of the box and the upper whisker shifts towards
larger θmax which does indicates that at least 50% of the population partially recovers af-
ter calcium removal. The measurements on ABM and TPM, did exhibit increase of the
median values indicating more clearly reversibility upon calcium exchange although not
in all cases. The statistical analysis reflects this observation, in which only TPM mea-
surements after recovery are significantly different to the measurements at 1mM Ca2+.
The 560-19C7 assay remained unchanged upon a decrease in the calcium concentration
in which the medians and the quartiles positions did not exhibit conclusive differences in
the statistical tests.

In Figure 4.5 we present a heat map that condenses the response of individual par-
ticles at different Ca2+ concentrations, for each molecular configuration and each mea-
surement method. To characterize the behaviour upon change of calcium concentration,
we computed the sign of the differences measured in MTT, ABM and TPM. For exam-
ple, the response parameters θmax(mM) − θmax(nM); FWHM(mM) − FWHM(nM); and
A(mM) − A(nM) are calculated for the stimulus of calcium increase; a positive sign indi-
cates an increase of flexibility whereas a negative sign indicates stiffening. The qualitative
traces of all measured particles can be found in the appendix E. Figure 4.5 shows that the
majority of experiments on the 625-19C7 cTn complex (8-9 out of 14) synchronize with
the Ca2+ pulse in all three measurement parameters (MTT, ABM, as well as TPM), i.e.
the system stiffens upon Ca2+ increase from 1 nM to 1 mM, and becomes more flexible
when the Ca2+ concentration returns to 1 nM. The other particles (5-6) show a dispersed
behaviour without any consistency in the Ca2+ response. The measurements on the 560-
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Figure 4.5: Heat map of the measured response of the configurations 625-19C7 and 560-19C7. Shifting towards
red indicates an increase in the number of particles exhibiting certain response upon the Ca2+ stimulus.

19C7 cTn complex also show a dispersed behaviour and no clear Ca2+ response. We
conclude that the calcium-sensitivity of the measured nanomechanical properties of the
antibody-targeted cTn complex depends strongly on the used antibody pair. No Ca2+ de-
pendence is seen for the 560-19C7 pair, and the majority of single-molecule experiments
with the 625-19C7 pair show a clear calcium dependence that is consistent in all three
measurement modalities (QEMTT, ABM, TPM). The antibody-dependence is in agree-
ment with the known positions of the epitopes and the known Ca2+ binding sites on cTn.

4.4 Discussion
The experiments presented in this paper provide insights into the nanomechanical proper-
ties of the native troponin protein complex targeted by antibodies. In spite of the relatively
large variabilities in the experiments, the data analysis shows with statistical significance
that the nanomechanical stiffness of the antibody-sandwiched cTn complex and its cal-
cium sensitivity depend on the targeted epitopes. The observed epitope dependence of cal-
cium sensitivity is in agreement with known calcium-controlled conformational changes
within the cTn complex.

To our knowledge this represents the first single-molecule observation of conforma-
tion switching in a non-recombinant and unmodified native protein complex. The versatil-
ity of antibody targeting potentially unlocks the analysis of the nanomechanical properties
of a wide variety of native protein complexes without the need for recombinant expression
or protein modifications. A valuable next step will be to reduce the variations in the exper-
iment. Probably the most important contribution to the variations is the lack of control of



4.4 Discussion 71

the antibody orientation in our experiments, due to the used non-directional antibody cou-
pling methods on the particle (EDC-NHS conjugation) and on the polystyrene substrate
(physisorption). Since a molecular sandwich format is used in the experiments, the mea-
sured Ab-cTn-Ab complexes represent a subpopulation of antibody orientations, namely
a selection of antibodies with outward orientation of at least one of their paratopes. Due
to the fact that the antibodies were coupled to a surface at a low antibody density, most
antibodies probably lie flat on the surface; however, some antibodies may have an upright
orientation with both paratopes pointing away from the surface.167 The antibodies may
have a direct contribution to the variability by contributing themselves to the torsional or
translational flexibility of the antibody-cTn-antibody sandwich complex. An upper limit
of the absolute contribution of the antibodies can be estimated by the signals in the stiffest
system, i.e. in the 560-19C7 experiment. The antibodies may also indirectly contribute
to variability, by influencing the orientation of the sandwiched cTn complex with respect
to the symmetry axis of the particle-substrate system. Since the torsional measurement
methods record in-plane rotational motion of the particle, with the surface normal as the
rotation axis, the observed torsional stiffness should depend on the orientation of the cTn
complex with respect to the axis of rotation. Therefore it can be envisaged that control
over antibody orientations will give a decrease in the width of the measured torsional
stiffness due to a more narrow distribution of cTn orientations. The control of antibody
orientation is an active area of research 58-60 so it will be very interesting to systemati-
cally investigate the dependence of the measured nanomechanical properties on antibody
orientation.

For the QEMTT the maximum angle of deformation is derived from the data at maxi-
mum torque, which depends on the maximum torque that can be applied by the magnetic
particle. This maximum torque is linked to the previously measured magnetic properties
of the M-270 particles37 and causes an additional increase in the width of the distribution
by approximately 28%. An improved definition of the magnetic properties of the parti-
cles exerting the torque will likely decrease the influence of this factor. In this respect
it is interesting to set up a survey on the commercially available particles to assess their
suitability for torque generation or to synthesize specific particles which allow to exert
torque with a high accuracy.

Furthermore, the data obtained in this paper also pose the challenge to develop the
modelling of the nanomechanical properties of proteins and protein complexes. In spite
of the ever increasing computational power, molecular dynamics simulations will first
need to be coarse grained in order to be able to model the deformations and compute the
torsional stiffness in the antibody-targeted cTn experiment.

It is interesting to compare the antibody targeting discussed above with the pairwise
modifications applied in single-molecule FRET measurements for the mapping of pro-
tein conformations including Troponin.138, 139, 152 FRET experiments yield distributions
of intra-molecular distances by incorporating donor and acceptor labels in the molecule.
The distance range is inherently limited to the maximum distance for which energy trans-
fer can still be measured. Furthermore, forces and torques cannot be applied, and the
observation time is limited due to bleaching of the fluorophores. In the method of this
paper, the protein complex is studied by direct mechanical actuation via two specific do-
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mains of the protein using antibody targeting. The method is very different from FRET,
because it has no limiting maximum distance range, allows studies of very long duration,
and does not require recombinant expression or modifications of the protein under study.

Due to the availability of antibodies targeting a wide range of epitopes on cTn and
its subunits, a mapping of the nanomechanical properties of the entire Troponin complex
can be envisioned, which may support or reject current molecular-mechanistic models
proposed in literature. For example, differences in the mechanical response and Ca2+

susceptibility of the 625-19C7 and the 560-19C7 configurations can be interpreted in
terms of the epitope locations on cTnI. The 560-19C7 Ab pair targets moieties in the
H1 helix (aminoacids 41-49 on cTnI) and in the H2 helix (aminoacids 83-92) which are
domains on cTnI that are stabilized through multiple polar and van der Waals interactions
with other complex subunits.129, 135 The 625-19C7 antibody pair targets the H1 helix
(aminoacids 41-49 on cTnI) and the H4 helix (aminoacids 169-178 on cTnI), which means
that one of the binding sites is located in a highly flexible domain.152, 168 Our calcium
switching data have support in recent FRET measurements on the cTn complex139 which
confirm that the inhibitory region of cTnI (aminoacids 137-148) is more flexible in the
absence of Ca2+, whereas in the Ca2+ saturated state a rigid confirmation is induced due
to the binding between the N lobe of cTnC to the H3 helix (aminoacids 148-163). The H4
helix targeted by the 625 antibody follows the inhibitory H3 region. Thus we hypothesize
that the Ca2+ induced rigidity observed in our measurements might be caused by the
binding of the adjacent cTnI inhibitory region to cTnC. Takeda et al135 found indeed that
the binding of Ca2+ induces the displacement of residues 137-210. Our TPM data suggest
that the displacement of the H4 helix is directed towards the H1 helix in cTnI since the
area of mobility is reduced in the Ca2+ saturated state. The 560-19C7 experiment did
not show changes in the mechanical stiffness upon change of Ca2+ level. Cordina et
al128 have shown using NMR that the H1 domain remains tightly bound to the C lobe
of cTnC independent of the Ca2+ concentration. They did not find any evidence for
calcium-induced changes in the aminoacids 83-92 of cTnI, which is in agreement with
our observations. Therefore, the existing models for the structure and conformational
switching of cTnI seem to agree with the results of our single-molecule experiments.

