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Abstract

We present an optical biosensor technology that integrates the tethered particle motion
technique and the magnetic tweezer technique. The goal is to quantify the three-dimensional
mobility of bound particle labels and to characterize the bond between the particle and the
surface. We show using a series of four different lengths of dsDNA (105 bp to 590 bp) that
plots of the height as function of the in-plane particle position reflect the bond length and bond
flexibility. We analyze ensembles of bound particles and show that the height displacement is
at maximum the bond length, but that non-specific sticking causes large variations between
particles. We also measured the height of bound particles under influence of magnetic forces.
A magnetic gradient force towards the surface brought particles on average closer to the
surface, but a magnetic gradient force away from the surface did not bring all particles away
from the surface. We show that the latter can be explained by magnetic anisotropy in the
particles. Our results demonstrate that mobility detection of bound particle labels in an
evanescent field is a promising technique to characterize the bond between a particle and a
surface in a biosensor system.
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1. Introduction

The use of particle labels that can bind to individual molecules has enabled single-molecule
sengitivity in the fields of biosensing and biophysics. In biosensors the presence of a particle label is
detected to determine the concentration of a certain analyte in a body fluid. In the field of biophysics,
particle labels are used to characterize the properties of individual molecules. The discovery of optica
tweezers in the late 1980s and magnetic tweezers in the 1990s opened the possibility to exert
well-defined forces on particles and thus on single molecules.[1-4] The introduction of the tethered
particle motion technique in 1991 enabled characterization of individual molecules without applied
forces.[5] By measuring the two-dimensional Brownian motion of tethered particles, information is
obtained on the length and/or elasticity of individua molecules. These single-molecule techniques
have led to novel understandings in fields such as protein folding, DNA transcription, DNA
replication, molecular motors and enzyme activity.[6, 7]

In this paper we integrate the magnetic tweezer and tethered particle motion techniques in a
biosensor system, and we measure the particle maobility in three dimensions with nanometre resol ution
by using an optical evanescent field.[8-11] We will show that the combination of these three
techniques enables the characterization of the bond between a particle and a biosensor surface. As a
model analyte we use double stranded DNA with lengths between 105 bp and 590 bp (36 nm to 201
nm), in order to get bond lengths on the order of the evanescent field depth. We will first show that
the three-dimensional mobility of bound polystyrene particles gives information on the length and
flexibility of the bond, and we study the variations in ensembles of bound particles. Next, we compare
the use of polystyrene particles to the use of magnetic particles. Finaly, we demonstrate how the
height and height mobility of bound magnetic particles can be influenced using magnetic forces
towards or away from the surface, and we present amodel and experimental proof of the influence of
magnetic anisotropy and particle orientation on the particle height and particle mobility.

2. Materials and methods

2.1 Set-up

The evanescent wave set-up with scattered light imaging is sketched in figure 1. A light beam is
coupled into a disposable, injection moulded, polystyrene cartridge (12 x 40 mm) with an angle of
incidence of 70°, using optica entrance facets perpendicular to the light beam.[12] At the sensor area
the cartridge thickness is 0.8 mm. A 2 mm wide fluid channel is created with 180 um thick double
sided tape and a 150 um thick microscope cover glass. The light source is a red laser diode (658 nm,
Sanyo DL-6147-240, 20 mW) that is dlightly focused to an optical spot of approximately 200 um in
diameter. The penetration depth d, of the evanescent field is given by:[10]

dp=[4ﬂ//l (nlsinei)z—nzz]l, @)

with A the wavelength of the light, n, the refractive index of the cartridge, n, the refractive index of
the fluid, and g the angle of incidence of the light beam. Typical values in our set-up are a
wavelength 1 = 658 nm, refractive indices n, = 1.5, n, = 1.3 and an angle of incidence 6 = 70°,
leading to an evanescent field depth d, of 95 nm.
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Figure 1. Biosensor set-up to detect the scattered light of particles present in the evanescent field above the
sensor surface, which is generated by alaser beam coupled into the cartridge under an angle ¢, of total internal

reflection. The scattered light intensity of the particles depends on the particle height above the surface. As a
model analyte to biologically bind particles to the sensor surface we use dsDNA of four different lengths (105
bp to 590 bp). A lower magnet (electromagnet), with field B, =B, y and gradient 0B, =-B, 2z , and an upper
magnet (two permanent magnets), with field B, =B,x and gradient OB, =B,z, are used to magneticaly
manipulate bound magnetic particles.

