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An active one-particle microrheometer: Incorporating magnetic tweezers

to total internal reflection microscopy

Xiangjun Gong, Li Hua, Chi Wu, and To Ngai®
Department of Chemistry, The Chinese University of Hong Kong, Shatin, N.T. Hong Kong

(Received 14 June 2012; accepted 20 February 2013; published online 11 March 2013)

We present a novel microrheometer by incorporating magnetic tweezers in the total internal reflection
microscopy (TIRM) that enables measuring of viscoelastic properties of materials near solid surface.
An evanescent wave generated by a solid/liquid interface in the TIRM is used as the incident light
source in the microrheometer. When a probe particle (of a few micrometers diameter) moves near the
interface, it can interact with the evanescent field and reflect its position with respect to the interface
by the scattered light intensity. The exponential distance dependence of the evanescent field, on the
one hand, makes this technique extremely sensitive to small changes from z-fluctuations of the probe
(with a resolution of several nanometers), and on the other, it does not require imaging of the probe
with high lateral resolution. Another distinct advantage is the high sensitivity in determining the z
position of the probe in the absence of any labeling. The incorporated magnetic tweezers enable us to
effectively manipulate the distance of the embedded particle from the interface either by a constant
or an oscillatory force. The force ramp is easy to implement through a coil current ramp. In this way,
the local viscous and elastic properties of a given system under different confinements can therefore
be measured by resolving the near-surface particle motion. To test the feasibility of applying this
microrheology to soft materials, we measured the viscoelastic properties of sucrose and poly(ethylene
glycol) solutions and compared the results to bulk rheometry. In addition, we applied this technique
in monitoring the structure and properties of deformable microgel particles near the flat surface.

© 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4794441]

I. INTRODUCTION

Complex fluids such as synthetic colloids, emulsions,
suspensions, and polymer melts have wide industrial appli-
cations. When such soft materials are strained, their mi-
crostructures both store and dissipate the deformation energy
in a frequently dependent manner, reflecting viscoelasticity.
The rheological properties of a soft material determine its
flow and processing behavior, and provide a hint into its mi-
crostructure. Traditional bulk rheometers typically measure
the frequency-dependent linear viscoelastic relationship be-
tween strain and stress on milliliter-scale material samples.

Microrheology is a term for a number of techniques de-
signed to probe small samples and to measure local vis-
coelastic properties of materials by tracking the motion of
embedded micrometer-sized probe particles.'> Generally,
microrheology is divided into two approaches that are dis-
tinguished by the driving force of the probe motion. In
passive microrheology, probe particles are forced by ther-
mal fluctuations and Brownian motion of the probe particles
is commonly measured by light scattering techniques*® or
video microscopy’™ to extract rheological moduli using the
generalized Stocks-Einstein relation.'®!! Particularly, passive
tracer microrheology has been utilized in exploring the dy-
namics of multiple biologically relevant low modulus mate-
rials, such as F-actin,'> and the cytoplasm of a live cell.'?
This approach, however, has still remained limited, especially
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at high frequencies and for stiff materials. To address this
limitation, active microrheology has been developed. In ac-
tive microrheology, conversely, the embedded probe particles
move in response to an external force, typically generated by
optical®>'* or magnetic tweezers.!""!3 In magnetic tweezers,
the forces are applied to superparamagnetic spherical probes
using an external magnetic field. More importantly, with such
probe particles, one can cover several orders of magnitude
in force, ranging from femtonewtons to tens of piconew-
tons. In addition, due to the non-invasive feature, they hold
promise for the broad application in bioanalysis. Examples
include the mechanical straining and twisting of DNA,!4-16
nanomanipulation of probes in biological systems,'”" and
microrheological studies of different kinds of cells,*2? such
as fibroblasts,?* macrophages,”® and endothelial cells.?*
While magnetic tweezers have been widely used, a fur-
ther challenge that has to be overcome is the resolution
in probe particle displacement, especially for subnanometer
accuracy. To obtain this level of sensitivity, some recent ap-
proaches have combined magnetic tweezers with total inter-
nal reflection fluorescence microscopy (TIRF). In this situ-
ation, an evanescent wave is created in the vicinity of the
solid-water interface in TIRF as the incident light source. In
general, the penetration depth of the evanescent wave is in
the range of 50-200 nm for visible light. When fluorescence
probe particles move under the generated evanescent field,
they produce a measureable intensity, which in turn reflects
their position with respect to the interface. Since the intensity
of the fluorescence probe is exponential decay with increasing
distance from the surface, it makes evanescent illumination