4.5 Conclusions
This study shows how specific antibody targeting can be used to quantify nanomechani-
cal properties of individual native protein complexes and how conformational switching
therein can be observed. The principles of the methodology were demonstrated on the
cardiac Troponin complex, which regulates the contraction and relaxation of heart muscle
cells by calcium-induced conformation changes.

This experimental approach opens a new perspective for quantifying nanomechanical
properties and analysing conformational changes of native protein complexes using spe-
cific binders. Here, monoclonal antibodies were used, coupled to the particle and substrate
in a non-directional manner. As discussed, in follow-up research it will be interesting to
control the directionality of antibody coupling. Also, it will be of interest to explore the
use of other epitope targeting molecular structures such as Fab fragments and aptamers,
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in order to study the contribution of the binder in the measured nanomechanical signals.
We foresee that the new experimental methodology described in this paper can be

applied for nanomechanical mapping of a wide range of native proteins and their mod-
ulation by chemical as well as physical cues. Chemical modulations may be introduced
by electrolytes, metabolites, hormones, drugs, peptides, proteins, enzymes, and nucleic
acids for example. The studies on cardiac Troponin can be extended to modulations by
other electrolytes than Ca2+, such as modulation of cTnC by Mg2+. Other possibility is
the study of the phosphorylation by kinases on cTnI;169 it is known that phosphorylation
by kinases and dephosphorylation by phosphatases can result in considerable changes
of protein structure and function. A key biomarker in the field of heart failure is B-
type natriuretic peptide (BNP), presented in patient’s blood mainly by its precursor form
proBNP. High-affinity antibodies are available for well-defined epitopes of proBNP and
there are several mechanistic hypotheses that merit detailed studies, such as on interac-
tions between the N- and C-terminal of the molecule170 and on the role of glycosylation
on proBNP flexibility.171 Another biomarker for which high-quality mapped antibodies
are available is Insulin-like Growth Factor Binding Protein-4 (IGFBP-4).172, 173 IGFBP-4
consists of two domains that are relatively flexibly bound by a linker region. The bind-
ing of Insulin-like Growth Factor (IGF) involves both the N- and C-terminal domains of
IGFBP-4, it will be interesting to study the dependence of the flexibility of IGFBP-4 on
the binding of IGF. In addition to the described chemical modulations, the experimental
methodology can be extended to also include physical cues such as temperature and light,
in order to study conformational changes of temperature and light sensitive proteins. In
summary, we believe that the experimental approach paves the way for generating new
insights into the nanomechanical properties of a wide range of native proteins and protein
complexes by making use of available libraries of binder molecules.





Appendix

A Dose response curves

Figure A: Dose-response curve of the fraction of magnetic particles that bind to a polystyrene surface by an
antibody-cTn complex-antibody complex. Antibodies Antib cTni 19C7 are incubated on the polystyrene sur-
faces followed by incubation of cTn complex. Passivation of the surface is done ny incubating BSA. Posteriorly
magnetic particles coated with Anti cTnI 560 or Anti cTnI 625 incubated. After 10 minutes of incubation the
samples are sealed and turn upside down so the a fraction of non-bound particles sediment and another fraction
remains attached. Curves presented here show the fraction of bound particles for different concentrations of the
Anti cTnI 19C7 on the polystyrene substrate.

B Quantification of the torsion constant of the 19C7-625 molecular
complex with simulations

In this section the pattern followed by a superparamagnetic particle bound to a surface
with a protein torsional spring under an in-plane rotating field will be described. From
this analysis the torsion constant of the molecular complex can be obtained. There are
three torques actuating in the system: the magnetic torque, the hydrodynamic counter
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torque of viscous medium, and the torsional resistance of the protein complex:

me f f B sin(φ) = 8πCηR3 dθb

dt
+ k(θb)θb (4.5)

where me f f is the effective remanent magnetic moment of the particle which is the result
of the contribution n individual moments. The phase lag φ accounts for the angular dif-
ference between the direction of the rotating field and the effective magnetic moment of
the particle. At a φ maximum the particle will switch the sense of rotation and eventually
lead to a double frequency of the particle. The switching depends in several factors such
as the coercivity of the particle Bc, and the angular spread of the magnetic grains σangle,
the role that play every parameter in the model will not be addressed here. C is a dimen-
sionless factor that corrects for the hydrodynamic influence of the nearby substrate and
the labels attached to the particle (which was estimated to be 1.22 for M-270 particle), η
is the dynamic viscosity of water (1×10−3Ps), D is the radius of the particle (1.4 µm), and
θb is the angle with respect to the equilibrium position when no torque is applied torque.
The molecular torque is included as a Hookean angular spring with an angle-dependent
torsion constant k. Eq. 4.5 is numerically solved using the Runge-Kuta method in Matlab.
It is observed good agreement between the simulation and the measurements. To repro-
duce the oscillatory traces, two different torsion constants were used. This suggest that
the experimental data can be explained by a non-symmetric torsional profile of the spring.

Figure B: Simulation of a particle bound through the 625-19C7 complex with a distribution of grains with
different coercivity as a function under rotating fields of different amplitude. The parameters used are the
magnetic moment: m = 7.5 × 10−17Am2, the magnetic field applied: B = variable; the frequency of rotation:
f = 0.5 Hz; the coercive field Bc = 13 mT the spread of the coercive field: σBc= 2 mT ; the number of grains
n = 30; σangle= 90o. Two torsion constants were used to reproduce the experimental behaviour(white circles
), in the clockwise rotation (blue curve) m = 3.4 × 10−18Nm/rad; and in the anticlockwise rotation (red curve)
m = 1.3 × 10−18Nm/rad
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Table B: Measured angles and calculated torsion constant from MTT and ABM measurements of the data of
Figure 5.2

QEMTT ABM

τm,max (Nm) θmax (deg) k (Nm/rad) FWHM k (Nm/rad)