As particles we use both streptavidin coated polystyrene particles of Spherotech Inc. with a
diameter of 0.7 um (mean diameter determined from Scanning Electron Microscopy images of 760
nm and a coefficient of variation (CV) of 5%), and streptavidin coated superparamagnetic particles of
MagSense with a diameter of 500 nm (mean diameter 580 nm, CV of 25%). The scattered light of the
particles has been shown to relate exponentialy to the height of the particles above the surface:[9, 10]

1) =15e™%, @
where 1, is the intensity of the particle in contact with the surface. Because of the variations in
particle size and spatial variations in laser intensity in our experiments, |, varied and was therefore
not used to cal culate the absol ute particle height. By rewriting Eqg. 2 to:

Ah=d Inl;/1 ., (3)
we determined from the intensity |, the height Ah relative to the position of the highest intensity 1,

measured for each particle during an experiment. The scattered light is imaged with single particle
resolution using a Leica microscope (DMLM/LP), a 50x objective lens of NA=0.50 (N plan) and a
CCD camera (Pike, Allied Vision, 30-60 fps). The field of view is 96 um by 72 um (with one pixel
corresponding to 150 nm), enabling detection of multiple particles simultaneously. The exposure time
per recorded frame is 4 ms for the polystyrene particles and 1 ms for the magnetic particles, which is
sufficient for measuring accurate height information without blurring due to particle motion.[11] The
recorded movies are analyzed using a Matlab routine that recognizes the particles, determines the x,y-
position with sub-pixel accuracy (~10 nm) by a centre of mass analysis of the intensity profile, and
calculates the total measured intensity per particle by integrating al pixels belonging to a single
particle.

To apply a downward magnetic gradient force to the particles we use an el ectromagnet below the
cartridge, which is composed of two coils operated with opposite currents, giving afield B, and field

gradient 0B, , as shown in figure 1. To apply an upward magnetic gradient force we designed a

holder that contains two permanent magnets in a horizontal magnetization configuration with a1 mm
gap,[13] giving afield B, and field gradient 0B, (figure 1). During an experiment the holder can be
dlided onto the cartridge without changing the microscope configuration. Each of the two magnets has
a size of 5x5x1.5 mm, and is composed of five 5x1x1.5 mm neodymium-iron-boron magnets
(www.supermagnete.de, magnetization N45). Due to the small gap size, part of the light from the



particles is shielded by the magnets, therefore a correction factor needs to be applied to the measured
light intensity, which we determined to be 1.5.

2.2 Assay

As abiological model system we use four fragments of double-stranded DNA with different lengths,
obtained by PCR amplification: Escherichia coli partial 23S rRNA gene (590 bp (201 nm) and 141 bp
(48 nm)),[14] species-specific gene fragment for Saphylococcus aureus (105 bp (36 nm)),[15] and an
antibiotic resistance gene of Salmonella (290 bp (99 nm)).[16] The DNA strands are tagged with
Texas Red on one end and biotin on the other end;[16] the particles have a streptavidin coating and
the cartridge surface is coated with polyclona antibodies against Texas red.[11] After coating the
cartridge, the surface is blocked in a PBS buffer containing 1% (w/v) BSA, 10% (w/v) sucrose and
0.1% (w/v) sodium azide and stored at 4°C. Before use, the cartridge is washed with 100 mM borate
buffer (pH 8.5) containing 0.05% (v/v) Tween 20. Both the DNA and the particles are diluted in a 100
mM borate buffer containing 1% (w/v) BSA and 0.05% (v/v) Tween 20.

An assay is performed by adding the particle solution to the DNA solution, and incubating for 1
minute. The cartridge channel is then filled with 4 pl fluid and incubated for a variable time. Finaly,
unbound particles are washed away using a pipette with 400 yul 100 mM borate buffer containing
0.05% (v/v) Tween 20. For the polystyrene particles, the particle concentration was 0.25% (w/v) and
the DNA concentration was 5 pM. The incubation time was 3 minutes for 590 bp DNA, 3 minutes for
290 bp DNA, 6 minutes for 141 bp DNA and 8 minutes for 105 bp DNA. For the magnetic particles,
the particle concentration was 0.1% (w/v) and the DNA concentration 5 pM. The incubation time was
2 minutes for 590 bp DNA, 2 minutes for 290 bp DNA, 4 minutes for 141 bp DNA and 5 minutes for
105 bp DNA. The incubation times were experimentally tuned to obtain a similar low density (~0.01
particles/um?) of bound particles on the sensor surface. The DNA concentrations were selected to give
dlightly less DNA molecules than particlesin the fluid (ratio 1:3 for polystyrene particles, ratio 1:2 for
magnetic particles), in order to favor the formation of single molecular bonds between particles and
sensor surface.

2.3 Geometric description
Figure 2 shows a number of parameters introduced to describe the movement of the particle and the
tether. The angle between the tether and the surface is defined as « , the angle between the tether and
the particle is defined as g, the particle radiusis r and the length of the tether is L. Three ideaized
situations are sketched for a displacement of the particle, depending on the properties of the tether and
attachment points. Situation 1 shows uniform bending of the tether over an angle ¢, while « and g
both stay 90°. In this case the particle height h, isgiven by:
h=L= Eerleosp-1), (4)
and the lateral displacement d, by:
1-cosg

d, =L +rdng. (5)

In situation 2 the anglea between the tether and the surface changes, while g stays 90°, giving a
particle height h, of:

h, =(L +r)sin(a)-r, (6)
and alateral displacement d, of:

d, =(L +r)cos(a). @)
In situation 3 the angle 8 between the tether and the particle changes, while « stays 90°, giving a
particle height h, of:

hy=L-rt-sn(g)),  (8)
and alateral displacement d, of:

ds=r COS(,B) . 9)



Figure 2. Definition of parameters to describe the behaviour of a particle with radius r bound to the surface via
atether of length L. a isthe angle between the tether and the surface, S is the angle between the tether and
the particle and ¢ isthe angle of curvature of the tether. Sketch (1), (2) and (3) represent idealized possibilities
for particle displacement, depending on the properties of the tether and attachment points. h,, h, and h, denote

the particle height for the different possibilities, and d,, d, and d, denote the lateral displacement.