© 2013 American Institute of Physics
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an ideal technique for measuring small probe displacement.
The combination of magnetic tweezers and evanescent illu-
mination has developed into a powerful technique for manip-
ulating single biomolecules and studying their interactions.
DNA twisting and hybridization,>~?® protein unfolding,?®3°
and DNA-protein interactions®! have all been demonstrated
at the single-molecule level. However, it is worthy to note
that the practical implementation for detection using TIRF
relies on the use of fluorescence probes which might lead
to a complex convolution with the evanescent wave, affect-
ing the spatial determination of the probes.”® Additionally,
the evanescent wave created through high-NA objective in
TIRF has the problem to determine the penetration depth ac-
curacy and the intensity of the probe image shows to decay
non-exponentially with the distance from the interface.’? 3
Inspired by that, herein we describe a novel setup that
magnetic tweezers were incorporated to a total internal re-
flection microscopy (TIRM), instead of the commonly used
TIRF. The important advantage is that we can use a photo-
diode detector to measure the scattering of light by a sin-
gle spherical particle when it is illuminated by an evanescent
wave which is produced by reflection of a laser beam off the
glass-water interface at a sufficiently glancing angle that to-
tal reflection occurs. The setup therefore uses single particle,
is label-free, and, in principle, does not require a more com-
plex sensor, such as a high resolution CCD camera. The mo-
tion of the embedded probe particle can be controlled by a
magnetic driving force, produced by two sets of four elec-
tromagnetic pole pieces symmetrically arranged in the upper
and lower planes of the sample stage. High precision of the
magnetic force, at pN scale, can be achieved through a coil
current ramp. We are able to oscillate, manipulate the dis-
tance of the embedded single particle from the surface within
hundreds nm, and monitor the very small particle displace-
ment in z-position using the evanescent wave illumination. As
the motion of the single particle is affected by the surrounding
medium, we demonstrated that the combination of magnetic
tweezers with TIRM leads to a single-particle microrheome-
ter for measuring local viscoelastic properties of materials by
resolving the particle motion. Moreover, we showed that this
setup allows us to study confinement effects on the dynami-
cal transition and the viscoelasticity of complex fluids, which
have been rarely explored.’* 3% Understanding the rheologi-
cal properties of complex fluids under the confined condition
is vitally important since it has been shown that confinement
— due to the presence of the walls/surfaces — might signifi-
cantly alter the dynamics and structures of the systems. This
situation is ubiquitously in biological processes such as cell
adhesion/migration,* folding of chromatin fibers,*’ and be-
haviors near cell membrane,*"**? as well as an essential issue
in many industrial processes including oil recovery, water pu-
rification, and lab on-chip designs.*?

Il. APPARATUS
A. Single particle tracking in the TIRM

In standard TIRM, the evanescent wave is produced by
reflecting a laser beam off the glass-water interface at a suf-
ficiently glancing angle that total internal reflection occurs.
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When a probe moves near the evanescent wave, it scatters a
measurable intensity which in turn reflects its distance from
the interface. The evanescent wave propagates parallel to the
interface and its amplitude decays exponentially with the dis-
tance from the interface. As a consequence, the scattering in-
tensity also decays exponentially as**¢

I(h) = Ioexp(—pBh), 1)

where 4 is the particle-surface separation, Iy is the scattered
light intensity at # = 0, and B is the decay index, expressed

2?3
4 o N
B = -V (nysin0)* — n3, 2

where 0 is the incident angle, n; and n, are the refractive
index of the incident and refractive medium respectively, and
B! is the penetration depth of the evanescent wave intensity.
The exponential dependence of intensity on the probe makes
TIRM a highly sensitive spatial detector for tracking the ver-
tical motion of the probe at single particle level.

In TIRM measurements, the measured instantaneous in-
tensity, /(f), generally represents the photon numbers entering
the photodiode detector during time ¢ to ¢ + At. In principle,
At should be infinitely small, however, in real experiments,
At varies from case to case, typically ranging from 0.1 ms to
100 ms. It is noteworthy that too small value of Af can cause
an increase of the statistical noise since the Poisson statis-
tics in photodiode detector becomes prominent. In our TIRM,
a counter card PCI6602 (8-channel, 32-bit counter/timers,
80 MHz maximum source frequency, National Instruments)
was connected to the photodiode detector for counting the en-
tered photons. The accumulated counts then were sent to the
PC for further analysis using Visual C program. Following
Eq. (1), if the scattered intensity, /¢, at a reference distance
from the surface, A, is selected, the & of the particle from
the surface could be written as

h= B/ Lrep) + ey 3)

Note that in real measurements, /¢ is often set as the inten-
sity Iy at h = O (bottom surface). In this way, Eq. (3) can be
expressed as

h(t) = B~ n[1(1)/ o], )

where A(f) is the absolute distance of the probe particle with
respect to the surface. /(¢) represents the photon numbers en-
tering the photodiode detector between time ¢ to # +At. Iy can
be obtained by depositing the probe particle to the bottom sur-
face. As a result, A(7) can be calculated and used for further
microrheological analysis as discussed in Secs. III A-V.

