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We describe an interfacial rheometry technique based on pairs of micrometer-sized magnetic particles at a
fluid-fluid interface. The particles are repeatedly attracted and repelled by well-controlled magnetic dipole-
dipole forces, so-called interfacial rheometry by Intra-Pair Magnetophoresis (IPM). From the forces (~pN),
displacements (~ um) and velocities (~ um/s) of the particles we are able to quantify the interfacial drasz
coefficient of particles within a few seconds and over very long timescales. The use of local dipole-dipolc
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amino-modified silicone polymer at a water-oil interface using carboxylated magnetic particles. At low polym.::
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1 Introduction . o P
timescales, and that are easy to use. Conventional interfacia:

Macromolecules, such as proteins, surfactants and nanoparticles,
are known to strongly bind to and thereby modify fluid-fluid in-
terfaces, with applications in food processing technologies for
the stabilization of foams and emulsions, 12 micro-encapsulation
techniques for personal care® and drug delivery,*> and in the
creation of new functional materials based on self-assembly. %7
Upon adsorption, the interface becomes crowded and the inter-
action between the adsorbed species strongly changes the me-
chanical properties of the fluid-fluid interface.>8-1> Studies of
these processes require rheometry techniques that are suited for
small amounts of materials, small length scales, short and long
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rheometers have a limited sensitivity due to the size of the probes
typically millimeter or larger, and are not suited for biomedical re-
search, where the amounts of material are generally limited anc
the relevant scales are well below the millimeter scale.16-19

Microrheology refers to the use of micrometer-sized objec*:
to measure interfacial shear viscosities on small length scal -
(~ pum), small sample volumes (~ uL), and with a high sensi-
tivity. 11:15:16,18-21 The sensitivity to the interfacial viscosity is ex-
pressed through the Boussinesq number Bo, which for a water-oi.
interface and a probe of characteristic dimension a can be ex
pressed as:

s
Bo=——"—— (@D)]
? a(Mwater + Moit)

where ny is the interfacial viscosity, Nya.r and 1, are the bulk
viscosities of water and oil respectively. If Bo >> 1 the motion
of the probe is decoupled from the hydrodynamics of the sub-
phases and is dominated by the interfacial shear viscosity ng. Mi-
crorheology can be divided in passive 17:1920:22 and active meth-
o0ds.23-28 In passive microrheology the Brownian motion of a
probe is followed in time and is related to its diffusivity using
a mean-squared displacement (MSD) analysis. ! The accuracy of

Journal Name, [year], [vol.], 1-14 |1



this method relies on the correct estimation of the drift (due to
thermal convection, Marangoni effect, sample, etc.) that is su-
perimposed on the thermally activated motion of particles. The
drift can be corrected by subtracting the average motion of an
ensemble of trajectories or by following the motion of a fixed ref-
erence object. For high viscosities (1 > 107% Ns/m) the static
noise of the setup is generally comparable to the particle aver-
age displacement, and an incorrect estimation of the drift leads
to systematically lower values for interfacial viscosities.!® Two-
particle microrheology overcomes these limitations by extracting
the particle diffusivity from ensemble-averaged cross-correlated
motion and inter-particle distances, which however requires a
large amount of trajectories to be recorded.

In active microrheology external forces control the motion of
the probes, such as generated with optical or magnetic tweez-
ers. These forces allow one to reduce the number of probes re-
quired, to measure interfacial viscosities as high as ng ~ 10~*
Ns/m, and to reduce the measurement time to a few seconds,
ideal to study time dependent phenomena. Optical tweezers have
mainly being used to study the rheology of bulk fluids3%-34 and
in some cases also for fluid-fluid interfaces.3>-37 The position of
the probe is controlled with nanometer accuracy and it is possible
to apply a wide range of forces. Magnetic tweezers have the ad-
vantage of low interference, because organic materials are fully
permeable and insensitive to magnetic fields. With the use of
micro-fabricated probes, such as magnetic nanowires and mag-
netic micro-buttons, magnetic tweezers have been successfully
used to study the ageing of protein films23-26:27 and the shear vis-
cosity of phospholipid and surfactant monolayers. 2>28 The forced
motion of a probe allows one to bring the system out of equi-
librium and to explore many interesting and important material
properties. However, the geometry of the probe and the dynam-
ics of the actuation play an important role, as different rheological
deformations such as dilatational and shear contributions might
be coupled in one experiment. This makes the interpretation of
data dependent on the material system under study, the condi-
tions of the experiment and on assumptions of the hydrodynamic
model used. 19,3840

In this paper we describe an interfacial rheometry technique
based on pairs of micrometer-sized magnetic particles that are
repeatedly attracted and repelled by well-controlled magnetic
dipole-dipole forces, so-called interfacial rheometry by Intra-Pair
Magnetophoresis (IPM)“4! (Fig. 1a,b). From the forces, dis-
placements and velocities of the particles one can quantify the
interfacial drag coefficient within a few seconds and over very
long timescales. This approach does not require microfabricated
probes and operates with commercially available magnetic par-
ticles, which are nowadays available with a wide range of sizes,
material and optical properties, and which can be easily function-
alized to suit a wide range of applications.*? The use of local
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dipole-dipole forces makes the method insensitive to fluid flow
and suited for parallelization. Moreover, this method allows one
to study proximity effects during particle separation and approach
under different forces and shear rates.

We first validate the use of IPM for the measurement of viscous
drag coefficients by comparing IPM data of particles in bulk water
to data of Brownian motion analysis. Then, we study the depen-
dence of interfacial drag on the adsorption of an amino-modified
silicone polymer to a water-oil interface (Fig. 1c). Polyelec-
trolytes have a broad range of applications, such as for the pro-
duction of microcapsules for biomedical applications,*? food sci-
ence, % and personal care products.3 In these systems, the time-
dependent adsorption of polyelectrolytes to water-oil interfaces
plays an important role in the production method and determines
the final material properties.> At low polymer concentration the
IPM particles remain mainly in the water side of the water-oil in-
terface, while for high concentrations the particles transit into the
oil phase (Fig. 1d). In both cases measurements show values of
drag coefficients independent of time. However at intermediate
polymer concentrations the data show an increase of the interfa-
cial drag coefficient by several orders of magnitude as a function
of time and of fluid composition.