3. Results and discussion

3.1 Particle mobility and bond flexibility

To investigate the possibility to obtain information on the bond from the three-dimensional particle
mobility, we first studied the mobility of several individual polystyrene particles, bound to the sensor
surface by one of the four different DNA lengths. We measured the intensity fluctuations of the bound
particles over a time period of about 30 seconds. From the intensity data we calculated (Eq. 3) the
height Ah relative to the position of highest intengity, i.e. the position of closest approach to the
surface. In figure 3 we plotted for four particles that were each bound to the surface by DNA with a
different length, the calculated height as a function of the in-plane position. For each particle three
different colour plots are shown: the maximum height at each position, the average height at each
position and the minimum height at each position. In general, figure 3 shows that the particles move
in acircle with increasing radius from (170+5) nm to (400+5) nm for increasing tether length. For the
shortest DNA length the maximum lateral displacements for the different situations in figure 2 are all
on the right order: situation 1 gives 167 nm, situation 2 gives 169 nm and situation 3 gives 161 nm
(calculated using respectively Eq. 5 with ¢=24.8°, Eq. 7 with a =66° and Eq. 9 with g=65°). For the
longest DNA length, situation 1 gives 408 nm, situation 2 gives 440 nm and situation 3 gives 335 nm
(calculated using respectively Eq. 5 with ¢=56.5°, Eqg. 7 with ¢ =40.8° and Eq. 9 with £=28.1°). In
this case situation 1 best matches the measured radius of (400+5) nm.

The first column in figure 3 shows that the largest maximum height is found in the centre of the
circle and the lowest height is found at the contour, which is expected based on geometry (see figure
2). The maximum height is seen to increase with the tether length (note that the colour scales in the
different rows vary). The second column in figure 3 shows that the average height is lower than the
maximum height, demonstrating the influence of the tether flexibility. Moreover, it can be seen that
the difference between the average height and the maximum height becomes larger for increasing
tether length, up to afactor of two difference for the longest DNA, showing an increasing flexibility
for increasing tether length. The last column in figure 3 shows that the minimum height is also largest
at the centre of the circle, but this effect reduces for longer tethers lengths with increasing flexibility.
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Figure 3. Relative height Ah with respect to the position of closest approach to the surface (Eq. 3) for four

0.7 um polystyrene particles, each bound to a different DNA length. The first column shows the maximum
relative height as function of the in-plane (x,y) position, the second column the average relative height as
function of the in-plane position and the third column the minimum relative height as function of the in-plane
position, calculated (Eg. 3) from a 30 seconds intensity measurement.

The maximum relative heights in figure 3 are on the order of the DNA length, so the particle
apparently easily touches the surface when moving to the contour of the circle. Because the particleis
relatively large compared to the DNA length, only small angles are required (see figure 2). Taking for
example the situation where the DNA bends uniformly (Eg. 4, situation 1 in figure 2), the maximum
required bending angle ¢ ranges from 25° for 36 nm DNA to 57° for 201 nm DNA. DNA is known to
be a semi-flexible polymer with a characteristic bending length scale that is called the persistence
length. The energy to uniformly bend a strand of DNA with length L over an angle ¢ isgiven by:[17]

) (10)
2L
with kgT the thermal energy and P the persistence length. The value of the persistence length of
DNA depends on buffer conditions and temperature, but is usually taken on the order of 50 nm.[17]
For the maximum bending angles calculated above, the bending energies are below 0.14 kT,
confirming that the particle can touch the surface when moving to the contour of the circle.

For a particle to decrease its height while staying at the centre position, the bending angle ¢ of the
DNA has to become either much larger or non-uniform, or the tether needs to pivot around one of the
attachment points (angles o and g), or combinations of the three situations (figure 2) are required. In
figure 3 we see for example that for the shortest DNA (36 nm) the minimum height at the centre
position of the circle is around 20 nm. In order to reach this height while keeping o =3=90", the
tether needs to bend more than 180 degrees, leading to estimated energies of more than 6 kT, giving

K TP
=



a negligible occurrence probability. The tether thus has some freedom to pivot around the attachment
points (antibody-Texas Red or biotin-streptavidin), which is also often assumed in tethered particle
motion modelling.[18, 19] For longer DNA, bending becomes increasingly easier, for example 1.2
kT for bending 201 nm DNA over 180°. Indeed figure 2 shows that the relative difference between

maximum and minimum height becomes larger for increasing DNA length; for the longest DNA of
201 nm the minimum height at centre position is around 50 nm.

3.2 Mobility differences between particles

For biosensing applications, it is important to obtain detailed information on individual particles and
molecules, as well as to obtain good statistics on multiple single particles and molecules. Therefore,
we determined the maximum height displacement for ensembles of polystyrene particles and for
ensembles of magnetic particles, in separate experiments with the four different DNA lengths.