B. TIRM instrumentation

TIRM is a method to monitor the fluctuations in the
instantaneous distance separating a Brownian spherical par-
ticle and a transparent plate. The details of TIRM and its
applications in force measurements have been described in
Refs. 45, 47, and 48. Figure 1 schematically shows our TIRM
setup combined with eight magnetic poles (labelled from
0 to 7) which were arranged in the upper and lower planes of
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FIG. 1. The developed single-particle microrheometer that combines the
magnetic tweezers with TIRM. In this setup, two sets of four electromag-
netic pole pieces are symmetrically arranged in the upper and lower planes
of the sample cell in standard TIRM to achieve a three-dimensional position
control. A top view is inserted which shows a probe microsphere from the
CCD camera under the evanescent wave illumination surrounded by the tips
of the eight magnetic poles.

the sample stage, leading to a single-particle microrheometer.
The laser beam (maximum = 35 mW HeNe, A = 632.8 nm,
TEMgo mode, linear polarized, 1145P, JDSU) enters into a
prism (three kinds of base angle 63°, 70°, and 73°; thick-
ness: 1.5 mm; n = 1.512, BK-7 glass, JUKA optics) and is
reflected at the interface between the sample tubing (Borosili-
cate glass extra wide W3520, thickness = 200 pm, VitroCom)
and the sample solution. As the incident angle is larger than
the critical angle, 6, a total internal reflection occurs and an
evanescent wave is produced at the interface. The scattered
intensity of the probe particle is collected by the objective
(N PLAN, 50x/0.50, WD = 7 mm, Leica) in the microscope
(Leica DM LFSA with electronic focus). Typically, the scat-
tered light passes through a beamsplitter (70% R/30% T, Ed-
mund), in which 70% is reflected to photomultiplier (PMT,
H7155 Photo Counting Head, Hamamatsu) while 30% is
transmitted to charge coupled device (CCD, Qimaging Mi-
croPublisher 3.3 MC cooled color) for imaging. A long-wave
pass filter (central wavelength = 633 nm, 10LWF-600-B,
Newport) was placed before the PMT to reduce the back-
ground noise.

C. Generation of controllable magnetic force

The basic magnetic tweezers in our setup are shown
in Figure 2. We incorporated two sets of four electromag-
netic pole pieces symmetrically arranged in the upper and
lower planes of the sample stage in the TIRM. We opted to
use the electromagnets (diameter: 6.35 mm, length: 10 cm,
NI037910, Magnetic Shielding Alloy Ni77/Fel4/ Cu5/Mo4
Rod, Goodfellow Cambridge Limited), because the magnetic
field can be easily changed by the core of the electromagnets,
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FIG. 2. Schematic drawing of the incorporated magnetic tweezers is shown
on the left picture. The real instrument from the top view (upper picture) and
side view (lower picture) is shown in the right picture.

electromagnet current, and coil turns. Using copper coiling
wire, 200 turns were laid in each magnet pole giving a resis-
tance of ~2.2 €2. Variation of the magnetic force in the sample
plane can be achieved by changing the coil current. The ap-
plied electromagnet poles were mechanically sharpened with
a tip diameter of ~100 pum (shown in Figure 3), which could
provide high magnetic fields so as the produced forces. These
eight poles were fixed onto a homemade square stage and their
positions were manipulated under a 10x objective by adjust-
ing the corresponding fixing screws (Figure 2). In our setup,
the included angle between the 4 upper poles and the opti-
cal path is ~70°, while it is 35° between the 4 lower poles
and the optical path. This special design is due to the fact that
the optical path collected by working objective (N.A. = 0.5,
work distance = 7 mm) occupies a re-entrant cone, where the
vertex angle is about 60° along the z direction. Besides, the
lower included angle in the lower plane can avoid blocking of
the total internal reflection incident light.

FIG. 3. The four core pieces of the upper set of magnetic poles under opti-
cal microscope. The tip of each pole is mechanically sharpened to less than
~100 pm in size in order to optimize the generated magnetic driving force.
The shape of the below four poles is similar, and placed with desirable dis-
tance to the sample stage.
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FIG. 4. Different modes are used to generate the upwards and downwards
forces on the probe paramagnetic particle. The above three pictures are from
the top view, and the below pictures are from the side view. From left to right:
force towards the pole 0 is generated when pole 0 is turned on; a net upwards
force is generated when pole O and 2 are turned on; and a net downwards
force is generated by turning on poles 4, 5, 6, and 7 with proper voltages.

The designed magnetic tweezers can move the probe par-
ticles in three dimensions. Figure 4 shows different modes
for generating either a net vertical upwards or downwards
force on the probe particle. Generally, if only one pole such
as pole 0 is turned on, the probe particle will be magnetized
and moved towards the pole 0 tip. However, if we turn on both
poles 0 and 2 at the same time with opposite currents, a net
vertical upwards force is generated because the lateral forces
in the plane are balanced and cancel out each other. Therefore,
the upward movement of the probe particle can be achieved
by such two-tips mode. Following the sample working princi-
ple, four-tips mode in which the four lower magnetic poles; 4,
5, 6, and 7 were employed to generate a net downwards force,
pushing particle closer to the surface. Both rwo-tips mode and
four-tips mode were used to generate the upwards and down-
wards force on the probe particle, respectively, in our later
force calibration experiments.