625-19C7 (1.5 ± 0.5) × 10−18 120 ± 5 (7.2 ± 2.1) × 10−19 5.7 ± 0.3 (4.6 ± 0.2) × 10−18

560-19C7 (1.5 ± 0.5) × 10−18 30 ± 3 (2.8 ± 1.1) × 10−18 4.3 ± 0.4 (8.0 ± 0.8) × 10−18

C Calcium concentration measurements

1 mM Ca2+

1 nM Ca2+

a b

Figure C: . A flow cell is used in our experiments to vary the Ca2+ concentration. A pump is connected to
the inlet of the flow cell and the fluid with a given concentration of Ca2+ is pumped at a rate of 20 µl/min.
Solutions with 1 nM and 1 mM of free Ca2+ concentration were prepared with EGTA according to the software
Maxchelator.174 To assess the concentration of calcium in the exchange buffer chamber, a fluorometric quanti-
tative assay kit was used (Abcam, ab112115). It was observed that the 1 mM Ca2+ is in good agreement with
the 1 mM sample from the kit. Since the limit of detection of the kit is 0.03 mM Ca2+ the 1 nM concentration
could not be determined precisely, however our 1 nM sample corresponded with the negative control of the kit.
Posteriorly, the Ca2+ level in the flow cell upon concentration exchange were monitored b. The samples where
obtained from the reservoir of the chamber (∼ 200 µl) after perfusion at different time intervals of 10 minutes.
The calcium concentration was determined by direct comparison with the kit concentration. It was found that
the waiting time to obtain the calcium concentration desired inside the sample is of (30±2)minutes.
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D Calcium dependence of the 560-19C7 system
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Figure D: Calcium dependence for one particle bound trough the 560-19C7 configuration. Initial concentration
of 1 nm Ca2+ was increased in the fluid cell up to 1 mM Ca2+ and subsequently reduced to 1 nM Ca2+. In
each concentration the a. the angular deformation from QEMTT experiments b. Angular Brownian Motion and
the c. Area from TPM measurements were simultaneously recorded. Measurements at each Ca2+ have a time
difference of ∼ 30 min.
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E Stepwise analysis on individual particles
The response of particles upon calcium is analysed stepwise. In the representation of
Figure E a negative slop represent stiffening and a positive slope indicates increase of
flexibility. An important fraction of the population shows stiffening 12/14 with QEMTT,
BM (11/14) and with TPM (11/14). 7/14 of particles show consistent stiffening in the
three observables. A fraction of the population shows recovery 7/14 with QEMTT, BM
(6/14) and by (8/14) TPM. 5/14 particle show consistency in the three observables. A
small fraction of the population shows stiffening 2/8 with QEMTT, BM (1/8) except for
(6/8)TPM. In the 560-19C7 complex a mild effect due to calcium exposure is observed in
almost all cases.
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Figure E: Stepwise analysis of the behaviour of individual particles as a function of calcium concentration. If the
change due to Calcium is 15% bigger or smaller than the initial value, it will be regarded as significate change.
Otherwise no effect will be considered.





5
Study of the torsional stiffness of

protein-dsDNA complexes

Throughout this thesis, structural and functional properties of protein assemblies have
been investigated by the response to torsional deformation. In order to relate the tor-
sional properties with the structure of proteins complexes, in this chapter, a systematic
investigation of the torsional properties of a molecular complex as a function of the
molecular length is performed. We introduce a protein-DNA model system consisting
of double stranded biotinylated DNA of varying lengths sandwiched between two strep-
tavidin molecules that are coupled to the surface of a glass surface and to a magnetic
particle. The length of the DNA was varied between 10 and 40 nm, which is comparable
to the size of the protein complexes investigated in the preceding chapters. Measurements
on this model system allowed the exploration of the torsion stiffness of DNA with a length
below its bending persistence length and the study of close proximity effects such as elec-
trostatic interactions. The data reveal torsional moduli that are two orders of magnitude
larger compared to what is typically measured for DNA molecules with a length larger
than the bending persistence length. These torsion moduli resemble the torsional moduli
of proteins. We discuss fundamental differences of torsional measurements at short length
scales compared to classical torsion measurements on longer molecules.
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5.1 Introduction
The relationship between structure and function of biomolecules is fundamental to the
understanding of life processes. In this thesis we explore the structural and functional
properties of proteins by their response to torsional deformation. The study of the torque
response of biomolecules is relevant, among others, for processes such as DNA tran-
scription,175 the ATP synthesis performed by the F0F1-ATPase,176 the random walk of
the dynein and kinesin molecular motors8, 154 and the polymerase enzyme rotation during
transcription.177 Numerous studies have been investigated the response of DNA under
torsional stress.12, 41, 178 Proteins have received significantly less attention in literature.
Proteins are structurally more complex than DNA and important questions are still to
be answered, for example on the magnitude and the molecular origin of protein torsion
moduli,37, 46 the dependence on buffer conditions,164 and the dependence on protein con-
formation (Chapter 4 of this thesis).

In this Chapter an experimental study is described of the torsional rigidity of protein-
dsDNA complexes, measured with magnetic torque tweezers and angular Brownian fluc-
tuations of a particle bound by the molecular complex to a substrate. As a model system
we used a molecular configuration in which single dsDNA molecules of different lengths
are sandwiched between two streptavidin molecules. dsDNA strands with a length of 10-
40 nm were used, which were torsionally restricted on both ends by double-biotin binding
to streptavidin. Here, we first review the literature on characterizing the torsional rigidity
of DNA and proteins, and thereafter we present the design and results of the experiment.

A variety of experimental approaches have been used to measure the torsional rigid-
ity of dsDNA. Fluorescence polarization anisotropy (FPA) has been used to determine
torsional rigidities by analysing the intercalation of ethidium dye with short linear and
circular DNA.179 Cyclization Kinetics (CK) was used to analyse the looping of DNA
in an electrophoresis gel and from the ratio of formation of ligated and linear DNA as
well as dimers, the torsional rigidity can be obtained.180–182 Single molecule techniques
such as optical tweezers and magnetic torque tweezers have been used to study the tor-
sional rigidity of DNA by trapping a DNA molecule between a surface and a rotating
object.36, 50, 183, 184 However, the experiments have not yet led to a general description of
the torsional properties of DNA, since the reported torsional rigidity values span a ≈5
fold range and depend on the experimental conditions such as temperature,185 base com-
position of the DNA,186 salt concentration,187–190 DNA length,184, 191–193 and the applied
stretching or bending strain.35, 194 In Table 5.1 the values of torsional persistence length
C measured on DNA at different experimental conditions are summarized. Fujimoto et
al determined that the torsional rigidity of DNA depends strongly on the strain imposed
onto the DNA molecules. Lipfert et al35 and Mosconi et al41 studied in magnetic torque
tweezers experiments the increase of torsional stiffness of micrometer long DNA with the
pulling force. Moroz and Nelson et al42, 195 developed an analytical model that describes
the torsion of DNA under high tensile stress; the model however does not completely
reproduce magnetic torque tweezers data at low tension forces, as shown by Lipfert et
al.35 More recently, the torsional rigidity has been measured by X-ray interferometry,
reporting angular fluctuations of short DNA molecules (8.8 nm) to which gold nanopar-
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Table 5.1: Torsion persistence length on dsDNA and proteins obtained with different experimental methods.

Molecular system Length* (nm) Tension (pN) Method Torsion modulus C (nm)

Linear dsDNA 8.8 0 SAXS196 16-34

Linear dsDNA 62 0 FPA199 50± 10

Circular dsDNA 62 0 FPA199 75

Circular dsDNA 124 0 Circularization200 58-80

Linear dsDNA 2.7×103 0.2-6 MTT35 50-100

Linear dsDNA 5.4×103 0.2-4 MTT41 50-100

Linear dsDNA 7.1×103 >15 Rotor bead assay201 100-120

Protein G-IgG ∼ 25 ∼ 0.1 QEMTT37 (4.9 ± 2.0) × 104

IgG-IgG ∼ 30 ∼ 0.1 QEMTT37 (1.5 ± 0.5) × 104

F-actin** 6 × 103 1.5-1.8 ABM bead duplex197 2.1 × 104

F-actin** 6 × 103 0.2-.03 ABM bead duplex197 1.7 × 104

*The length of the dsDNA molecules was determined by multiplying the number of base pairs N
with the base pair length of 0.34 nm.
**Measurements of F-actin are performed in Ca2+ bound conditions

ticles were attached.196 This study reveals a low torsional rigidity of DNA compared to
data measured by other methods on longer DNA fragments, see Table 5.1. Apart from the
literature mentioned in the Table, we did not find any reports focussing on the torsional
properties of sub-persistence length dsDNA using magnetic tweezers.