In DNA assays with polystyrene particles, we saw that about half of the particles were immobile
on the surface, showing both no in-plane position variations and no intensity variations. In control
assays without DNA, we observed that only very few particles were bound to the surface, much less
than in assays with DNA. This gives two possibilities for the immobile particles in the DNA assay:
either the particles were specifically bound to the surface by DNA and additionally non-specifically
bound to the surface, or the DNA was non-specifically bound in between the particle and the surface.
In the experiments with DNA, we saw some examples of particles with normal intensity-position
plots, such as in figure 3, that would sometimes temporarily stick to the surface at a position on the
contour of the circle. Such observations point to the occurrence of additional non-specific sticking of
specifically bound particles, which has aso been seen in tethered particle motion studies.[18] To
derive information on the molecular bond between particle and surface, we focused our analyses on
particles that are bound and also show in-plane mobility.

For the particles with in-plane movements, histograms of the measured maximum heights were
made for each DNA length, see figure 4 (a). The vertical black lines denote the DNA length. The
dashed vertical lines give a possible addition of 15 nm due to the antibody and linkers (antibody is
approximately 15 nm,[20] streptavidin approximately 5 nm, and biotin and texas red are on the
nanometre scale). It can be seen that the found maximum heights are generally below the possible
values due to the bond length, and that there is a large variation between particles, with a random
distribution from zero to the maximum expected value. Also, a few cases are seen where the derived
maximum height is higher than the bond length.

We also measured the maximum height displacements for ensembles of MagSense magnetic
particles and the four different DNA lengths. We found that for the magnetic particles there was much
less sticking to the surface than for the polystyrene particles. Figure 4 (b) shows for each DNA length
a histogram of the found maximum heights of al particles, with the only selection being that particles
should be far enough away from each other to prevent overlapping optical profiles. It can be seen that
there is ill a large variation in found heights between particles, but the peak of the distribution
clearly shifts with the DNA length. Also, particles are found with a maximum height that is larger
than to be expected from the tether length, especially for the two shortest DNA lengths. In another
publication we have shown that optically non-uniform magnetic particles (i.e. non-spherical, rough
surface and inhomogeneous content) can show an increase in scattering intensity fluctuations, thus
leading to an overestimation of the height displacement.[11] MagSense particles are observed in
Transmission Electron Microscopy images to be smooth and spherical, but some particles may till
have minor defects or an inhomogeneous content, leading to a small increase in measured height,
which becomes noticeable for short tether lengths.



(a) polystyrene particles (b) magnetic particles

M i — DNA length 105 bp (36 nm) 0 —DNA length 105 bp (36 nm)
5 w : ===+15nm 10 ===+15nm
1
0 r‘ hon M m ‘ OHHH \ﬁ,HTmm ‘
& o 50 100 150 200 250 3w B 0 50 100 200 250 300
o ; o .
£ 10y i 141 bp (48 nm) 5 i 141 bp (48 nm)
o 1 o 1
— ] o« 10~ I
S 5 1 o
: ' s alll[E
3, IS NS = ‘ 8 glem tooellee oo, ® o ‘
E 0 50 100 150 200 250 30 E 0 50 100 150 200 250 300
c . f=s -
M i 290 bp (99 nm) 10- E 290 bp (99 nm)
el il v
0 —H_‘ﬂﬂ ’7\ —‘\I 1 mm . [l 0 r‘\ﬂ” H ‘ ‘H | =]
0 50 100 150 200 250 300 0 50 100 150 200 250 300
4 | 590 bp (201 nm) | 590 bp (201 nm)
P 10 - '
sl ] i e
L L m 0 O ==l [l = = =
oL 1§ 1 | . 1_amm A ket
0 50 100 150 200 250 300 0 50 100 150 200 250 300
maximum heigth displacement(nm) maximum heigth displacement(nm)

Figure 4. (a) Histograms of the measured maximum height displacements of ensembles of polystyrene particles
bound to the surface via the four different DNA lengths. The black vertical lines in the graphs denote the DNA
length, the dashed lines the DNA length plus an estimated maximum extra length of 15 nm due to antibody and
linker molecules. (b) Histograms of the measured maximum height displacements of ensembles of magnetic
particles bound to the surface viathe four different DNA lengths.

We examined the occurrence of heights smaller than the tether length for both particle types by
studying the intensity-position plots, and found many differences in mobility between different cases.
For example, we observed particles with normal x,y-displacement and reduced height, particles with
reduced x,y-displacement and reduced height, or particles with asymmetric x,y-displacement (such as
half-spherical plots). A possible cause for reduced heights may be the occurrence of double bonds.
We estimate using Poisson statistics [21], taking account of the distance between molecules on the
particle surface, and assuming full flexibility of the attachment points, that indeed part of the cases
may be caused by double bonds. For the specifically bound polystyrene particles, at maximum 15%
can have double bonds for 36 nm DNA, and at maximum 27% for 201 nm DNA.. For the specificaly
bound magnetic particles, at maximum 34% can have double bonds for 36 nm DNA, and at maximum
54% for 201 nm DNA. The remaining reduced-height cases may be caused by various ways of
additional non-specific binding of specifically bound particles, such as that part of the DNA strand is
sticking to the surface, giving a lower height but also less freedom to move in circular symmetry. A
final possibility is that especialy for longer DNA tethers additional energy is needed to completely
stretch the bond, as the statistical probability of finding along flexible string fully stretched becomes
smaller.[22] An estimation based on the worm-like chain model, proven to be applicable to DNA
longer than 1 um,[23] would give for 201 nm DNA an energy over 5 kT to stretch the effective

length over 160 nm. This energy is, however, larger than observed for many particles in our
experiments.