D. Sample capillary

The sample capillary (Borosilicate glass extra wide
W3520, VitroCom) used in this study has a wall thickness
around 200 pm, with the hollow optical path length ~200
4 20 um. Atomic force microscopy showed that the inner
surface is extremely smooth with RMS less than 1 nm. We
connected the two ends of the sample capillary with two short
rubber tubing by silicone adhesive (silicone window and glass
sealant), which were further linked to PTFE tubing. The rub-
ber tubings were sealed to keep the sample solution tightly
inside. Tested samples with volume less than 0.1 ml were re-
quired and could directly be pumped through the PTFE and
rubber tubing into the capillary. The capillary was held by a
copper block, fixing on the mechanical arm under the micro-
scope objective. This design does not block the incident light,
and thus allows the fixing of the magnetic poles both up and
below the sample tubing. The sample tube was washed by
NaOH solution before use. Four Peltier thermoelectric cool-
ing modules (TEC1-06306 20 x 40 mm?) were symmetri-
cally mounted on the upper side of the copper block to control
the temperature. The temperature sensor (AD590MF, two-
terminal IC temperature transducer, Analog Devices) was em-
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bedded into the copper block. Typically, temperature up to
45 °C can be achieved with a precision of 0.1 °C.

E. Electronic and computer control

We control the generated current via copper coils to drive
the magnetic tweezers. Since the coils are inductive and their
dc resistances vary with temperature, the magnetic field can-
not be accurately controlled by the coil voltage. In our setup,
the eight magnetic poles were driven independently by an
homemade eight-channel current amplifier, according to the
design reported by Fisher and co-workers.'® The maximum
current output per channel was £3 A. The independent 8-
channel input control voltage was provided by an 8-channel
voltage analog output PCI board (PCI6722 analog output 8-
channel board, National Instruments.) interfaced to the com-
puter. The direction and the generated magnetic forces were
determined by a current ramp via a voltage ramp. The voltage
control program was developed using Visual C language. The
program was a response to generation pulse and periodic volt-
ages combining the simultaneous TIRM signal detection. As
aresult, we can record the evanescent wave intensity scattered
by the probe particle and generation of the control voltage at
the same time. This is important to obtain a reliable result in
viscoelastic measurements.

The board PCI6722 was able to generate pulse wave
with variable lasting time (usually >1 ms) and time inter-
val for force calibrations. The pulse wave was generated by
adding constant or opposite voltages on the upwards two-tips
mode where the component force in the x-y plane was bal-
anced. Moreover, the board allows a maximum sample rate of
800 ks/s for single channel, which corresponds to a frequency
up to 8 kHz and 1 kHz for 8-channels. The control software
therefore is capable for precise generation of sine waves at
controlled frequency up to 1 kHz, and with independent con-
trols of the 8-channels at one time. It is noteworthy that the
frequencies ranging from 0.1 to 10 Hz are commonly used
in our microrheology measurements to ensure that there are
enough photons entering into the PMT detector during one
sampling period. Considering that the probe was positioned
in the middle plane of the eight incorporated magnetic poles,
the sine oscillatory movement of the probe was achieved by
generation of a half sine wave variation of the voltages on
the upwards two-tips mode, and the other half on the down-
wards four-tips mode. The applied voltage on each tip was
determined by the calibration to ensure that the force ampli-
tude of the up and down half period was the same. To min-
imize the heating effects, fans with strong wind were turned
on to cool the coils. The temperature of the environment was
strictly monitored and controlled.

lll. DATA ANALYSIS
A. Force calibration and uniformity confirmation

We used viscous drag method to calibrate the generated
magnetic force acting on a probe microparticle when it moved
very near to a glass surface. Typically, we used evanescent
illumination to track the probe particle displacement in the
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z-position from the glass surface. Note that the particle-
surface distance, A, is usually much smaller than the size of
the probe, r, i.e., the ratio A/r < 1. In this situation, the hydro-
dynamic effect cannot be ignored because the motion of the
particle may be hindered when the particle is nearby the wall.
This so-called confinement effect could lead to a large devi-
ation of the commonly applied Stoke’s equation in the force
calibration. Prieve and co-workers*’ have addressed this prob-
lem in TIRM measurements and demonstrated that the hydro-
dynamic force Fj,qr,(h) at specific distance i can be repre-
sented as

6h® + 4rh
T = o igrn 1 892 (5)
thdro(h) = 67T”17U(h)/f(h),

where f(h) is a reducing factor, modifying the bulk diffusion
coefficient with hydrodynamic effects. The hydrodynamic
force Fyaro(h) can be further simplified as®>>°