Very few works have explored the mechanics of proteins under torque which are
mainly focused on filament-like proteins such as F-actin,197 dynein154 and microtubules.198

We have concentrated on the measurements of short non-filament-like protein complexes.47

In order to relate the structural with the torsional properties of proteins, van Reenen et al37

used an electromagnet based magnetic torque tweezers to twist two proteins complexes
with distinct length: a protein antibody pair of ∼20 nm and an antibody-antibody pair of
∼ 30 nm. Markedly different torsional moduli were resolved for the two different protein
complexes; note that the difference in torsional flexibility is not proportional to the differ-
ence in length of the complexes. Table 5.1 also includes reported values of the torsional
persistence length of protein complexes and proteins.

Here, we investigate a molecular system consisting of a short dsDNA fragment with
four biotin ends that is sandwiched between two streptavidin molecules, see Figure 5.1a.
The length of the dsDNA is smaller than the bending persistence length of dsDNA. Using
this molecular system, differences of the torsional rigidity will be investigated as a func-
tion of the dsDNA length and ionic strength conditions. The effect of close proximity and
the attachment to protein anchors will be discussed to interpret our measurements.
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5.2 Materials and Methods
Oligonucleotides and hybridization

Custom designed biotinylated oligos of 40, 50, 80, 110 and 140 nucleotides (NT) were
synthesized by Eurogentec. The software Oligocalc was used to prevent self-dimerization
and cyclization202 of the oligos. The sequences of the oligos and end modifications are
specified in the appendices A. The ssDNA were designed to be partly complementary to
ssDNA with the same number of nucleotides, such that the initial and final NTs of each
ssDNA were unpaired and the inner sequence was paired, see figure 5.1a. The unpaired
sequences have a length of 10 NT for the 40 NT oligos and 15 NT for the oligos with 50
or more NTs. Equimolar concentrations of equal-length were hybridized at an initial tem-
perature of 95oC and posteriorly cooled down with steps of 5oC of 5 minutes until room
temperature was reached. An electrophoresis gel confirmed the hybridization of each
pair of semi complementary oligoes (data not shown). Additionally; the gel stained with
SYBR safe from Thermofisher, demonstrated that the bands associated with the dsDNA
with larger number of NT’s migrated less that the smaller dsDNA.

Particle coating

M-270 particles functionalized with carboxylic acid groups were purchased from Dy-
nal (Thermofisher) and were coated with streptavidin purchased from Sigma Aldrich.
Briefly 10 µl from the stock of M-270 particles was washed three times with a buffer
consisting of 2-(N-morpholino)ethaenesulfonic acid (MES, Merck) at 15 mM with a pH
of 5.5. Then the particles were activated in a 200 µl solution with 9 mg/ml EDC (1-
Ethyl-3-(3-dimethylaminopropyl)-carbodiimide) during 30 minutes. Posteriorly 0.3 mM
of streptavidin was incubated with the M-270 particles for 2 hours at room temperature
(or overnight at 4oC) in mild agitation. After the protein was covalently linked to the
particles, the unreacted groups were quenched using ethanolamine. The quenching was
followed by three washing steps in a PBS buffer with 1 % BSA to remove the unbound
proteins. Particles were stored in 200 µl of the PBS-BSA buffer at 4 oC until used. Just
before use, 20 µl of particles were mixed with 10 µl of biotinylated fluorescent particles
in order to attach on average 1-2 nanoparticles on every M-270 particle.

Binding of particles to the glass surface. Multiple steps were performed to build
the molecular configuration depicted in Figure 5.1. First, glass coverslips (18x18 mm2)
were cleaned in a sequence of sonication baths with Acetone, Isopropanol and Ethanol
respectively for 10 min. A secure-seal spacer was attached to the clean coverslips to define
the fluid cell for the experiments. A solution of 100 µl with 40 nM streptavidin in PBS
was incubated in the fluid cell for one hour. Subsequently, the liquid was pipetted out and
the cell was washed with pbs containing 1% BSA. To block the areas without streptavidin,
a 30 min incubation with the 1% BSA solution was performed. Subsequently, 100 µl of
20 nM solution of dsDNA was incubated for 1 hour. After the biotinylated dsDNA was
bound to the streptavidin that was physisorbed onto the surface, 8.5 µl of the streptavidin-
coated and fluorescently labelled M-270 particles were sedimented on the glass under a
constant magnetic field of 2 mT oriented parallel to the glass surface for 10 min. The
incubation in a magnetic field was carried out to align the magnetic anisotropy axis of the
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particles in a plane parallel to the sample surface. Thereafter the fluid cell was closed and
turned upside-down so that the non-bound particles sedimented and the bound particles
could be analysed in a rotating magnetic field with the rotation axis perpendicular to the
sample surface.

Particle tracking

The angular movement of the particle was recorded with and without magnetic actuation.
To image individual bound particles, a microscope equipped with a 126x amplification
water immersion objective was used (DM6000M; Leica Microsystems). The microscope
was provided with a high speed and high resolution camera (Andor Neo) and recordings
of the particles were acquired at ∼ 18 fps. To determine the angular displacement, the first
image of the series was used as a template. The template consists of a black background
with a white ring of the size of the first diffraction ring with a perturbation related to the
fluorescent labels attached to the particle (the centre peak is left out), see Fig. 5.1c. The
reference image and the subsequent centred images were translated into polar coordinates
and then the cross-correlation of the subsequent images with the first image could be cal-
culated. The position of the maximum of the cross-correlation was then used to calculate
the angle of rotation. The accuracy of the angle determination has been estimated to be
±0.5 deg.

Measurements under torque

To magnetically actuate the particles, the fluid cell was placed in the centre of a quadrupole
magnetic setup that has been described elsewhere.37 Shortly, a four pole electromagnet
with iron cores was used to generate a rotating magnetic field. An important feature of our
setup is that vertical gradients of the magnetic field are very small (<1 T/m).47 In-plane
rotating magnetic fields of 2 mT with a frequency of 0.5 Hz were applied to measure the
response of the bound magnetic particles, see Figure 5.1. The rotating field was applied
both in a clockwise and anticlockwise sense to probe any angular asymmetry. The rotat-
ing field was applied during ≈20 s in order to measure the maximum angle of excursion
of the bound particles in multiple deformation cycles. After magnetic actuation a de-
magnetization step with decaying sinusoidal currents was applied by which the remnant
magnetization of the cores was removed.

5.3 Results and discussion
5.3.1 DNA-Particle architecture
A molecular construct consisting of a dsDNA fragment with biotinylated ssDNA ends
(Figure 5.1a) was designed in order to ensure double anchoring on both ends, which is re-
quired to prevent free particle rotation in a torsion experiment. Each extreme binds to two
binding pockets of streptavidin, thereby inhibiting free rotation. Other torque measure-
ments done in micrometre long systems used functionalized dsDNA with multiple biotin
and digoxigenin groups attached an the end of the biomolecules.35, 203, 204 This strategy is
justified when the length of the total DNA molecule is large in comparison to the length
of the parts bonded to the surface. For short DNA fragments a more compact anchoring
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Figure 5.1: a. Experimental configuration. A biotinylated DNA fragment is sandwiched between the strepta-
vidin coated surfaces of a particle and of the substrate (sizes are not to scale). b. Structure of the biotinylated
dsDNA used in torsion measurements. c. Microscope image of a magnetic particle labelled with fluorescent
tags.