In order to distinguish in abiosensor single bonds with different lengths by measuring the in-plane
particle displacement or the maximum height displacement, additional optimization is thus needed,
such as further reducing the possibility for double bonds and reducing non-specific sticking. The latter
was less for the magnetic particles than for the polystyrene particles in the same assay conditions,
showing the importance of tuning the surface properties of the particles. Additional blocking agents or
different buffer conditions, e.g. different ionic strength or different pH, may further improve the
assay. Another possibility is to manipulate the particles using applied forces, which we will
investigate in the following sections.

3.3 Influence of magnetic forces on particle mobility
When using magnetic particles, the height distribution function can be influenced with magnetic
forces. We investigated the effect of magnetic forces on the particle height using two magnetic



systems: a lower magnet and an upper magnet, as explained in Section 2.1 and figure 1. The lower
magnet is an electromagnet which gives afield up to about 50 mT parallel to the cartridge surface (in
the y-direction) and a field gradient force towards the surface (in the —z-direction). The estimated
magnitude of the gradient force of the lower magnet is 0.3 pN. The upper magnet is made of
permanent magnets and gives a field of about 500 mT pardlel to the cartridge surface (in the x-
direction) and a field gradient force away from the surface (in the +z-direction). The estimated
magnitude of the force of the upper magnet is 1 pN.

We firgt tested the influence of the lower magnet. Figure 5 (a) shows the position and intensity as
afunction of time for a particle bound to 141 bp DNA, when alternately turning the lower magnet on
and off. It can be seen that when the magnet is turned on, the particle becomes more strongly
restricted in x,y-position, the average intensity increases and the fluctuations in intensity decrease. It
can also be seen that the particle takes two different positions in the magnetic field: one towards the
+y-direction and towards the —y-direction. Figure 5 (b) shows a scatter plot of the x,y-positions with
the magnetic field (grey data points) and without the magnetic field (black data points). The two field-
induced positions are at the contour of the circle of the field-free positions, and are 180 degrees apart.
Finally, figure 5 (c) shows the height distributions of the particle with and without the magnetic field.
On average the particle is indeed closer to the surface when it is magnetically pulled towards the
surface. There till is a considerable mobility in height of about 40 nm when the magnetic field is
turned on. For a larger ensemble of particles we found height mobilities ranging from 20 nm to 120
nm. These displacements correspond to forces between 0.1 pN and 0.6 pN (roughly estimated by
taking the probability for a free particle of moving a certain height Az against a force F:
P ~exp(- FAz/ksT)). The range in forces is probably caused by the fact that the particle diameters vary

up to afactor of two, so magnetic gradient forces may vary an order of magnitude.[24, 25]
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Figure5. (a) Position and intensity versus time for a particle bound to 141 bp DNA when alternately turning the
lower magnet on (grey bars) and off (outside grey bars). (b) Scatter plot of the positions in the magnetic field
(grey) and without the magnetic field (black). (c) Histogram of the height distribution in the magnetic field
(dashed grey) and without the magnetic field (black).

Next, we investigated the influence of the upper magnet on the particle mobility. We found that
the upper magnet strongly confines the height of the bound particles (within 5 to 30 nm),
corresponding to forces between 0.4 and 2.4 pN. Surprisingly, the upper magnet confined particles to
different height levels: we observed that more than half of the particles were not pulled to the highest
possible height. Figures 6 (a)-(c) show three examples of particles upon actuation by the upper
magnet, giving aresulting height of respectively the highest possible height, a medium height and the



lowest possible height. Such behaviour was observed for al four DNA lengths, and was reproduced
when the upper magnet was removed and subsequently repositioned. When analyzing a large
ensemble of magnetic particles, the relative distribution over maximum-medium-minimum heights
was about 60%-20%-20% for the 290 bp DNA, and 40%-30%-30% for the 105 bp DNA. In the next
section we will describe a possible cause for the different height levels under an applied magnetic
field.
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Figure 6. (a) Histogram of the height distribution of a particle bound to 290 bp DNA when applying the upper
magnet (dashed grey) and without the magnet (black), showing that the particle is pulled to its maximum height.
(b) Example of a situation where another bound particle (290 bp DNA) is confined at an average height using
the upper magnet. (¢) Example of a situation where a bound particle (290 bp DNA) is pushed towards the
surface using the upper magnet.

Finally, we tested the influence of the magnetic fields on particles with reduced height
displacements or asymmetric intensity-position plots. We found that fields from neither the lower
magnet nor the upper magnet altered the particle behaviour irreversibly. The induced forces were thus
too small to break loose possible additional non-specific binding of specifically bound particles. In a
magnetic field, particles mostly assumed height values that were aready available in the field-free
height distribution; only occasionally (~10%) we measured in field a height slightly below or above
the extreme values of the height distribution in the field-free state. Upon its placement, the top magnet
did cause immediate rupturing of a fraction of the particles (10-20%), but the chance of rupturing did
not seem to be related to the intensity-position plots of the particles prior to rupturing.