Fiyaro(h) = 67r*nu(h)/ h. (©6)

Equation (6) will show a very small deviation to replace
Eq. (5) in a proper & ranged between ~200 to 800 nm. Herein,
Eq. (6) essentially represents the force exerting on the probe
particle after coupling with the hydrodynamic effect. Note
that the velocity, v, changes as / because the magnetic force
Fnagnetic 1s kept as a constant in the range of probe motion
which will be confirmed in this section. Accordingly, the ab-
solute height, 4(f), of the probe from the surface under a con-
stant force can be obtained using Eq. (6). Moreover, the maxi-
mum scattered light intensity, /y, at # = 0 could be determined
by dragging the probe particle down to the surface using the
below four-tips mode. As a consequence, v(h) = dh/dt can be
calculated from the first derivative of /-t curve.

In the calibration experiment, a selected particle dis-
persed in a standard sucrose aqueous solution with known 7 is
moved upwards by the upwards two-tips mode. By varying the
corresponding voltages, the resultant driving force generated
on the probe particle can be varied which not only balances
the forces in the parallel plane but also counterbalances the
downwards gravity. The trajectory of the particle is tracked,
and as a result the velocity can be obtained as mentioned
above. Figure 5 shows a typical particle displacement from
the glass surface, together with the primitive intensity /(¢)
under an alternative upwards two-tips mode and downwards
four-tips mode. From Eq. (3), a decrease of I corresponds to
an increase of 4. It can be clearly seen that the probe parti-
cle can be fluctuated from the bottom surface (4 ~ 0 nm) to a
distance as far as 1200 nm from the surface. Note that the par-
ticle displacement with distance higher than 1200 nm was not
included since the evanescent wave signal was too small to
be detected. In general, the data between 250 to 750 nm were
selected and used to calculate v(h). Based on the above dis-
cussion, we are now ready to construct the calibration curve
relating the voltage V' to the magnetic force, Fpqgneric- For con-
venience, we replace Fmagneli(' with Fnef ( = Fmagnetic + Fgravity)
since F ., equals to Fpyg-, which can be directly obtained via
Eq. (6) and F g4yiry can be calculated from paramagnetic probe
particles with known size and density. Due to the specific de-
sign of our sample cell, the calibration process should be done
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FIG. 5. The typical displacement, / (-0J-, left Y axis) and the original inten-
sity [ (-A-, right Y axis) of the probe particle under the alternative forces in
upwards and downwards directions during the calibration. The experiments
were performed in 40 wt. % sucrose solution containing 4.5 pm paramag-
netic particles coated with PEG polymers. The red square wave indicates the
direction of the generated magnetic force, with the starting upwards force by
two-tips mode, following by downwards force by four-tips mode.

every time. This is because fixing sample cell to the stage
needs to remove and reinstall the two sets of the magnetic
tweezers.

Figures 6 and 7 show the dependence of the applied
voltage on the F,. during the movement of the paramag-
netic particles M450 (Invitrogen, diameter = 4.5 um, density
= 1.60 g/cm?) upwards and downwards, respectively. The
particles were coated with poly(ethylene glycol) (PEG) (M,
~1000 g/mol) to prevent the sticking of particle to the surface
in salty solution through the steric repulsion. The inserted fig-
ures in Figures 6 and 7 were examples of a series of resul-
tant F,,, in dependence of 4 between 250 to 750 nm in both
upwards and downwards directions, respectively, which were
deduced from Eq. (6) using the data of 4-¢ in Figure 5. It was
clear that small deviation of F,,, was found in the given #, in-
dicating that a constant magnetic force was exerting in this re-
gion. As h increases, intensity decreases and noise increases,
leading to a larger fluctuation of F. Following Eq. (6), aver-
aged F ., with corresponding standard deviation under differ-
ent voltages were presented in Figures 6 and 7. As can be seen

—Q@— F_upwards o
12.0F net /§\§/§\§/% %

Y.

% 80 [ é/$ ) Upwards Voltage = 0.8 V
L §/ 3.0

5] -
& 40} VA ool M
o 1.0
°/
0.0F s i 00,7600 800)
0.0 1.0 2.0 3.0 4.0

Voltage (V)

FIG. 6. The applied voltage dependence of the upwards effective magnetic
force, Fpet, generated on the 4.5 pum paramagnetic particle coating with
poly(ethylene glycol) (PEG) (My, = 1000 g/mol) polymers. The insets show
Fret in dependence of /& under upwards drag at voltage = 0.8 V. The dashed
line gives the averaged value. As & increases, noises increase, leading to a
larger fluctuation of Fpet.
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200 400  (am) 600 800)
1.0 2.0 3.0 4.0
Voltage (V)

FIG. 7. The applied voltage dependence of the downwards effective mag-
netic force, Fpe;, generated on the 4.5 um paramagnetic particle coating with
PEG (My, = 1000 g/mol) polymers. The inset shows Fye in dependence of &
under downwards drag at voltage = 4.0 V. The dashed line gives the averaged
value.