2 Materials and methods

2.1 Materials

We use a silicone-based polymer functionalized with diamino-
groups on the side chain (KF8004, provided as samples by Shin-
Etsu Silicones Europe B.V.). The polymer is soluble only in
the oil phase and concentrations are prepared by weighting the
components. The radius of gyration of the polymer in oil was
measured using dynamic light scattering (DLS), which results in
Rg = 15—20 nm. The oil phase is isononyl-isononanoate (Lanol
99, Seppic, Nn,; = 6 mPa-s). The aqueous phase consists of phos-
phate buffered saline (PBS), prepared by dissolving PBS tablets
(PBS tablets, pH 7.4, Sigma Aldrich) in 200 mL of ultra-pure wa-
ter (resistivity > 18.2 MQ-cm) according to the supplier and then
further diluted. All the components were used as received from
the suppliers, without any further purification step.

We use carboxylic superparamagnetic particles (Dynabeads M-
270 carboxylic acid, diameter 2R = (2.8 +-0.1) um, Life Technolo-
gies) as probes in all the experiments. In the presence of a mag-
netic field, the induced magnetization follows a Langevin func-
tion, with a particle-to-particle variation of magnetic susceptibil-
ity of about 8%. 4! Particles were magnetically washed four times
in ultra-pure water in order to remove surface-active elements
present in the storage buffer, and were then dispersed in each
corresponding buffer in a ratio 1: 10000 from the stock solution.

This journal is © The Royal Society of Chemistry [year]
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Fig. 1 Principle of the Intra-Pair Magnetophoresis (IPM) experiment. (a) Pairs of particles are repelled and attracted by changing the orientation of tk-=
magnetic field ¢ generated by a set of electromagnets. Trajectories are recoded using a digital camera mounted on an optical microscope. (b) A
typical IPM experiment consists of five repulsions and attractions. Center-to-center separation distance curves are extracted from the digital images
(bottom). The drag is calculated by fitting the average of five repulsions to eqn (3). (c) Magnetic particles at a water-oil interface: oil-soluble
amino-modified silicone polymer is dispersed in the oil phase (i) and adsorbs to the interface (ii). At the fluid-fluid interface, carboxylated magnetic
particles (with negative charge) interact electrostatically with the amino-modified polymer (with positive charge) (iii). (d) Position of the particles as a
function of polymer concentration cp. Particles are brought into contact with the interface by means of magnetic field gradients. The particles sedime
to the bottom of the fluid cell by gravitational forces when no polymer is present in the oil phase. The particles adsorb and retain a position in the
interface when polymer is present at a low or intermediate concentration. The particles transit into the oil phase when polymer is present at a high
concentration.
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2.2 Positioning of the particles at the interface

We create a flat water-oil interface using a custom made fluid cell
(ESIT, Fig. S1) which consists of two circular aluminum rings.
The outer ring, with a bottom hole to host a glass coverslide (19
mm diameter, Thermo Scientific™), contains the inner ring with
a central hole with sharp edges where the water phase pins. The
oil phase is gently deposited on top of the water phase and the
cell is closed with a glass coverslide (24 mm diameter, Thermo
Scientific™). The moment when the oil-water interface is formed
sets the starting point for the reference time (adsorption time #4)
in our experiments. The whole system is held by capillary forces
and we found the interface to be stable for several hours. Prior to
any measurements all the fluid cell components (inner rings and
glass cover slides) were washed in a sonic bath for 10 min first
in acetone and then in isopropanol, ethanol (Sigma Aldrich), and
finally in ultra-pure water.

After assembling the fluid cell, we bring the particles from the
water phase to the interface by shortly applying a vertical mag-
netic force with a permanent magnet. After removing the magnet,
the particles that are not trapped at the interface sediment to the
bottom of the fluid cell. The microscope (Leica, DM6000 B) is
equipped with a motorized stage that allows us to locate the po-
sition of the focal plane with micro-meter accuracy, thereby the
position of the particles within the fluid cell. The concentration
of particles is chosen in order to have a low surface coverage at
the interface (< 0.1 %) so as to limit particle-particle interactions.

2.3 Particle tracking

We visualize the probes with a 40x magnification (0.40 N.A.)
and acquire images with a high speed CMOS camera (Motion-
Pro X3, Redlake) with a sampling rate of 30 frames per second.
The trajectories of the particles are reconstructed from digital im-
age analysis of consecutive frames with in-house written Matlab
routines. Briefly, images (Fig. 1b bottom) are filtered with a low-
pass Gaussian filter and corrected for the background. The parti-
cle center is determined using an algorithm based on the Hough
transform, which looks for a set of pixels belonging to the same
geometrical object, in our case a circle.*> Other computation-
ally more efficient strategies, such as cross-correlation or centroid
tracking, cannot be used in this study as they fail to track objects
that are in close proximity. Finally, the particle positions are corre-
lated through consecutive frames using a Matlab implementation
of the algorithm developed by Crocker and coworkers. 46:47

2.4 Interfacial rheometry by Intra-Pair Magnetophoresis
(IPM)

Intra-Pair Magnetophoresis (IPM) was previously developed in
our group to quantify distributions of the magnetic properties of
superparamagnetic particles.4! Here, we expand the use of IPM
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for rheometry studies of particles at fluid-fluid interfaces. We ac-
tuate magnetic particles by positioning the sample between a set
of five electromagnets with soft iron cores, four of which are po-
sitioned above (normal to each other) and one below the sam-
ple (Fig. 1a). The intensity and the direction of currents in the
electromagnets (e.g. the magnetic fields) are controlled with a
LabView interface that allows us to program any arbitrary actua-
tion sequences (e.g. Fig. 1b). With this geometry we can apply
magnetic fields with a magnitude between 0.1 and 50 mT.