3.4 Influence of magnetic anisotropy on particle mobility

In the previous section we described two interesting phenomena. First, we showed that when applying
the lower magnet, the particle switched between two defined x,y-positions that were at the contour of
the circle of the free positions and were 180 degrees apart. Secondly, we showed that when applying
the upper magnet more than half of the particles were not pulled to the highest possible height, but
were sometimes even brought towards the surface. In this section we propose a model to account for
the influence of magnetic anisotropy of the particle on the fiel d-dependent particle mobility.
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When pulling a particle towards the surface using the lower magnet, the stiffness of the tether will
cause the particle to move to the contour of the circle (see figure 2). However, ideal spherical
superparamagnetic particles should be able to take any position on the contour of the circle, since they
immediately remagnetise when rotating. The occurrence of the two position states (figure 5 (b)) may
therefore point to magnetic alignment of the particles. We observed the occurrence of defined position
states for al particles, but the degree of confinement in x,y-position was dependent on the particle.
Some particles showed only one recurring position, but most particles showed two positions.
Moreover, the digned positions were often mostly directed towards the direction of the field
(y-direction). The choice for either one of the two states was random over time, like in figure 5 (a),
and showed that the orienting behaviour was not due to an additional magnetic field gradient and thus
force in the y-direction. We aso excluded the influence of particle-particle interactions, as we
calculated that forces between particles were negligible for distances larger than 6 um, which was the
case in the experiments.

A magnetic anisotropy in the particles can cause particle alignment in a magnetic field. Magnetic
anisotropy can originate for example from shape anisotropy (non-spherical particles), from an uneven
distribution of the magnetic content inside the particle or from a small permanent magnetic moment.
As we observed MagSense particles in Transmission Electron Microscopy images to be smooth,
spherical and homogeneous, the most probable cause for magnetic anisotropy is a small permanent
moment. It has been shown for 3 pm superparamagnetic particles that a small permanent moment
indeed exists, with values up to 1% of the saturation magnetization.[26] The rotation energy E of a
magnetic particle with permanent moment m, inamagnetic field B is given by:

E=-m,Bcosd, (11)

with 6 the angle between the moment and the field. A 500 nm MagSense particle with a permanent
moment of 0.5% of the saturation magnetization m,, (m,, =8.9.10™ Am? will aign for examplein

afield of 50 mT within 6° (energy of 3 kgT). A MagSense particle with a permanent moment of 0.1%
mg, Will aigninafield of 50 mT within 13°. For higher fields this angle reduces, for example to 2°-

4° for a MagSense particle with a moment between 0.1-0.5% m,, in afield of 500 mT. Alignment

effects can thus well be expected in our experiments.

The magnetic anisotropy axis (i.e. permanent moment) of a bound particle will probably have a
random orientation with respect to the attachment point of the DNA on the particle (figure 7 (a), angle
y) and thus with respect to the magnetic field (figure 7 (a), angle ), which in our case is pardlel to
the surface. When the anisotropy axis of the particle is not aigned to the field in the x-y plane, a
magnetic torque will cause the particle to rotate. Because in our experiments the particle is bound to
the surface via single bonds (biotin to streptavidin and texas red to anti-texas red) and the DNA
molecule has a low torsional constant, we expect that this rotation can occur almost without
restriction. This assumption is aso made in tethered particle motion modelling.[18, 19] However,
when the anisotropy axis of the particle is not aligned in the zy plane, the torque-induced particle
rotation does experience restrictions due to the tether. In this case, particle rotation gives a reduction
in the maximum height of the particle, asis shown in figure 7 (b). Thermal particle movement in the
y-direction will be severely hindered because this requires either large changes in the attachment point
angles (a, 8, figure 2), strong DNA bending (¢, figure 2), or misalignment of the anisotropy axis.
Thermal movement in the x-direction is easier because the particle can rotate around its anisotropy
axis (clockwise towards +x or anticlockwise towards —x) inducing only slight DNA bending (¢,
figure 2) or rotation/twisting (not depicted). The resulting preferred path of particle movement is
shown as a grey circle arc in figure 7 (b). In order to explain two symmetric aligned states that are
180° apart, as observed in our experiments (figure 5 (b)), the tether needs to rotate over 180° and the
particle magnetization needs to flip aong the anisotropy axis (dashed anisotropy arrow in figure 7
(b)). Rotation over 180° is expected to be possible (see above) and flipping of the magnetization can
be expected when the coercive field is lower than the applied field.
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Figure 7. (a) Definition of the angle 8 between the anisotropy axis of the particle and the magnetic field B, and
the angle y of the anisotropy axis with respect to the attachment point of the tether. (b) Schematic drawing of
the particle height reduction induced when a tethered particle rotates to align its anisotropy axis with the field.
The dashed arrow shows a state in which the bond is 180° rotated and the particle magnetization is flipped. The
two circle arcs show a path for preferred particle movement when keeping the anisotropy axis aligned. (c)
Calculated maximum (h, , Eg. 6) and minimum ( h,, Eq. 8) height reduction caused by arotation of the particle

over angle 4, starting from the four different DNA lengths.