in Figure 6, when the applied voltage V is less than 0.5 V,
the magnetic force and V shows a nonlinear relationship.
However, it becomes linear when V is further increased up to
2.5 V. After that the induced magnetic moment (M) is satu-
rated. The slight fluctuation of force at higher voltages may
be related to the maximum permeability of the electromagnet
core. In this way, the magnetic induction intensity B reaches
a critical value so that it will not further increase even in-
creasing the current of the electromagnetic coil. In Figure 6, it
can be seen that the maximum upwards F,,, generated in our
setup is more than 12 pN. If the distance between the particle
and the magnet tips is around 1 mm, our magnetic tweezers
enable generating the force up to 20 pN on a 4.5 um para-
magnetic particle. Unlike the upwards force, the maximum
generated downwards F,., in our magnetic tweezers is around
3 pN (Figure 7). This is because the prism under the sam-
ple capillary does not allow the magnetic poles positioning
closely to the sample capillary. Nevertheless, we can manip-
ulate the upwards and downwards forces by producing oscil-
latory force on the probe particle with the same amplitude in
the pN scales.

On the other hand, to confirm the uniformity of the gen-
erated magnetic force in our magnetic tweezers, we further
checked the relationship between the magnetic force and the
z-position of the probe particle using the results obtained un-
der the upwards two-tips mode. By employing the simple
model proposed by de Vries et al.,’' the magnetic field gradi-
ent, VB, was derived in an analytical expression as

4/’L0Mma
(4ar + 1)’

where r is the distance of the particle from the pole tip, (g
is the vacuum permeability, and M, is the magnetization of
the pole. Note that the pole tip was considered as a parabolic
shape with a sharpness « and was equaled to the height of
the parabolic shape divided by the square of the radius of the
corresponding intersection. Replacing r with the vertical com-
ponent z in Eq. (7), we can obtain dB/dz as

VB(r) = @)

4puoMyox
a2+ 22+ 12 - V227

dB/dz = ®)
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where x is defined as the parallel distance between the pole
and the particle. As x is often between 50 and 100 pm, less
than 1/10 of z, z2 4 x? can be approximated as z>. In this way,
dB/dz is proportional to 1/[z(4az + 1)?]. The value of « in our
poles was around 0.111 (with intersection radius = 3 mm and
length = 1 cm). In our measurements, the probe paramagnetic
particle moves within 1 um (0.001 mm) from the internal sur-
face of the tubing. The vertical distance between the surface
and the pole tips is between 1 mm and 2 mm, including the
optical path of the tubing (0.2 mm), the top wall thickness
(0.2 mm), and the air gap between the top of the tubing and
the pole tips. As a result, dB/dz is expected to change less than
0.1% as z changes from 1 mm to 1.001 mm, showing that the
magnetic driving force exerted by single magnetic pole has
little influence on the range of the probe particle. Therefore,
the magnetic driving force under the two-tips and four-tips
modes can be considered as constant as the particle moving
within um range near the sample surface.

B. Oscillatory measurement

After the calibration, we performed the additional mea-
surements on some selected complex fluids. In rheology mea-
surements, the rtheological properties are usually described by
a frequency dependent parameter; complex modulus G*(w)
which reflects the extent of a material to be solid or liquid
like. To yield the G*(w) [= G'(w) + iG"(w)], where G'(w)
and G (w) are elastic and loss modulus, respectively, oscil-
latory measurements are often employed. In the oscillatory
measurements, a sine function, F(f) = Fysin(wt), was gener-
ated on the probe paramagnetic particle and the displacement
of the particle was monitored. Our magnetic tweezers are able
to generate stable periodic forces at frequency up to 10° Hz,
which is high enough for studying most of the biomaterials
and macromolecules. Figure 8 represents the displacement of
a probe particle in gelatin aqueous solution measured under
the same force and varied frequencies (from 1, 2, to 5 Hz).
It clearly shows that our setup has the feasibility to conduct
the oscillatory measurements in complex solutions. Note that
the displacement at each frequency was shifted up 200 nm
for the observation purpose. It is clear that at the same force

400

200+

-200F |

Displacement (nm)

-400}

0 2 4 6 8 10
Time (second)

FIG. 8. Probe particle displacements, /(¢), measured under oscillatory forces
at 1 Hz (black), 2 Hz (red), and 5 Hz (blue) with the same force amplitude in
gelatin aqueous solution.
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amplitude, a higher frequency leads to the smaller displace-
ment amplitude.

In near-wall case, the viscoelasticity of the complex flu-
ids not only depends on the applied frequency but also de-
pends on the distance with respect to the surface. Thus, at one
specific angular frequency w and distance A, the oscillatory
experiments yield the complex modulus G*(w,h.) = G'(w,h.)
+ iG"(w,h.) which can be deduced from>?