When a superparamagnetic particle is exposed to a magnetic
field it acquires a magnetic moment along the direction of the
field, and a magnitude that scales with the field intensity, fol-
lowing approximately a Langevin function. ! When two particles
are in close proximity we can exploit their magnetic dipole-dipole
interaction in order to induce magnetic attraction or repulsion
(insets Fig. 1a). If we apply a field normal to the plane of the
interface (out-of-plane), the force is repulsive and the center-to-
center separation distance S increases. The motion of the particles
is opposed by the hydrodynamic drag. In a material system with
linear dependence of drag force on velocity, the following equa-
tions apply:

3ugmymy
4rst

Fa = Farag =35 @
where Fy,; is the dipole-dipole induced magnetic repulsive force,
Uo is the vacuum permeability, m; is the magnitude of the induced
magnetic moment (in units Am?) for particle i, Fiirqg is the drag
force and f is the hydrodynamic drag coefficient (in units Ns/m).
Inertia can be neglected, since the Reynolds number (ratio be-
tween inertial and viscous forces) for the system under study is

Re~107°% << 1.

The forces in eqn (2) define the equation of motion, and the
solution of the differential equation yields

15[.10 mimy
SO’ =27 5

1+ S ©))

where S is the separation distance at time #, = 0. The repulsive
magnetic force is always aligned with the inter-particle distance
vector and does not depend on the orientation of the pair. If the
magnetic field is now applied parallel to the interface (in-plane
field, Fig. 1a) the resulting magnetic dipole-dipole force is attrac-
tive, with a solution that is of the same form as eqn (3) but has
a different prefactor. This force depends on the relative orien-
tation between the applied magnetic field and the inter-particle
distance vector, but with the actuation protocol used in our ex-
periments, the pair orientation hardly deviates from the field ori-
entation (Fig. 1b, section S2, ESI"). Details of the calculations
can be found in reference [41].

A typical IPM experiment is shown in Fig. 1b. Particles are
repeatedly attracted and repelled by changing the orientation of

This journal is © The Royal Society of Chemistry [year]
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the magnetic field every 5 seconds, and images are acquired at a
rate of 30 frames per second. The intra-pair separation distance
S is extracted from digital image analysis (see previous section)
and the drag coefficient is obtained by fitting the average of 5
curves with eqn (3). The drag coefficient is obtained by assuming
a linear relationship between drag force and translational particle
velocity, i.e. a Newtonian system. However, soft-matter systems
can also exhibit non-linear properties. For example, polymer so-
lutions can be viscoelastic, with a drag force that depends on the
velocity history. 484° The hydrodynamic properties of fluid-fluid
interfaces may also depend on the type of adsorbed species. 18:23
For the material system in this paper, we find that the response is
essentially linear, so that the motion of the particles is dominated
by the linear shear response of the interface.

2.5 Interfacial rheometry by Mean-Squared Displacement
(MSD)

The viscous drag of a fluid can be determined by the thermally ac-
tivated motion of particle probes, i.e. Brownian motion.!! From
the trajectory of particles it is possible to calculate the diffusion
coefficient D from the mean-squared displacement according to

<(r(t+7)—r(t))? >=2dD -1 4)

where r(¢) is the position of the particle at time ¢, 7 is the lag
time, d is the dimensionality of the system, and D is the diffu-
sion coefficient of the particles. In our experiments the average is
performed over all the particles in the field of view (usually be-
tween 5 and 20 particles) and lag times 0.03 s< 7 < 10 s. Fits are
performed for lag times 7 < 2 s. We estimate the drift from the
motion of the center of mass of the particle ensemble, according
to the algorithm developed by V. Pelletier and coworkers. >°

The value of the drag coefficient can be determined from the

Einstein relation:
. kT

f

where kg is the Boltzmann constant and T the absolute tempera-
ture. For a particle of radius R moving in a fluid with viscosity 7,
the drag coefficient reduces to the Stokes’ drag f = 6xnR. Eqn (5)
also holds for a particle at a fluid-fluid interface. 11:1° The interfa-
cial drag coefficient depends on the particle three-phase contact
angle 6, the radius R, and the viscosities of the two phases and of
the interface. The relation between the drag coefficient and the
rheology of the interface depends on the material system under
study, the assumptions of the hydrodynamic model used for the
analysis, 3840 as well as on the actuation dynamics (e.g. rotation
or translation) of the probe.28

D (5)

In this study we present data as the particle drag coefficient f
extracted from fits of eqn (3) to the IPM trajectory data. In section
4.1 we will relate f to the rheology of the interface.

This journal is © The Royal Society of Chemistry [year]
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3 Results

In this section we present results as follow. We first measure
and compare the drag coefficient of particles moving in bulk wa-
ter with IPM and MSD analysis, thus proving the validity of the
method. Then, we study how the polymer influences the position
of particles at the water-oil interface and finally we apply IPM to
study the adsorption of polymer at the interface for different fluid
compositions. For clarity in presenting the results, we will express
the polymer concentration in units of 10~3 w/w%.

3.1 Drag measurements in water

In an IPM experiment particles are repeatedly brought in coa
tact and then separated by several micrometers (S ~3— 16 um}
by changing the orientation of the magnetic field (see Fig. 1b).
Fig. 2a shows repeated magnetic repulsion curves for the same
particle pair, where the particles move in bulk water over a glass
surface (so not yet for a system with an oil-water interface). A-
a separation distance in the order of a particle diameter, particle:
separate with initial speeds of a few tens of um/s; at larger sepa-
rations the velocity decreases due to the lower dipole-dipole force
[cf 1 /S4 in eqn (2)]. We limit the data range for our analysis to
S < 10 um, because at higher separations Brownian fluctuation
appear in the trajectories. From the fit of every single curve ac
cording to eqn (3) we extract an average value for the drag coet
ficient of fIPM = (5.8+0.6)-10~% Ns/m (weighted average ove-
15 curves + standard error). Plots of $° as a function of repulsior’
time (inset Fig. 2a) show the expected linear relationship for the
motion of particles in a Newtonian fluid. Data obtained from a*
traction curves give similar results as the repulsion curves (data
not shown).