The final x,y-positions of the particle depend on the height reduction of the aligned state, which in
turn depends on both the angle 8 between the anisotropy axis and the field (figure 7 (a)) and the
properties of the tether and attachment points. Particle rotation over the angle ¢ is equivalent to a
rotation of either =6, a=90"-6 or g=90°-6 as explained in figure 2. The minimum height the
particle will take dueto rotation is given by Eq. 6 and the maximum height is given by Eq. 8; Eq. 4 or
combinations of the three situations of figure 2 will give a height in between. Figure 7 (c) shows the
minimum and maximum particle height for a 500 nm particle as function of @, starting from the four
different DNA lengths. It can be seen that for al tether lengths cases of complete height reduction
(particle touching the surface) may be expected when assuming that the initial angle of the anisotropy
axis can have any value between 0° and 90°. Moreover, the shorter the tether the smaller the angle
necessary for equal relative height reduction.

The different height levels observed in the magnetic field of the upper magnet, as shown in figure
6 (a)-(c), can now be explained by a height reduction due to particle alignment. When a particle aligns
in the field, the maximum height is reduced, but the particle can still move towards the surface (grey
arc, figure 7 (b)). When a particle is additionally pulled upward by a magnetic gradient force, the
thermal movement becomes completely restricted to the highest position on the arc, depicted as a
white star in figure 7 (b). Height reduction in spite of un upward magnetic gradient force can thus well
be expected. The fact that we observed for shorter DNA (105 bp) more height reduction than for
longer DNA (290 bp) can be explained by the graph of figure 7 (c), showing that for shorter DNA
smaller angles are required to touch the surface. In fact, a balance exists between the energy due to the
gradient force and the energy due to the rotation. When for example a particle decreases its height by
36 nm against a pulling force of 1 pN, a penalty of 9 kT isinduced. We calculated (Eqg. 11, 0.1%

m., » 500 MT) that this can be counteracted with a rotation over an angle of 8°. For a height decrease
of 201 nm, an energy of 50 kT is required, which is reached for angles larger than 17°. It would be
interesting to analyze the position data of the pulled-up state and compare this to the free position
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distribution to gain more insight in all energies that play arole. Unfortunately we were not able to do
this in our set-up, because the placement of the magnet holder on the microscope always caused a
small position change of the microscope table.

We checked that the height distributions observed in the field of the upper magnet cannot be
explained by a gradient force that is not exactly perpendicular to the surface. We determined by
magnetic field smulations (Comsol Multiphysics) that for the dimensions in our system (gap size 1
mm, distance magnet to surface 330 um), the angle that the gradient force makes with the surface
normal is below 10 degrees over the entire gap distance. This gives an influence on particle height of
less than 10%, and is thus not able to explain results asin figure 7 ().

The behaviour of the particle in the field of the lower magnet, shown in figure 5 (a)-(c), can be
explained by a nearly complete height reduction due to particle aignment. For cases where the height
reduction due to particle alignment is smaller, the particle positions in the field are expected to show
more the arc-behaviour as depicted in figure 7 (b). We indeed saw examples of this behaviour. When
the height reduction is small but the downward gradient force is strong, the higher (more centred)
positions on the arc become less favourable, and the particle moves towards one of the grey starred
positions on the contour of the circle (figure 7 (b)). We observed for about 30% of the measured
particles strongly confined positions on the circle arc instead of symmetric confinement with respect
to the y-axis. We generally observed two positions 180° apart, except for a few cases wherein four
positions were observed (see Appendix). The occurrence of two positions instead of four might be
caused by a preference for the DNA molecule to bend, rotate or twist in certain directions. We tested
the effect of a decreasing field on particles that were strongly confined to two positions on the circle
contour, and found that the alignment behaviour could be observed for fields down to afew mT (see
Appendix). For fields below 18 mT the downward gradient force was lower than 40 fN, having no
measurable effect on the particle height, so the particle behaviour is then fully caused by particle
alignment. For a decreasing field, the confinement changed from the two positions on the circle
contour to a symmetric behaviour around the y-axis.

To study the influence of the field orientation on the alignment of x,y-positions, we investigated
the behaviour of three bound particles in different fields from the lower magnet, namely by first
actuating the two coils of the lower magnet in the normal way (simultaneously with opposite
currents), and then by actuating one or the other coil separately. The left plotsin figure 8 (a)-(c) show
the behaviour for normal actuation with the two coils. It can be seen that for particle (a) the aligned
positions are towards the x-direction, which can be explained by an anisotropy axis that is aligned to
the field when the bond is stretched and oriented upward, and an additional downward force giving a
preference for the positions of lower height near the contour of the circle. For particle (b) and (c) the
aligned positions are towards the y-direction, which can be explained by an anisotropy axis that is not
aligned to thefield in the stretched bond configuration.