strategy is required. DNA of different lengths was used : 40 NT, 50 NT, 80 NT, 110 NT,
140 NT and with complementary length LDNA of 20 bp, 20 bp, 50 bp, 80 bp, and 110 bp
respectively; note that the length of the complementary fraction of the 40 NT and 50 NT
DNA is equal; see section S1. The non-hybridizing ssDNA ends were introduced so that
the biotin tags could sterically reach the streptavidin binding pockets. For example, for
the shortest DNA the non-complementary fraction consists of 10 NT with a length of 3.4
nm. The distance between the biotin binding pockets is of 0.8 nm for the close binding
sites and 5 nm for the distal binding sites.205 This implies that the length of the oligo’s is
sufficient to span the distance between the distal binding sites within one streptavidin or
possibly the distance between binding sites of adjacent streptavidin molecules. The two
streptavidin molecules contribute a significant length to the total dsDNA-protein com-
plex, in particular for the shorter dsDNA fragments. The length of the molecular complex
was investigated by analysing the trajectories of bound particles over time for particles
immersed in a 150 mM PBS buffer using tethered particle motion (TPM). The method
followed for the tracking and used to compute the length of the molecular complexes is
explained in the appendix B. The TPM measurements did not resolve the tether length
for the tethers of 40 NT and 50 NT. However, the median length of the population of 140
NT DNA was larger than the median of the population of 40 NT, as depicted in Figure
B in the appendix. The length variations in the data is attributed mainly to the particle
roughness, which is comparable to the length of the molecular systems measured. The
torsional stiffness of the bound particles was assessed by applying a rotating field with a
magnitude of 2 mT . In a rotating magnetic field, approximately 90% of the total popula-
tion of particles rotated continuously, which can be attributed to the fraction of particles
that are attached with only one biotin groups to the streptavidin at either the surface or the
particle end. The remaining fraction (10%) of particles exhibited an oscillatory behaviour
and was identified as particles with double biotin binding at each end of the DNA. The
oscillating particles were used for analysis of the torsion properties of the DNA-protein
model system.
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Figure 5.2: Measurements on DNA-protein complexes using a. quadrupole electromagnetic torque tweezers
(QEMTT) , b. Angular Brownian Motion and c. Tether Particle Motion, on 40 NT and 140 NT DNA.

5.3.2 Measurements as a function of DNA length
The streptavidin-DNA molecular assemblies were measured under active angular defor-
mation driven by a rotating magnetic field, and by passive angular deformation due to
thermal excitation. Two examples of different particles bound to a surface with a DNA
molecule of 40 NT and 140 NT respectively are shown in Figure 5.2. The measurements
with quadrupole electromagnetic torque tweezers (QEMTT), angular Brownian motion
(ABM) and tether particle motion (TPM) are depicted in Figure 5.2 a, b and c respec-
tively. From the experiments, the maximum angle of deformation, the Full Width at Half
Maximum (FWHM) and area of excursion were determined to calculate the torsional stiff-
ness and the tether length. The characteristics of the measurements are explained in the
following sections.

5.3.3 Angular deformation with QEMTT
A rotating field was used to measure the angular deformation of dsDNA with strands of
40, 50, 110 and 140 nucleotides (NT) bound to superparamagnetic particles. Measure-
ments at a magnetic field amplitude of 2 mT show an oscillatory behaviour similar to that
observed for proteins of a comparable length scale.37 The frequency of the oscillation cor-
responds to the frequency of the field since the magnetic moment does not remagnetize
for B < 5 mT (as discussed in Chapter 2). As an estimation of the torsional stiffness of
the molecular bond, the maximum angle of deformation is used (see red arrows in Figure
5.2a). When the maximum angle of deformation θmax is reached, the torsional spring con-
stant k is inversely proportional to the maximum torque applied by the superparamagnetic
particle τm,max(B), in other words:

k =
τm,max(B)
θmax

(5.1)
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Figure 5.3: Dependency of the torsional rigidity scaled by the thermal energy k/kBT as a function of number of
nucleotides N determined by a. magnetic torque tweezers and b. angular Brownian motion. The insets depict
the inverse of the median of the boxplot distributions (k/kBT )−1

median versus LDNA = N ∗ 0.34nm. The error bars
represent the propagated error of the standard deviation and the red line represents a linear fit of the plotted
points.

Consequently, measuring the maximum angle of deformation allows a calculation of
the torsional stiffness of the protein-DNA complex. The maximum torque at a B = 2mT
has been experimentally determined by studying particles freely rotating in solution and
was found to be 2.9±0.6×10−19 Nm.37 This value is used to calculate the torsion constant
values reported here. From the examples of Figure 5.2 it is shown that the θmax reached
with 40 NT DNA assembly is smaller than the θmax reached with the 140 NT DNA. This
suggests that a longer DNA assembly is more torsional flexible than the short one.

5.3.4 Angular Brownian Motion
The torsional properties can also be assessed by analysing small angular fluctuations of
the bound particle around an equilibrium position of the protein-DNA complex. By per-
forming a demagnetization routine164 that removes the remanent magnetic fields after
magnetic actuation, the movement of the particle is driven by thermal forces only. Using
the equipartition theorem and regarding that the molecular bond behaves as a torsional
spring, the distribution of angles can be described as.

P(θ) ∝ exp(−
k(θp − θo)2

2kBT
) (5.2)

where kB is the Boltzmann constant, and T is the temperature, θp is the angular position
of the particle with respect to the initial position θ0 and k the torsion constant of the
molecular bond. By fitting the distribution with a Gaussian function, k is obtained. The
ABM measurements in Figure 5.2b show the distribution of angular fluctuations around
an equilibrium position of single particles bound with protein-DNA assemblies of 40 NT
and 140 NT. The data show that the complex with longer DNA spans a wider distribution
whereas the complex with shorter DNA (40 NT) exhibits a higher angular confinement.
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5.3.5 Dependency of the torsion stiffness on the DNA length
The normalized torsional spring constant values k/kBT of the DNA assemblies with vary-
ing length are presented in Figure 5.3a and b, measured with magnetic torque tweezers
and angular Brownian motion analysis respectively. The boxplots are overlapped with
the data points binned in defined intervals. From the boxplot representation the median
and the quartile values are extracted. The first quartile Q1 and the third quartile Q3 rep-
resent the lower and the upper limit of the box respectively. The median is indicated
as a line inside the box. The upper whisker is determined by Q3 + 1.5 ∗ IQR and the
lower whisker is Q1 − 1.5 ∗ IQR, where IQR is the interquartile range. Both measure-
ment modalities (QEMTT and ABM) show a considerable particle to particle variation,
i.e. different particles excurse over different angles. In the methods section, it was shown
that error generated by the software to determine the angular displacement of the particle
is small compared to the particle to particle variation, therefore this source of uncertainty
is neglected. The variation of the QEMTT measurements is calculated from the standard
deviation of all the particles measured for each DNA length, giving a value of 50%. The
origin of the variation in QEMTT measurements arises in part from differences in the
magnetic content of the particles and therefore of the torque that each particle exerts at
the same field. The variation of the magnetic torque applied by M-270 particles is about
30%.37 Additional sources of variation for both QEMTT and ABM measurements are
the inhomogeneity of the DNA species, since the purityis not one hundred percent and
DNA of different sizes can be measured. In the ABM measurements, an important source
of variation is most likely the close proximity interactions (electrostatics, van der Waals,
particle roughness etc.) between the surface and the particle, which may generate energy
barriers on the scale of kbT that limit the particle to explore the entire rotational energy
landscape allowed by the molecular complex. These interactions may also be at the ori-
gin of the fact that the torsion constants measured by ABM are larger than the torsion
constants measured by QEMTT.