Fig. 2b shows an MSD curve obtained from the trajectories
of 12 particles undergoing Brownian motion. The red straigh:
line is a fit according to eqn (4). The curve shows the expected
linear behavior with slope a =1 as for the motion of a particic
in a purely viscous fluid, with an accuracy of 0.2%. From the
Stokes-Einstein relation (eqn (5)) we quantify the value of thi:
drag coefficient from 9 measurements to be fM30 = (5.9+0.4)
1078 Ns/m. This value is in agreement with IPM results within the
experimental errors, confirming the consistency of the methods.

3.2 Particle position as a function of polymer concentration

Particles bind to the interface only when the polymer is present in
the oil phase. Without any polymer, particles do not bind to the
interface and sediment to the bottom of the fluid cell. For high
polymer concentrations (cp > 500-10~3 w/w%) particles transit
into the oil phase, which was proven by applying a vertical mag-
netic force after about 30 minutes and by observing that parti-
cles are able to reach the top glass of the fluid cell. For lower
concentrations particles remained at the interface. These results
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Fig. 2 Particle motion data from Intra-Pair Magnetophoresis (IPM) and Brownian motion experiments, for particles in water near a solid substrate. (a)
Center-to-center separation distance S as a function of magnetic repulsion time. Symbols and colours represent experimental data of four repulsion
curves for the same pair of magnetic particles, with an average standard deviation between the measured points of about 3%. The solid lines
represent fits according to eqn (3). The fitting routine is applied in the range S < 10 um, because at higher separations Brownian fluctuations appear in
the trajectories. The inset shows that S scales linearly with repulsion time, in agreement with theory. The variation in slopes is less than 10%. (b)
Mean-squared Displacement (MSD) of particle motion extracted from the average of 12 particles; the red line is the fit according to eqn (4) with a
standard deviation of 0.2 %. The inset shows an image with particles and superimposed trajectories.

show that it is possible to change particle wettability by varying
the polymer concentration in the oil phase, as summarized in Fig.
1d.

3.3 Drag measurement at a water-oil interface

Here, we apply IPM to study the influence of the adsorption of
polymer at a water-oil interface as a function of time and fluid
composition. We will refer to the range of polymer concentra-
tions as defined in Fig. 1d (low, intermediate, high). In Fig. 3a
we show an example of IPM experiments for particles at a water-
oil interface. Experiments were recorded at different polymer ad-
sorption times of the interface. At z4 =251 s (black symbols) par-
ticles separate tens of um, with similar distances as compared to
the motion of particles in bulk water (Fig. 2a). For longer poly-
mer adsorption times, the inter-particle separation is reduced to
a fraction of the particle diameter. The small error bars, repre-
sented as the standard deviation of 5 repeated repulsion trajec-
tories, highlight the high reproducibility of IPM trajectories. In
Fig. 3b we represent IPM trajectories as S° and perform fits ac-
cording to eqn (3). The data show a linear relationship within
the error bars for all times. The linear relationship is observed for
all fluid compositions used in this study, proving the linear shear
response of the interface to the motion of the probe. If there was
a substantial nonlinear contribution to the force, the data would
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deviate significantly from eqn (3). Interestingly, for long polymer
adsorption times and short repulsion times, we observe a very
weak non-linearity (Fig. 3b, third panel), which will be discussed
in section 4.1.

3.3.1 Low and high polymer concentrations.

Fig. 4 shows measurements of the drag coefficient f as a func-
tion of polymer adsorption time for low and high concentrations
of polymer and for different ionic strengths of the water phase.
Measurements obtained from the same particle pair (points con-
nected by a dashed line in Fig. 4) show time independent values.
Variations between values are observed from measurement on dif-
ferent pairs. All measured values are higher than the theoretical
Stokes drag coefficient for the particles in their respective bulk
fluids, as indicated by the dotted lines in Fig. 4. Results for a low
and high polymer concentration yield an average drag coefficient
of fipw = (5.140.8)-1078 Ns/m, and fj,;, = (3.84+0.6)-10~7 Ns/m
(for the aqueous phase with 150 mM PBS) respectively.

3.3.2 Intermediate polymer concentrations — high ionic
strength.

Data in Fig. 5a show values for f as a function of polymer adsorp-
tion time for different initial polymer concentrations and a high
salt concentration (150 mM PBS) in the aqueous phase. Data for
cp =1-1073 w/w% show first a constant value for f followed by

This journal is © The Royal Society of Chemistry [year]
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a 100 fold increase over a timespan of a few hours (one time
decade). For cp =2-10"3 w/w% the increase is a 1000 fold
(~ 1077 —10~* Ns/m) within a similar timespan. The time on-
set for the increase of f shifts towards lower adsorption times for
higher initial polymer concentrations, with a similar rate of drag
increase. Multiple points measured at a same polymer adsorp-
tion time represent data recorded on particle pairs located in the
same field of view, with variations of drag coefficients within the
experimental errors. Breaks between points, e.g. for cp = 1-1073
w/w% of Fig. 5a, are data recorded on different particle pairs
located at different positions in the water-oil interface, showing
a similar interface ageing. Drag coefficients extracted from mag-
netic attractions and repulsions trajectories show no significant
differences (ESI', S2).