The middle plotsin figure 8 show the aligned positions of the three particles when only one of the
two cails is turned on, which gives a field that is dightly out-of-plane. The aligned positions of
particle (a) now shift to the left due to counter-clockwise particle rotation. Moreover, because the
downward force of one coil is less strong, the particle mobility over the circle arc (figure 7 (b))
increases. The aligned position of particle (b) can be explained by the particle rotating counter-
clockwise from the +y-aligned state of the two coils configuration, shifting its position towards the
middle. The aligned positions of particle (c) can be explained by the particle being prevented by the
surface from rotating further counter-clockwise from the -y-aligned state of the two coils
configuration. The right plots in figure 8 show the aigned positions of the three particles when the
other coil isturned on, giving afield dightly out-of-plane in the other direction. Particle (a) then shifts
dlightly to the right due to clockwise rotation, particle (b) shifts completely to the right due to
clockwise rotation and particle (c) shifts to the middle due to clockwise rotation. All observations of
figure 8 can thus indeed be explained by the alignment model of figure 7.
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Figure 8. Scatter plots of the positions of three particles (a),(b) and (c), all bound to 590 bp DNA, measured
simultaneously in one experiment with the lower magnet turned off (black) and on (grey). For each particle the
left plot shows the behaviour when the two coils of the lower magnet are actuated simultaneously (normal
actuation), the middle plot shows the behaviour when only the left coil is actuated and the right plot shows the
behaviour when only the right coil is actuated. The drawings show the probable orientation of the anisotropy
axis of the particle with respect to the tether attachment point and the applied magnetic field, derived from the
measured behaviour and the alignment model.

Summarizing, we have shown that in an evanescent-field biosensor one can measure changes in
height of a bound particle under influence of magnetic gradient forces towards or away from the
surface, and we have demonstrated that magnetic particle aignment and the flexibility of the
biological molecules have an influence on the height of the particle. The results show that the
measurement of particle height-position plots as afunction of magnetic field allows a detailed probing
of the properties of the magnetic particles and of the rotation and flexibility of the biological bonds.
For future work it will be interesting to design electromagnets with higher field gradients and low
fields, in order to favor gradient forces with respect to alignment forces. Alternatively, one can exploit
the alignment behaviour by designing magnetic systems in which the field orientation can accurately
be manipulated.

4, Conclusions

We measured the three-dimensional mobility of bound particle labelsin an optical biosensor using the
techniques of tethered particle motion and evanescent field detection. As a model assay we used
dsDNA of four different lengths (590 bp/201 nm, 290 bp/99 nm, 141 bp/48 nm and 105 bp/36 nm).
We showed that by plotting the minimum height, the average height and the maximum height versus
in-plane position, detailed information can be obtained on the length and flexibility of the bond. Next,
we showed that for ensembles of individual polystyrene particles the height displacement was at
maximum the expected value based on the DNA length plus additional antibodies and linkers. There
was a considerable binding variability among particles due to additional non-specific sticking of
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specifically bound particles and the occurrence of double bonds. The results were similar for
ensembles of magnetic particles, except for a smal influence of non-uniform optical properties
leading to a dight overestimation of the height displacement. When using magnetic particles, the
mobility in height could be influenced by magnetic forces. A magnetic gradient force towards the
surface brought particles on average closer to the surface. However, a magnetic gradient force away
from the surface did not bring all particles away from the surface, as about half of the particles took
medium heights or were pulled to the surface. We described a model that illustrates how magnetic
anisotropy bring a bound particle into defined three-dimensional positions, and showed that this
model can explain both the varying up- or downward movements in the pulling-up experiments and
the alignment behaviour in the pulling-down experiments. Our results show that mobility detection of
bound particle labels in an evanescent field is a promising technigue to characterize the bond between
a particle and a surface in a biosensor system, and that the use of magnetic fields and magnetic forces
offers arich toolbox for additional manipulation and characterization.
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Appendix: Particle alignment in field of lower magnet

Figure Al shows the behaviour of a strongly orienting, bound particle in the field of the lower
magnet, for different field strengths. For fields below 9 mT the downward gradient force is negligible
(lower than 10 fN). It can be seen that aignment can be observed for fields down to 2 mT. The
position plots dowly change from two positions 180° apart (grey starred positions on the circle
contour, figure 7(c)) to a more symmetric configuration around the y-axis. Note that for the highest
field in figure A1, the maximum x,y-displacement away from the centre of the circle islarger than in
the free state. This shows that under influence of magnetic forces and torques, the tether behaviour
becomes different, changing for example the degree to which the tether can pivot around the
attachment points (¢ and g, figure 2). We also saw some cases where the degree of confinement and

the measured height for the two positions could differ slightly. This hasto be investigated further.
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Figure Al. Scatter plots of the positions of a magnetic particle bound to 290 bp DNA in the magnetic field
(grey) and without the magnetic field (black), for decreasing field strength.

Figure A2 shows afew cases where we did not observe two aigned positions that were 180° apart
and symmetric around x=0, but four aligned positions or two aligned positions symmetric around y=0.
These cases may be explained by non-specific binding, leading to different bending and rotation
behaviour of the tethered particle.
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Figure A2. Three examples of rare particle behaviour, which do not show two aligned positions 180° apart, but
either four aligned positions or two aligned positions symmetric around y=0.
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