5.3.6 Torsion modulus of the protein-DNA complex
In spite of the variability of the measurements, in both cases QEMTT and ABM mea-
surements show a decrease the median torsional stiffness with increasing number of nu-
cleotides on the DNA. Figure 5.3 shows that the medians of the populations of the box-
plots shift to smaller values with increase length of the DNA. In order to relate our data to
literature values we obtained the torsional persistence length C which can be calculated
as kL/kBT .206 To estimate the C values from our data, the (ktotal/kBT )−1

median values were
plotted as function of the length of double stranded DNA LDNA. Note that two of the data
points correspond to the same length of the dsDNA, see insets of Figure 5.3. As a first
approximation we considered that the total torsion constant measured are the result of two
components: one length-dependent component related to the DNA kDNA, and another one
related to the streptavidin anchors and the possible close proximity effect of the particle
to the surface kb. Therefore:

1
ktotal

=
1

kDNA
+

1
kb

(5.3)
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Figure 5.4: Torsional rigidity of 140 bp DNA as a function of ionic strength determined (ABM) and (QEMTT).

The slope of the linear fits gives the inverse of the torsional persistence length of
DNA CDNA whereas the intercept Cb relates to the torsion modulus of streptavidin and
proximity effects of particle and surface. The error bars of the plot are obtained from the
standard deviation of different particles measured. From the fits, the obtained CDNA values
are (7.3± 1.8)× 103 nm from QEMTT and (3.2± 1.4)× 104 from ABM, the error bars are
the error of the fitting. The torsional persistence length of dsDNA has been characterized
and derived by multiple methods as shown in Table 5.1. These studies report values for
the torsional persistence length ranging from 20 nm to 110 nm for various experimental
conditions. The estimations of CDNA values measured here are larger than what has been
reported in literature. Note that due to the error bars of the data, the estimation of the
CDNA is of limited accuracy. The torsion modulus measured of DNA in our experiments
resembles in order of magnitude the torsion modulus measured in proteins, which are in
the order of 104 nm as shown in Table 5.1. From the intercept and equation 5.3, the Cb

obtained is (2.3 ± 1.0) × 102 nm from QEMTT and (3.4 ± 2.2) × 103 nm from ABM. The
data shows that the torsional rigidity of the ABM is one order of magnitude larger than
the QEMTT values, which may originate from interactions between the magnetic particle
and surface that could hinder the rotational motion, particularly in the ABM experiment
that involves only thermal excitation. Due to the higher excitation energy in QEMTT,
the intercept value from QEMTT experiments is expected to more reliably relate to the
torsional modulus of streptavidin. However, the value obtained is smaller than what is
typically measured on proteins.

These results suggest that the torsional stiffness of the strept-dsDNA-strept system is
not simply an independent sum of the stiffness of each of the components, and that the
torsional properties of the proteins and the dsDNA are most likely coupled at short length
scales. The data in the insets of Figure 5.3b suggests that the slope increases for the higher
dsDNA length (140 NT), which would lead to lower CDNA values. This means that the
approximation made in Equation 5.3 may become valid for longer DNA molecules. In
order to investigate this, we suggest to perform systematic measurements on longer DNA
molecules to obtain more data points in the graph.
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5.3.7 Effect of the ionic strength on the torsional properties of DNA

In the previous section it was found that the torsion modulus of short dsDNA fragments
within the strept-dsDNA-strept system is two orders of magnitude larger compared to
values reported in literature. Here, we investigate if the ionic strength of the solution in-
fluences the measured torsional stiffness. The ionic strength can influence the measured
torsional stiffness in direct and indirect manners: (i) directly via electrostatic repulsion
within the molecule, (ii) indirectly via tension in the DNA molecule, and (iii) indirectly
via rotational energy barriers caused by particle-surface interaction. These mechanisms
will now be discussed. (i) A reduction of the salt concentration induces electrostatic
repulsion between the charged sugar-phosphate backbones of the dsDNA and therefore
increases the stiffness of the DNA molecule. It has been measured that the bending rigid-
ity of short DNA fragments (105-130 bp)188 increases by 21% when the salt concentration
reduces from 150 mM to 5 mM. However, the torsional rigidity is reported to be insen-
sitive to changes in ionic strength. (ii) In long DNA molecules it has been observed that
the torsional stiffness of the molecule increases with an increase of the pulling force.42

By reducing the ionic strength in our experiments, it is possible to induce electrostatic
repulsive forces between the particle and the surface and thereby apply a pulling force
to the protein-DNA complex. Van Ommering et al207 studied particles bound by DNA
to a glass surface and observed that the distance between the particle and the surface in-
creased by decreasing the ionic strength of the solution. This effect is mainly caused by
electrostatic repulsion, which increases with a decrease of the ionic strength according to
the DLVO theory. (iii) Finally, due to the close proximity, rotational energy barriers may
be present in the particle-surface system as a result of angle-dependent interactions, e.g.
physical roughness and/or physicochemical heterogeneities on the surface of the particle
and the surface of the glass substrate. In our experiments, torque (B=2 mT ) was applied
on the 140 NT DNA systems in buffer solutions of 150 mM, 50 mM, 15 mM and 1.5 mM
PBS. The torsion constant obtained from experiments on multiple particles with QMTT
and ABM are shown in Figure 5.4. These measurements are scarce for the low PBS con-
centrations due to low occurrence of binding compared with the binding on samples with
the higher PBS concentration. From the data of the figure, a weak decreasing trend of
the torsional rigidity with increasing salt concentration is observed. By increasing the
PBS molarity from 1.5 mM to 150 mM, the median torsion constant decreases by a factor
of 1.5 in the QEMTT measurements and a factor 1.8 in the ABM measurements. In the
following Section (see below) we will estimate the pulling force in the system. An inter-
esting aspect of the data is that the torsional rigidity is higher in ABM than in QEMTT
measurements (note the shifted y-scale), independent of the ionic strength of the solution.
A possible explanation could be that the close proximity between the particle and the
glass surface generates rotational energy barriers, which might limit the rotational motion
of the particle, particularly in the case of ABM because it involves excitation by thermal
energy only (as was discussed above). The fact that the ratio between ABM and QEMTT
values does not depend on the ionic strength points to a non-ionic origin of the rotational
barriers, e.g. steric interactions caused by surface roughnesses on the nanometer scale.
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5.3.8 Close proximity interactions
Here we estimate the forces that act on the particle and therefore also on the DNA, caused
by (i) the magnetic field gradient, (ii) the weight of the superparamagnetic particle that
hangs from the surface, and (iii) electrostatic and vd Waals interactions between particle
and surface. From the calibration of the electromagnetic setup,46 the vertical gradients
provide a pulling force of about 0.06 pN. The gravitational pulling force is calculated
from Fg = 4/3πR3(ρbead − ρliquid), where the density of the M-270 particles and the liquid
(water) are 1.4 × 103 kg/m3 and 1 × 103 kg/m3 respectively, the gravitational constant g
is 9.8 m/s2 and the radius of the particle R is 1.4 µm. Therefore the gravitational pulling
force on the particle is 0.05 pN. The electrostatic interaction between the particle and the
surface can be estimated from the DLVO theory that combines the contributions of van
der Waals and the electrostatic energies208 as :

E(h) = −
AR
6h

+ BRe−kh (5.4)

Where
B = 64πεrε0(

kBT
e

)2 tanh(
zeψsphere

4kBT
) tanh(

zeψplate

4kBT
) (5.5)

The force can be obtained from the derivative of the energy

F =
AR
6h2 − BRke−kh (5.6)

where the h is the separation distance between the particle and the surface which we will
regard as the length of the bond which is LDNA + 2Lstrept, is the inverse of the Debye
length, R is the radius of the sphere and B is the constant that includes the potential of
a plate and a sphere ψplate and ψsphere respectively, the dielectric permittivity in vacuum
and in fluid are εr and ε0, and A is the Hamaker constant. In table 5.2 the values of the
parameters that describe a polystyrene particle close to a glass surface are obtained from
the work of van Ommering et al207 and are presented for two situations, when the ionic
strength is 1.5 mM (100x diluted PBS) and when the ionic strength is 150 mM (PBS), in
both cases for 140 NT DNA. The calculations yield that the repulsion force is minimal
in 150 mM PBS. The repulsion force is enhanced when the ionic strength is low and the
particle is pulled away from the surface and therefore induces strain in the protein-DNA
complex.