3.3.3 Intermediate polymer concentrations — low ionic
strength.

Data (Fig. 5b) for a low salt concentration (20 mM PBS) in the
aqueous phase shows for all concentrations first a constant value
of f followed by a time dependent increase. When comparing
these results with the one obtained for a high ionic strength so-
lution (Fig. 5a) we observe that the time onset for the drag co-
efficient increase occurs at higher adsorption times and within a
narrower timespan. Moreover, the rate of increase for f strongly
depends on the initial polymer concentration. In particular, for
cp=1-10"3 w/w% f increases of a factor of 2 in a time span of
one decade, which is significantly lower than the 100 fold in-
crease observed for the high ionic strength solution and same
polymer concentration (Fig. 5a). For cp equal to 3 and 4-1073
w/w%, we observe a similar 1000 fold increase. The variability
between particle pairs is within the experimental errors.

4 Discussion

4.1 Rheometry by Intra-Pair Magnetophoresis

In an IPM experiment, pairs of micrometer-sized magnetic parti-
cles are repeatedly attracted and repelled by well-controlled mag-
netic dipole-dipole forces. From the forces (~pN), displacements
(~ um) and velocities (~ um/s) of the particles we are able to
quantify the interfacial viscous drag within a few seconds (~ 5 s)
and over long timescales (several hours), making this technique
suitable to study time dependent phenomena such as the early
stages of adsorption of macromolecules at a fluid-fluid interface
as well as the aging of interfacial systems.

The size of the probe sets the sensitivity of the system to interfa-
cial viscosities as low as ny =7- 10~ Ns/m [using Nyarer = 1 mPa-s,
Noiy = 6 mPa-s, and a ~ 1 um, see eqn (1)], while the upper limit
is determined mainly by the tracking accuracy of particles. For ex-
ample, if we consider a magnetic field of 50 mT, a measurement
time of 30 s and a particle displacement of 1 um, we can measure
a drag coefficient f ~ 10~3 Ns/m, which corresponds to interfa-
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cial viscosities in the order of ng ~ 10~3 Ns/m (for 6 = 90°).3% Our
measurements show a dynamic range of about 4 orders of magni-
tude (Fig. 5), which is comparable to other active methods based
on optical3>37 and magnetic tweezers23-28 experiments. An im-
portant advantage of IPM is that commercially available magnetic
particles are used and that data can be acquired with high statis-
tics by tracking many particle pairs simultaneously.

The accuracy of the drag coefficient determined by IPM is
mainly determined by the uncertainty of the magnetic moment
m of particles, which was measured to be about 8 % for the M-
270 particles used in this study. ! The hydrodynamic coupling be-
tween the particles®! introduces a systematic error, which scale.:
as ~ 1/S. Reenen et al.*! performed numerical simulations v+
intra-pair motion on the very same particles of this study, show
ing that the hydrodynamic coupling leads to an underestimatior
of m of about 0.8 %. Here, for our experiments we consider a tota!
uncertainty of magnetization of 10 %. The standard error froni
repeated measurement on the same pair (as shown in Fig. 2a) i,
less than 10 %, showing a good reproducibility of the method.

Superparamagnetic particles are know to have a small rem~
nent magnetic moment.>%>3 A change of the orientation of the
magnetic field would exert a mechanical torque, which may in
troduce capillary dipolar interactions for particles at the water-oi'
interface.>* The maximum magnetic torque 7 = /7 x B applicable
on the particles of this study has been calculated by van Reenen e.
al.>3 to be 410718 Nm/rad (for a magnetic field of 36 mT). Xie e.
al.>> performed lattice Boltzmann simulations of capillary defor-
mations for magnetic Janus particles at a fluid-fluid interface. I.
the limit of small interfacial deformation, the required torque .
induce capillary deformation is ~ 10~!3 Nm/rad, which is much
larger than the magnetic torque. This proves that magnetically
induced deformation of the interface are negligible.

IPM trajectories obtained for particles moving in water over a
surface (Fig. 2a) are correctly described by eqn (3), which holds
for a system with linear viscous behavior. The corresponding dra~
coefficient is about a factor of 2 higher than the theoretical Stokes
drag f!,,, =2.6-107% Ns/m for a particle in bulk water. We &
tribute the higher value to wall effects, as the effective viscosit,’
increases when the distance to the surface becomes comparat'e
to the particle radius. °® According to the model by Leach et al., >’
the correction factor for a particle translating over and touching
a surface is 1.77. Data of f obtained from Brownian motion ex-
periments give comparable results, proving the validity of IPM
method to quantify the shear viscosity of fluids.

For further comparison, we recorded the drag coefficient at a
water-oil interface using both IPM and MSD analysis. The re-
sulting values of f are comparable only for a low polymer con-
centration and for short adsorption times (ESI, Fig. S4). For
higher concentrations and longer adsorption times we measure
systematically lower values from the MSD analysis. We attribute
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this discrepancy to an incorrect drift correction in MSD (ESI, Fig.
S3d). With the number of particles in the MSD measurement (4
to 20), a sufficient drift correction could not be achieved in the
case of high interfacial viscosity. This is in agreement with the
results showed by Samaniuk et al.,® where the authors demon-
strated that for high interfacial viscosities (e.g. 15y > 107° Ns/m)
the diffusivity of particles becomes comparable to the static noise
of the system, whose incorrect estimation leads to an apparent
lower viscosity.

In active microrheology the geometry, the size of the probe
(Boussinesq number) and the dynamics of the actuation (e.g.
rotation and translation) play an important role. The deforma-
tion flow field of the interface potentially mixes different dynamic
modes (e.g. shear and dilatation), thereby complicating the inter-
pretation of the data into meaningful rheological quantities. This
complication arises also from the lack of an analytical solution
for the steady motion of a sphere in an ideal 2D fluid (Stokes’
paradox), so one must rely on numerical solutions.
al.3® modeled a fluid-fluid interface as a compressible 2D-fluid
and solved numerically the Navier-Stokes equation to obtain the
values of the drag coefficient f as a function of the particle con-
tact angle, the dilatational and the shear viscosity of the inter-
face. On the other hand, Fischer et al.3? assumed that Marangoni
forces were instantly compensated by the fast diffusion of macro-
molecules at the interface (e.g. surfactants), so that the inter-
face behaves as 2D-incompressible. Therefore, care must be taken
when interpreting experiments of translating probes at an inter-
face, as an incompressibility of the dilute layer (Bo << 1) could
contribute to the particle’s drag increase, even for completely in-
viscid layers. This was studied by Zell et al.?® using rotating
magnetic micro-buttons to induce only surface shear to surfactant
monolayers at an air-water interface. The authors demonstrated
that the surfactants had no measurable surface shear viscosity, in
contrast to results from translational studies.