F Ohc

5 = @G @, ho). ©)

6712
where h*(w) is the resultant displacement, A(f) = Asin(wt—g)
is in frequency domain. Note that Eq. (9) is valid as long as
the amplitude A of A(¢) is small and the hydrodynamic force
is constant at the oscillatory height ranging from 4. — A to
he + A. The value of A depends on the specific case and it
is usually set within around 20 nm in our experiments. As
a result, the viscoelastic modulus of the sample at different
o and A, can be obtained, respectively, from the oscillatory
experiments. Based on Eq. (9), the modulus G’ and G” can
be obtained from the phase shift of /() compared with the
oscillatory force as

Foh,
G (w,h) = 0 cos ¢
6mr2A
(10)
G,,( h) FOhC .
Jh) = sin
@ 6mr2A N

Therefore, the microrheological properties at different dis-
tances from the surface can be measured under this mode.
This unique feature would help us to further explore the in-
teresting structures of soft matter near a flat surface, such as
the physical packing of soft microgel nanoparticles, the struc-
ture of the polymer brushes grafting on the surface, and the
adsorption and desorption of polymer layers.

Oscillatory experiments involve the extraction of the
phase shift and amplitude of the signal under arbitrary fre-
quency. In our case, the initial data spectrum was filtered
and the response under the arbitrary frequency was extracted.
Consequently, the phase shift and amplitude were obtained
by fitting the resultant responses with a waveform func-
tion. We will later establish the procedure of exacting the
phase shift from A(¢) utilizing lock-in-amplifier to improve the
performance.

IV. TESTING ON STANDARD POLYMER SOLUTIONS

In order to gauge our setup, we applied this microrhe-
ology to measure the viscoelastic properties of two standard
samples using oscillatory mode and compared the results to
bulk rheometer. We selected sucrose (BDH) and PEG (M,
= 900 000 g/mol, Sigma-Aldrich) as the model samples. For
concentrated sucrose solutions, the viscoelasticity at different
heights from the glass surface may vary slightly compared to
the bulk solution since it is a Newtonian liquid and such small
molecules do not form any heterogeneous structures. On the
other hand, for the PEG solutions, the viscoelastic behavior
in bulk or near the surface may be similar because the size of
the probe particle is much larger than the correlation length
& of these polymers in concentrated solution (£ is in the or-
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FIG. 9. The modulus G” of sucrose solution measured by our magnetic
tweezers (MT) microrheometer under force amplitude = 1.14 pN (black solid
circle). The solid line shows a linear fit, leading to the viscosity n = G”/w
which is a constant in the measurable range.

der of several tens nm).'° These two samples were proved to
have little adsorption on the probe particles and the use of low
M, polymers can suppress the depletion attraction. Bulk rhe-
ological measurements were performed on a strain-controlled
rheometer (Anton Paar RHEOPLUS MCR301) with parallel
plate geometry from 0.5 to 200 rad/s for PEG sample. The
strain was fixed at 5% for the linear viscoelastic region.

A complex fluid containing the sucrose solution at a
concentration of 40.0 wt. % or PEG aqueous solution at
2.0 wt. % with the dispersed M450 particles (number density
~ 10° ml~") was prepared and pumped into the sample tube,
respectively. Note that 1 mM sodium chloride (NaCl) solu-
tion was added to screen the electrostatic interaction between
the polymers. As shown in Eq. (10), G’ and G” at frequencies
varying from 0.1 to 0.8 Hz can produce the forces ranging
from 1.14 and 1.75 pN. We manipulate the probe particle os-
cillating at distance around 200 nm from the glass surface so
as to avoid the complicated interactions at the short-ranges.
The experiments were repeated several times at room temper-
ature and at different heights from the glass surface in order
to show that no heterogeneous structures are formed near the
surface.

As a standard Newtonian fluid, sucrose solution displays
a fully liquid behavior, which is reflected in a constant vis-
cosity at arbitrary frequency and having little elastic behav-
ior. The G’ of the sucrose solution is small and the microrhe-
ological results show some irregular fluctuations. However,
Figure 9 shows that the measured G” validates this principle
that the viscosity 7 calculated from the modulus yields a con-
stant value of 3.92 cp, which is close to the literature value
5.32 cp at ambient conditions.>® On the other hand, for PEG
solution at concentration of 2.0 wt. %, similar to the sucrose
solution, a power scaling of G” ~ w was found, indicating
that at this frequency range, the solution mostly behaves like
a Newtonian liquid since the static viscosity 7 determined by
G"lw is a real constant. This scaling law might be invalid
as the frequency increases. The reason is that at high fre-
quency, the internal structure of the entangled polymer chains
might not respond to the frequency change and act as solid-
like behavior. Moreover, Figure 10 clearly shows that for both
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FIG. 10. The modulus G’ and G” of 2 wt. % PEG solution measured by
our MT microrheometer under force amplitude = 1.14/1.75 pN (G’: -B-, G”:
-A-) and the bulk rheometer (G': -B-, G”: -A-) with strain = 5%.

moduli, the measured results had a good agreement with the
bulk measurements, indicating that the local physical proper-
ties of the polymer solutions are not interrupted by the driving
forces at pN scales as well as the surface confinement.