In literature, the DNA torsional modulus of long DNA has been measured under
pulling forces (usually using magnetic and optical tweezers), with tensions from 0.1 pN
up to 4 pN,206 showing a 4-5 fold increase of torsional rigidity. Our calculations show
that the forces induced by the close proximity of the surfaces are in the same order of
magnitude of what other authors used to stretch long DNA. Therefore, we attribute the in-
crease in torsional stiffness at decreasing salt concentrations to the stretching force caused
by the electrostatic repulsion between the particle and the glass slide. However the ionic
strength does not alter the magnitude of the torsional rigidity by two orders of magnitude.
This suggests that the most likely cause of the difference between long and short dsDNA
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Table 5.2: Calculations of DLVO forces at different experimental conditions.

Parameter 150 mM PBS 1.5 PBS

ψplate(mV) -50 -50
ψplate(mV) -50 -50

R(nm) 1400 1400
εr 80 80
z 1 1

Ir (mM) 150 1.5
A(kBT ) 0.7 0.7
h(nm) 57.6 57.6

Total pulling force (pN) 0.2 2

measurements lies in the streptavidin anchors. In the case of short DNA, the coupling be-
tween the DNA and the streptavidin cannot be neglected and further investigations need
to be performed.

5.4 Conclusions
We have shown that a molecular design consisting of two streptavidin molecules with a
connecting dsDNA molecule shows a dsDNA length dependent torsional modulus both
in QEMTT and ABM measurements. In these experiments we have measured systematic
changes in hybrid protein-DNA constructs in a length regime that has been unexplored
with magnetic tweezers. With this work we have presented an insight in the torsional
properties of DNA on length scales comparable to the size of proteins. We observed a
decrease of the torsional rigidity with increasing dsDNA length. An analysis of the data
based on the linear addition of the reciprocal spring constants of dsDNA and strepta-
vidin suggests values of the torsional persistence length of dsDNA larger than the values
reported in literature. The origin of this difference cannot be completely attributed to
electrostatic interactions as indicated from our systematic experiments with varying ionic
strengths. Most likely the large torsional persistence length found in our experiments is
related to the designed molecular structure which includes both dsDNA and proteins and
to the close proximity of the particle to the surface. The importance of the latter is indi-
cated by the difference of the torsional rigidity found in ABM and QEMTT which is most
likely caused by rotational energy barriers possibly related to the particle morphology. It
is nevertheless remarkable that the measured torsional rigidity values depend on the ds-
DNA length and further investigations are required with larger DNA lengths to shed light
on the influence of the proximity effects.





Appendix

A Oligo sequences
Sequences of nucleotides were designed using the software Oligocalc to avoid possible
self-dimerization and cyclization effects. The oligo sequences were purchased from Eu-
rogentec and the hybridization of each pair of oligos of the same length was verified using
gel electrophoresis. In addition, the effective binding of the DNA sequences to strepta-
vidin protein was verified with SDS-PAGE (data not shown here).

Oligo 
length 

Modification 
3’ 

Modification 
5’ 

# of  non-
complementary NT 

# of  complementary 
NT 

Sequence from 5’ to 3’ 

140 Biotin Biotin 15 (3’) 

15 (5’) 

110 

 

ATA TTG AGA GCC TGA AGT TAT TGT TTT GGG TTG GTG GTA AGT GGA CGG ACG GAG GTA GTG AGG 
TAG ATT GGT GTG GCA GTA GCA TTG GTA TGA GTT GTG GTG AGT GCA GTA TGC GTG CTG TTA GGT 

GGG TTG GTA AGA TG 

140 Biotin Biotin 15 (3’) 

15 (5’) 

110 ACT TTC ACT CAC CCA CCT AAC AGC ACG CAT ACT GCA CTC ACC ACA ACT CAT ACC AAT GCT ACT 
GCC ACA CCA ATC TAC CTC ACT ACC TCC GTC CGT CCA CTT ACC ACC AAC CCA AAA CAA TAA CTT 

CAG GAC CAA TCT CC 

110 Biotin Biotin 15 (3’) 

15 (5’) 

80 GGA TGA AGT GTC GAG GAA TAG AGA GTT GTT  GTA  AGC  ATG  TCG GGA TAG CGA AGT AGT  AGT 
TAG TAT GTG TGG CGG TAG CAG CGT GTG AGT TGT GCC AGG TGT GTA GTG TG 

110 Biotin Biotin 15 (3’) 

15 (5’) 

80 GGT TCA CCT TCT ACC GCA CAA CTC ACA CGC TGC TAC CGC CAC ACA TAC TAA CTA CTA CTT CGC TAT 
CCC GAC ATG CTT ACA ACA ACT CTC TAT TCA TAA TGC AAC TCC TG 

50 Biotin Biotin 15 (3’) 

15 (5’) 

20 TCG CCT TCG AAA TCT ACC TCA CTA CCT CCG TCC GTC CAC TCA CTT ACC TA 

50 Biotin Biotin 15 (3’) 

15 (5’) 

20 GGT TGG CTG TAG TGG ACG GAC GGA GGT AGT GAG GTA GAT TGA TGA TAT CG 

40 Biotin Biotin 10 (3’) 

10 (5’) 

10 GCT AGG AGG TTA TGT GGA GTG ATG GAG GCA GGC AGG CGA  G 

40 Biotin Biotin 10 (3’) 

10 (5’) 

10 TCA CCC TGC CTG CCT CCA TCA CTC CAC ATA ACC TCG TCT G 

 

Figure A: Sequences of the DNA sequences employed from 5’ to 3’ sense.
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B Tethered particle motion
The motility of a particle can be used to assess the tether size and the flexibility to which is
bound. By overlapping all the centre positions of a fluctuating particle over the measure-
ment time, the effective area of excursion A can be obtained (see Figure 5.1c) and thereby
the projected displacement T of the particle of radius R can be calculated as A = πT 2.
The apparent size of the tether L can be estimated from the geometrical consideration:

L =
√

(R2 + T 2) − R (5.7)

TPM measurements in Figure 5.2c, show that a particle bound with a 140 NT molecules
projected a bigger area of excursion than a particle bound with a 40 NT DNA molecule.
Therefore it is of interest to investigate whether there is a relationship between the mag-
nitude of the torsional rigidity and the length of the DNA molecule.

R

L

Tb
a

Figure B: a. The apparent tether length from tether particle motion measurements versus the total number of
nucleotides of the DNA templates. b. Graphical representation of the geometrical approximation.

The apparent tether length of the same particles measured with QEMTT and ABM was
computed and shown in Figure B. Two main aspects are observed from the measurements:
the lengths measured here are consistently shorter than the calculated lengths and there is
variation in the measured lengths. If we regard that the tether length is proportional to the
number of nucleotides N as LDNA = N×0.34 nm, the expected lengths measured would
approximately of 13.6, 18, 37.4 and 47.6 nm, for 40, 50, 110 and 140 NT respectively. The
two previous observations can be a consequence of the roughness of the M-270 particles
which has been estimated to be on the order of 50 nm. Therefore, the apparent tether
length shown by the particle will depend on the height (respect the surface of the particle)
where the bond between the streptavidin and the DNA occurs. Additionally, the effect of
the binding to the streptavidin pocket can influence the measured length since the DNA
molecule needs to open up to reach the binding in one streptavidin. It might also be the
case that the DNA is bound to an adjacent streptavidin and thus the length of excursion
will be reduced. Since the determination of the length is ambiguous in our model system,
the torsional properties should not be related with the measured length from TPM.