Danov et

From IPM experiments performed at the water-oil interface in
the presence of polymer, we show that the response of the inter-
face to the motion of the probe is essentially linear (Fig. 3), as
expected for a purely viscous system as described by eqn (3). The
observed increase of drag as a function of polymer adsorption
time (Fig. 5) could in principle be caused by an increase of in-
terfacial viscosity or interfacial incompressibility, as proposed by
Fischer et al..3° The polymer studied in our paper is a synthetic
silicone polymer with random side chains, having in solution a
15 nm radius of gyration. When the polymer adsorbs at the in-
terface, we expect polymer entanglement and reptation to play
a role, 18>8 which should generate dissipative effects upon actu-
ation of a particle at the interface. Therefore, we attribute the
polymer-dependent increase of drag coefficient to an increase of
interfacial viscosity. However, we cannot exclude that also incom-
pressibility effects plays a role. This could be further investigated
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by comparing experiments of particle translation with particle ro-
tation, > where only shear deformations are introduced at the
interface. 28

Interestingly, for long polymer adsorption times we observed a
very weak non-linearity at short separation distances (Fig. 3b).
This may point to a non-linear response of the aged interface that
depends on particle velocity or magnitude of the applied mag-
netic force, which could correspond to an increase of the elastic
response or a shear thickening of the interface. We have analysed
the non-linearity by a history dependent viscosity *8*° or by mod-
elling the interface as a power-law fluid. >3 However, it appeared
that the non-linearity is too small to be able to extract meaningful
non-Newtonian parameters from our experiment.

An interesting feature of IPM experiments is that data is gener-
ated in two different pair actuation modes, namely repulsion and
attraction. In our measurements we did not observed any signifi-
cant difference between drag values obtained by magnetic repul-
sion and magnetic attraction (section S2 ESI'). Nonetheless, in
a system with strong nonlinear effects, IPM may be used to com-
pare the two perturbation modes of the interface, with emphasis
on elongation in the case of particle separation, and compression
in the case of particle attraction.

4.2 Particle position as a function of polymer concentration

In section 3.1 we observed that the position of particles with re-
spect to the water-oil interface is modulated by the amount of
polymer present in the oil phase. We interpret this change in
particle wettability as an interplay between interfacial forces and
electrostatic interaction between particles and polymers. The sur-
face of the magnetic particles is functionalized with carboxylic
groups and becomes negatively charged when immersed in a so-
lution with a pH above the isoelectric point of the particles (pI =
4.5).59 Dynamic surface tension measurements (data not shown)
have shown that the surface tension decreases as a function of
time and polymer concentrations, showing that the polymers ad-
sorb at the interface also in the absence of magnetic particles. The
very low solubility of the polymer in water causes only the amine
groups to penetrate the interface into the water phase. There the
polymer becomes positively charged, giving the possibility to in-
teract electrostatically with the negatively charged magnetic par-
ticles>%0. This electrostatic attraction is counterbalanced by in-
terfacial forces that keep the particles at the fluid-fluid interface.
Only at high concentrations of polymer the particles are able to
transit into the oil phase. A similar result was obtained by Binks
et al., %! who demonstrated that the wettability of silica nanopar-
ticles can be tuned by changing the amount of cationic surfactant
adsorbed on the surface of the nanoparticles, leading to a double
inversion Pickering emulsion.

Measurements at low polymer concentrations (e.g. cp =0.5-
103 w/w%) show values of f close to a particle diffusing in bulk
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water (Fig. 4). Here, we estimate the interfacial polymer con-
centration to be low (ESIT, S4) and we expect a weak interaction
between the particles and the interface. During experiments we
observed the detachment of particles from the interface. This can
be explained only with a small value of the contact angle 6. The
trapping energy of a particle at the interface is determined by the
contributions of the surface free energies of the three phases (par-
ticle surface, water, oil) and can be calculated with the relation
AE = —tR*y- (1 —|cos 0])2,%% where y is the surface tension. A
typical value for the maximum trapping energy is AE ~ 4.5 107
kg T (using y=3-10"2 N/m, 6 = 90°), making the desorption
process very unlikely. The electrostatic interaction between the
polymer and the particle surface modulates the particle-oil sur-
face free energy, i.e. the particle contact angle, and AE = kgT
only for 6 < 1°. At this low polymer concentration the interfacial
viscosity ng can be expected to be low and the drag coefficient of
the particle is dominated by the sub-phase viscosity (Bo << 1). In
this regime, it is difficult to extract reliable interfacial viscosities,
as changes of the particle contact angle would contribute to an
apparent change in the interfacial viscosity, even for an inviscid
interface. 28

For a high polymer concentration in the oil phase (cp = 500-
103 w/w%), the particles at the interface become densely coated
with polymer and thereby become hydrophobic, which allows
them to transit into the oil phase as confirmed by the drag mea-
surements (Fig. 4). Values for f are a factor of two higher than
the Stokes drag for a particle in the neat bulk oil ( f(’)Z =16-10""7
Ns/m). This difference can be explained in a similar way as for
the transport of a particle close to a surface, where the vicin-
ity of the particle to the fluid interface has the effect of increas-
ing the effective viscosity.®3 Moreover, the presence of polymer
might increase the bulk oil viscosity. The measured drag coef-
ficient shows a higher variability compared to measurements of
particles trapped at the interface (lower polymer concentration);
this may reflect variations in how a particle transits into the oil
phase. We rule out that the particle crossing is the result of low-
ering the water-oil surface tension, as previously observed by Tsai
and coworkers. ®* For a high concentration of polymer the surface
tension decreases only by about a factor of 3 with respect to a pris-
tine water-oil interface. This change would not be sufficient for
the particles to cross the interface, even in the presence of a high
magnetic force. For example, a force of 100 pN would result in a
vertical displacement of an adsorbed particle by about 5 nm. Only
for an ultra-low surface tension (=~ 10~® N/m) the interface cross-
ing would be possible.%* In summary, the drag measurements of
Fig. 4 confirm the qualitative results found in section 3.2: for low
concentrations particles are weakly bound to the interface and
are more immersed in the water phase; for high concentrations
particles can cross the interface and move into the oil phase.