V. DEMONSTRATION OF THE NEAR-WALL
RHEOLOGICAL MEASUREMENTS

Our developed microrheological method has further been
used to measure the rheological properties of concentrated
poly(N-isopropylacrylamide) (PNIPAM) microgel aqueous
solution near the surface. Because of being soft and de-
formable, the physiochemical properties of PNIPAM mi-
crogel particles are entirely different from the conventional
rigid-solid particles.** The synthesis and purification of the
PNIPAM microgel particles have been reported before.?%5
The resultant microgel particles have a diameter around
125 nm at room temperature as determined by dynamic laser
light scattering (ALV-5000). The probe M450 particles coated
with PEG were dispersed in the microgel solution and NaCl (1
mM) was added to screen the electrostatic interaction between
the particles. The displacement of probe particle around two
distances; h. = 135 and 17 nm, from the surface was tracked
to determine the rheological properties of the microgel solu-
tions. We employed the oscillatory mode at frequency of 0.1
and 0.2 Hz and force amplitude was 8.60 pN. We opted to os-
cillate the probe particle at these two special heights because
they cover the distance from very near the surface to a height
larger than the size of a single microgel. Figure 11 shows that
very different viscoelastic properties were obtained when the
probe particles moved at different heights from the glass sur-
face. The G” obtained at h. = 17 nm is smaller than at A,
= 135 nm. In contrast, G’ is larger at 4. = 17 nm. Besides,
G"/w at h, = 135 nm equals to 1.59 and 1.61 Pa s at 0.1 and
0.2 Hz, respectively. The close values at these two frequen-
cies likely indicate that when microgel particles are far away
from the surface, the dispersion still behaves as a liquid and
does not affect the dynamic of the probe particle. On the other
hand, as the probe particle is forced closer to the surface such
as at b, = 17 nm, the elastic property of the dispersion be-
comes dominant, resulting in G’ > G” at both frequencies.
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FIG. 11. The elastic modulus G’ at . = 135 (-0-) and 17 nm (-A-) (upper
figure); and the loss modulus G” at i, = 135 (-@-) and 17 nm (-A-) (lower
figure) measured at frequency = 0.1 and 0.2 Hz. The measurements were
conducted in 4.5 wt. % PNIPAM microgel solution under force amplitude
= 8.60 pN.

This can be attributed to the existing near-wall boundary, as
well as the adsorption of microgel particles to the glass sur-
face, resulting in a soft layer sandwiched between the probe
and the surface. This simple demonstration shows the feasi-
bility of using our setup to study the confinement effect on
the complex fluids and their related structures near the wall.

VI. CONCLUSION

We have demonstrated a practical implementation of
magnetic tweezers with evanescent illumination for quanti-
tative detection of viscoelastic properties of complex fluids,
especially near solid surface. The exponential distance de-
pendence of the evanescent field makes our technique ex-
tremely sensitive to detect particle displacement in z-position
at the subnanometer level. Using TIRM, we do not require
a laterally resolved image, only the scattered intensity, mak-
ing it possible to view a single, label-free particle in paral-
lel with a low-resolution objective. Moreover, the integration
of a magnetic driving force into TIRM enables us to effec-
tively manipulate the embedded particle in three dimensions.
We have shown that local viscoelastic properties of two stan-
dard solutions can be measured over proper time ranges and
showed good agreements with the results from a bulk rheome-
ter. Additionally, the effect of confinement on the structure
property of deformable nanoparticles has been briefly demon-
strated. Thereby, the combination of the magnetic tweezers
and evanescent wave-scattered particle tracking has great po-
tential for noninvasive and spatially resolved characterization
of rheological properties in soft materials including biological
samples.

It is noteworthy that when measuring the viscoelastic
properties of materials at distance several hundreds nanome-
ters from the surface, some kinds of interaction forces, such as
double layer repulsion, depletion interaction, and the surface
entanglements might contribute to the motion of probe parti-
cle. These effects could be minimized by adding salt, surface
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modification of the probe particles, and avoiding the probes
too close to the interface. Further improvements of our setup
will include the enhancement of both upwards and down-
wards poles to extend the force and frequency ranges. Al-
though the magnetic forces generated by our instrument are
not strong compared to some reported literatures,’® they are
high enough to exceed most of weak interactions in solutions
and the accurate displacement of the probe be manipulated.
Moreover, with the improved performance in both creep and
oscillatory experiments, we expect that this active microrhe-
ology technique can offer a totally different way to study the
heterogeneous structures of fragile and time-dependent sys-
tems under spatial limitation.
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