6
Conclusions and Outlook

The research presented in this thesis covers developments on the torque application on
proteins at the single molecule level. In this chapter the main conclusions are summarized
and research directions for the future are discussed.



98 Conclusions and Outlook

6.1 Conclusions
The aim of this work was to investigate the application of torque as a method to identify
protein features on a single molecule level. The general configuration of our experimen-
tal approach consisted of immobilizing a molecular assembly of interest between a fixed
surface and a superparamagnetic bead. By applying a rotating magnetic field using an
electromagnetic setup (quadrupole electromagnetic torque tweezers, QEMTT), the bound
superparamagnetic bead applies a twist to the molecular system. In this thesis, the torque
generation of a superparamagnetic particle with QEMTT was investigated (Chapter 2) and
three different molecular systems and mechanisms were studied under torsional deforma-
tion (Chapters 3, 4 and 5). From the understanding of the internal grain structure of the
superparamagnetic particles an improved quantification of the torque can be achieved and
thereby a better understanding of the properties of proteins can be obtained. In Chapter 2,
a semi-empirical model was developed to interpret the torque generated by superparamag-
netic particles when bound to a surface via a protein bond. An improved description of the
applied torque was achieved by considering the internal substructure of grains within the
beads. The model describes a transient remagnetization of the magnetic moment of super-
paramagnetic particles reflected in our measurements as a change from single to double
frequency of rotation of the particles with respect to the frequency of the applied mag-
netic field. Chapters 3 and 4 are dedicated to studies of proteins upon exposure to specific
molecular cues, namely the denaturation of the Protein G-IgG complex by surfactants and
the conformational change of cardiac Troponin upon calcium binding respectively. These
studies demonstrated that single molecule twisting is a sensitive method to detect changes
in proteins. The aim of Chapter 5 was to propose a model based on dsDNA for the cal-
ibration of the torsional properties of molecular complex as a function of the molecular
length. The results obtained indicate that on the length scale of globular proteins, the mea-
sured torsional rigidity cannot be simplified by the sum of the rigidity of each element of
the molecular assembly and that close proximity effects play an important role. Thus, our
experimental method has demonstrated to be suitable to systematically study the response
of individual protein complexes under torque. Additionally, it made accessible novel in-
formation on the conformational state of proteins systems and on unprecedented length
scales.

6.2 Outlook
The methodology followed in this thesis involved several experimental and theoretical
aspects that need to be further developed to enhance the capabilities of measuring protein
features. Based on our data, we have identified key points that would push a step forward
in the use of QEMTT.

6.2.1 Orientation of biomolecules
In the present thesis the torsional rigidity of molecular complexes has been obtained indi-
rectly form measurements of the angular deformation. The numerical value of the angular
deformation in a protein twisting experiment can vary significantly when different beads
are compared in a single experiment. The absolute values of the angular deformation
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present typical variations for antibody-protein complexes from tens to hundreds of de-
grees; as an example see Figure 4 of Chapter 4. Important contributions to this behaviour
are likely the bead-to-bead variation of the magnetic moment and different orientations of
the protein complex with respect to the direction of the torque. The random orientation
of the molecule is mainly caused by the way they are attached to the surfaces; EDC-NHS
conjugation was used to bind proteins to the magnetic particle and physisorption was the
method used to bind proteins to the glass/polystyrene surfaces. Although these methods
provide sufficiently stable bonds for torsional experiments, these do not provide a specific
directionality of the molecules. We expect that by controlling the direction of the bind-
ing, the particle-to-particle variability observed in the experiments will be reduced. In
literature different bioconjugation methodologies to orient antibodies/proteins are used in
immunoassays in order to increase the assay performance;175, 209, 210 the same approaches
can be exploited here to conduct single molecule measurements. One interesting conjuga-
tion method consists of the conjugation of the two N-linked glycan residues located in the
antibody heavy chain Fc domain.211 By addressing these groups, the binding of antibody
is specifically addressed.

6.2.2 Modelling and actuation of magnetic particles
As mentioned before, the variation observed in torque experiments also originates from
the heterogeneity of the magnetic content of superparamagnetic particles. Understand-
ing the remagnetization of magnetic beads will help to stablish experimental regimes and
actuation modes to study proteins. The empirical model proposed here originated from
systematic experiments and have allowed us to explore the properties of the magnetic
grain distribution of a superparamagnetic particle. A next step is to establish a physi-
cal model for the remagnetization of a superparamagnetic particle. The physical model
should consider a distribution (log-normal probably) in which all grains contribute to the
total torque, each grain with an anisotropy axis in which a misalignment cost from their
easy axis is given by the Stoner-Wohlfarth energy. Furthermore, the dipole-dipole inter-
actions between the magnetic nanoparticles, the influence of thermal fluctuations and the
anisotropy dependent relaxation effects of the grains should be taken into account as well.
So far, we have used continuous field rotations to study the maximal twisting angle of a
proteins. This means that the energetic landscape of a protein is probed at many differ-
ent angles. An alternative actuation mode would be to perform the analysis of angular
fluctuations not only around the equilibrium position of the protein but also at multiple
deformed states. In this way, a more detail analysis of the states of a protein complex can
be inferred under better defined (static) torque conditions.

6.2.3 Simulations
In order to interpret protein torsional measurements, it is important to be able to relate the
measured torsional response of proteins to knowledge of the molecular structure obtained
(for example) from crystallography studies. Molecular Dynamics simulations can be used
to investigate the kinetic behaviour of biomolecules under external forces on small time
and length scales. An interesting approach has been proposed by Richardson et al,212

who simulated biomolecules subjected to external torques using a coarse-grained simu-
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lation approach: Fluctuating Finite Element Analysis (FFEA). This modelling approach
represents the biomolecule as a viscoelastic solid prone to thermal fluctuations. A protein
treated within FFEA is regarded as a continuum material parametrised by macroscopic
parameters, such as density and bulk modulus. Using a coarse grained volume mesh,
the mechanical properties of the whole molecule can be easily tested compared to full
atomistic simulations. In a recent work,213 the FFEA method was used to identify the
region of an antibody molecule with larger torsional flexibility. Thereafter, twisting was
investigated in a full atom simulations on the small identified fraction consisting of 26
amino acids. The simulations showed that the flexible regions stiffen up with larger tor-
sion angles similarly to torsion profiling measurements of proteins.37 We envisage that a
combination of molecular simulations with single molecule studies will provide further
insight into molecular mechanisms in biology.

6.2.4 Torque based biosensing feasibility
Although the present thesis presents biophysical investigations of proteins, we can also
envisage a potential application in the biosensing field. Biosensors are devices that mea-
sure low (e.g. subpicomolar) concentrations of analytes in a biological sample. One of
the main challenges in biosensor applications is the development of strategies to enhance
the sensitivity and specificity for biomarker detection. To distinguish specific signals of
an analyte from the background, detailed information of the protein interactions within
the sensing device is needed.

We propose that one might validate the protein bonds and thereby improve the speci-
ficity of a biosensor using the torsional properties of the protein. Using bound magnetic
particles and rotational magnetic fields, one could measure the torsion profile of the pro-
teins in the assay. This would allow to distinguish between beads bound to the surface
through the sandwich assay and beads non-specifically bound to the surface. This in-
formation can then be used to determine the number of specifically bound beads on the
surface, which is a direct measure for the concentration of target protein in the fluid:
assessing the type of bond between bead and surface in a biosensor would decrease un-
certainties in the measured concentration.

An interesting example would be the use of torsion in biosensors for cardiac troponin.
In Chapter 4 we have shown a specific torsion behaviour of a molecular sandwich assay.
As the validation method, the torsion properties of the captured molecules or their re-
sponse to calcium modulation could be quantified. However, these concepts are still very
speculative and would need to be studied in more detail.
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