For intermediate polymer concentrations we observe variations
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of interfacial drag coefficients over several orders of magnitude
(Fig. 5). The drag coefficient of particles trapped at a fluid-
fluid interface is influenced by the particle contact angle, which
is unknown in our experiments. Aaron et al.®®> compared the-
oretical models and experiments of particle drag coefficients at
a fluid-fluid interface. For a water-air interface with a viscosity
ratio Nyarer/ Nair = 103, a change of the particle contact angle be-
tween 0° and 90° gives a decrease of the particle drag coefficient
of about 65%. In the case of nanoparticles at a water-alkane in-
terface, Wang et al.® showed that the drag coefficient increase
for increasing viscosity of the alkanes, with an increase of about
60% for Nci6/Mwarer = 3.5. In our system the viscosity ratio i,
Noit / Mwater == 6, SO We expect that a change of contact angle woulc
give only a small change of drag. Therefore, the variation over
several orders of magnitude that we observe for the interfacia
drag coefficients, is dominated by changes of interfacial viscosity
(Bo >> 1) rather than changes of the particle contact angle. Thc
high sensitivity to interfacial viscosity is in agreement with the
large value of the Boussinesq number in our system (eqn (1)).

4.3 Adsorption of polymers to the interface

The adsorption of macromolecules to a fluid-fluid interface in
volves a two-step process: diffusive transport from the bulk fluic
of one of the two phases to the proximity of the interface, anc
thereafter a molecular adsorption process that may be influenceu
by an energy barrier, such as an electrostatic barrier for chargea
species, or a steric barrier due to the presence of already adsorbec
molecules.®? At short times, r — 0, polymers adsorb to a pris-
tine interface without steric hindrance. In absence of an enery:’
barrier for adsorption, the surface coverage I' (mol/m?) can be
estimated using the Ward-Tordai equation: 67

F(t):2CP\/% (6

For concentrations below the overlap concentration ¢*,%8 the di“-
fusion constant D can be estimated by assuming the polymer to
be a sphere of radius Rs (see section 2.1). The results in Fig.
4 for low cp and short adsorption times indicate that the inter
face is in the dilute regime® and that the amount of polymer i
not sufficient to change the mobility of the particles (ESIT, S4).
Graham et al. 10 showed that for protein adsorbing to a water-
air interface eqn (6) is valid for a relative surface coverage of
I'r < 10%. A similar conclusion has been reported for the early
stages of adsorption of polymers at a water-air interface® and for
polymer-functionalized nanoparticles at a water-n-Decane inter-
face measured with pendant-drop tensiometry. 13

At long times the adsorption rate is lowered due to the presence
of only few remaining adsorption sites in the interfacial mono-
layer and eqn (6) is not valid anymore. Here, the interactions be-
tween the adsorbed polymers (e.g. hydrogen bonding, hydropho-
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bic or electrostatic interactions) can contribute to an increase of
the interfacial viscosity.2 This is shown in our experiments for
intermediate polymer concentrations (Fig. 5a), where the drag
coefficient of particles at the interface increases over several or-
ders of magnitude in a timespan of a few hours. The time onset
for drag increase shifts towards shorter adsorption times for in-
creasing initial polymer concentration in the oil phase, which is
consistent with a higher diffusive flux of polymer to the inter-
face (ESI', S4). Data recorded on different particle pairs within
the same field of view show variabilities within the experimen-
tal error. Data recorded on particle pairs located at different po-
sitions of the water-oil interface show a similar increasing rate
of drag, suggesting a homogeneous interface ageing. Moreover,
this increase is similar for all concentrations, following a power-
law relationship. A similar behavior was observed by Maestro
et al., 18 where they studied the interfacial viscosity of poly(tert-
butyl-acrylate) of different molecular weights at a water-air inter-
face using passive microrheology. They showed that the interfa-
cial viscosity follows a power-law increase as a function of surface
concentration (1, ~ Fﬁ), with increasing values of  for polymers
with a higher molecular weight. This reasoning cannot be directly
applied to our data, as measurements were not performed at equi-
librium. Nonetheless, under certain assumptions (ESI, S5) we
estimate an exponent that suggests a strong polymer-polymer in-
teraction at the interface. This is also confirmed by the observed
increase of drag coefficient over several orders of magnitude in a
short time span.

The kinetics of polymer adsorption and interface ageing are in-
fluenced by the ionic strength of the water phase, as shown in Fig.
5b. A low ionic strength in the aqueous phase may enhance the
electrostatic interaction of the polymers at the fluid-fluid interface
due to unscreened charges of the amine groups exposed to the
water phase.® The enhanced electrostatic interaction may favor
a stretched conformation of the polymer at the interface, increas-
ing repulsion between polymer chains, and thereby lowering the
probability for further polymer adsorption. 7® This is suggested by
a significantly lower increase of drag coefficient for cp = 1-1073
w/w% as compared to a high salt concentration (Fig 5a). More-
over, the time onset for the increase of the drag coefficient for cp
equal to 2, 3 and 4- 10~3 w/w% is shifted towards longer adsorp-
tion times, indicating slower adsorption kinetics. The increase of
drag coefficients spans a similar dynamic range as compared to a
high ionic strength solution, with a similar rate of increase. The
dependency on the initial polymer concentration suggests a non-
equilibrium interface ageing, where the evolution of the interface
is determined by the early stages of polymer adsorption.

5 Conclusions

We have presented an interfacial rheometry technique wherein
pairs of micrometer-sized magnetic particles are repeatedly at-

10| Journal Name, [year], [vol.], 1-14

Soft Matter

tracted and repelled by well-controlled magnetic dipole-dipole
interactions, so-called interfacial rheometry by Intra-Pair Magne-
tophoresis. We have validated the technique first by measuring
particle drag coefficients in bulk water and by comparing the re-
sults to Brownian motion analysis, showing a good agreement
between both methods. Thereafter we applied IPM to quantify in-
terfacial drag in a materials system with adsorption of an amino-
modified polymer to a water-oil interface. In absence of polymer
in the oil phase, the particles stay in the water phase and do not
attach to the fluid-fluid interface. For high polymer concentra-
tions, the particles transit into the oil phase due to polymer bind-
ing to the particles by electrostatic interactions. For intermediate
polymer concentration, the particles remain in the fluid-fluid in-
terface and experience a drag that depends strongly on polymer
concentration, on time, and on the ionic strength of the aqueous
phase. Measurements as a function of polymer adsorption time
show an increase of interfacial drag by more than three orders of
magnitude over a timespan of a few hours, suggesting a strong
polymer-polymer interaction at the interface.

The IPM experiments show that the hydrodynamic response
of the interface in the presence of adsorbed polymer is essen-
tially Newtonian. Interestingly, a very small deviation appeared
for long polymer adsorption times and small particle separations,
which may point to a weak nonlinear response of the interface. In
our experiment large displacement amplitudes were used, which
might influence elastic structures in the system.%> To study the
viscoelastic response at weak perturbation, the IPM technique
may be applied with small amplitudes, e.g. by imposing onto
the particles an oscillatory motion with amplitudes of only tens
of nanometers and frequencies of tens of Hz. For further study, it
may be interesting to look at possible differences between separa-
tion and attraction, where differences due to interface elongation
and compression may be revealed. Also it would be interesting
to apply IPM to other materials systems, such as albumin2® or
lysozyme?23 at an air-water interface, or particle laden fluid in-
terfaces. 1! Finally, the application of higher magnetic forces (e.g.
with stronger magnetic fields or particles with a higher magnetic
content) may more deeply reveal non-linear responses of the in-
terface.

The sensitivity of the IPM method, the short time required for
recording a single measurement point, the relatively simple in-
strumentation that is needed, the possibility to follow simultane-
ously many particles over a long period of time, and the fact that
commercially available particles can be used as probes, make IPM
a very versatile method to study interfacial viscosity in a wide va-
riety of soft-matter materials applications.
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0= ; . ; . ; . . Fig. 4 Particle interfacial drag coefficient f as a function of adsorption
1x10° - time of polymer at the oil-water interface, extracted from IPM analysis fo-
low polymer concentration [cp] (black squares) and for high polymer
— concentration (red circles). The polymer concentration is expressed in
1S units 1073 w/w%. The aqueous solution contains 15 mM PBS (open
S symbols) or 150 mM PBS (solid symbols). The dotted lines represent
) the calculated Stokes drag of a particle in bulk water (black) or in bulk ¢
(red). For a low polymer concentration, the particles are attached to the
0L ; | ; | ; | ; | interface but are situated mainly on the water side. For a high polymer
0 1 2 3 4 concentration, particles transit to the oil side of the interface. Every
repulsion time (s) measurement point is extracted from a fit according to egn (3) for the

average of 5 curves recorded on the same particle pair. Measurement
points connected by a dashed line (guide to the eye) are recorded on
the same particle pair. Error bars include fitting errors and a variation
due to an uncertainty of magnetic susceptibility of 10 %.

Fig. 3 Particle motion data from Intra-Pair Magnetophoresis (IPM)
experiments, for particles at a water-oil interface. Experiments were
performed for an aqueous solution with 150 mM PBS and a polymer
concentration in the oil phase of cp =2-1073 w/w%. (a) Center-to-center
separation distance S as a function of magnetic repulsion time. Every
curve is extracted from the average of 5 consecutive repulsion
trajectories, with standard deviations as error bars. Every colour
represents experiments recorded at different polymer adsorption times
(t4) of the interface. (b) Particle trajectories as > (symbols) with fits
(solid lines) according to eqn (3). The fitting routine is applied in the
range S < 10 um, because at higher separations Brownian fluctuations
appear in the trajectories. All the curves are shown at a half of the
sampling rate of the experiments (30 fps) for clarity.

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol.],1-14 |13



(a) PBS 150 mM

particle drag coefficient
f(N-s/m)

polymer adsorption time (s)

Soft Matter

Page 14 of 15

(b) PBS 20 mM
10°
% 10* ; 3]
2 y
4~ [4]
S E 10° ¥
g2 g X2
o= 10° A
S £ ;1 [1]
e ) T 4T . sl
g 107 (R L PPILL
10°%+ . : —
10 10° 10°

polymer adsorption time (s)

Fig. 5 Particle interfacial drag coefficient f as a function of polymer adsorption time (z4) for intermediate polymer concentrations [cp] expressed in
units 1073 w/w%. Panel (a) shows data for 150 mM PBS and panel (b) for 20 mM PBS. Every measurement point is extracted from a fit according to
eqn (3) for the average of 5 curves of the same particle pair. Error bars include fitting errors and an uncertainty in the magnetic susceptibility of the
particles of 10 %. Points connected by a dashed line (guide to the eye) are recorded on the same particle pair. Multiple points at a same polymer
adsorption time represent data recorded on particle pairs in the same field of view, with a variability within the experimental errors.
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Pairs of magnetic particles at an oil-water interface are repeatedly separated and attracted to quantify
the polymer-dependent interfacial drag.



