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Magnetic tweezers for intracellular applications
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We have designed and constructed a versatile magnetic tweezer primarily for intracellular
investigations. The micromanipulator uses only two coils to simultaneously magnetize to saturation
micron-size superparamagnetic particles and generate high magnitude constant field gradients over
cellular dimensions. The apparatus resembles a miniaturized Faraday balance, an industrial device
used to measure magnetic susceptibility. The device operates in both continuous and pulse modes.
Due to its compact size, the tweezers can conveniently be mounted on the stage of an inverted
microscope and used for intracellular manipulations. A built-in temperature control unit maintains
the sample at physiological temperatures. The operation of the tweezers was tested by moving 1.28
um diameter magnetic beads inside macrophages with forces near 500 pRO0O®American
Institute of Physics.[DOI: 10.1063/1.1599066

I. INTRODUCTION (e.g., cytoskeletal filaments, like actin or microtublilean
be assessed by controlled modifications of the interior of the

A magnetic tweezer is a device capable of exerting &ell (e.g., use of cytoskeleton depolymerizing agents, or by
force of controlled magnitude and direction on magnetic parfunctionalizing the beads to bind to specific
ticles. Due to the simplicity of their operation, low cost of molecule$.!"*°By using beads of varying sizes, informa-
construction, and versatility, magnetic tweezers have recentljon can be gained on the local intracellular geometry. Sys-
gained popularity in probing biological materials at varioustematic measurements of local viscoelastic parameters can be
scales. Most applications to date aim at the physical propefgsed to monitor possible abnormal transformations inside the
ties of (i) single moleculed;* (ii) filamentous macromolecu- cell.
lar networks;® or (iii) cell surfaces®~**Intracellular prop- The successful intracellular application of magnetic
erties have mostly been investigated indirectly, using tesfyeezers depends on the following factors. First, the mag-
particles attached to the cytoskeleton through transmembrangtic particle has to be inserted into the cell without causing
receptors.”*®*" Very few tweezers have been built to reli- adverse effects. This is typically achieved by microinjection
ably explore the intracellular environment direcfly”®  or py letting cells endocytose the particles. Second, prior to
There exist other powerful techniques, like optical tweezergxposing the bead to the magnetic force of the tweezers, it
and atomic force microscopes that can equally be used fQias to be magnetized. This is typically accomplished by us-
applications((i)—(iii)]. The advantages of magnetic micro- jng separate magnetizing magnets and force or torque pro-
manipulators become evident when intracellular propertiegjycing magnets. As a consequence, when magnetic coils are
are investigated. Optical tweezers exert force on microscopigsed to produce the desired magnetic fields, at least two pairs
objects that are transparent @lase) light. Since there is a are used, which makes the apparatus bulky and difficult to
myriad of such objects inside a cell, optical tweezers cannofanipulate.
selectively operate in the intracellular environment. Atomic Magnetic micromanipulators can either rotate or trans-
force microscopes, by their very nature, cannot be used tRye particles. In the first case, the magnetic moment of the
scan the interior of a cell. particle is aligned in a particular direction and then exposed

In a typical intracellular application, magnetic beads areyy g perpendicular constant magnetic field. This causes the
delivered inside living cells and movedranslated or ro- pead to rotate. Viscoelastic properties of the environment of
tated with the tweezers. The trajectory of motion is recordedihe pead are evaluated from the analysis of this circular mo-
and subsequently analyzed in terms of well-established mod;s, 1o displace a magnetic particle is more complicated.
els of viscoelasticity*'**'This approach yields local infor- oy this, a spatially varying magnetic field is needed albeit
mation on the viscosity and elastic properties of the cytoyyith the extra benefit of being able to study larger regions
plasm. The contribution of various intracellular componentsyiin 4 single bead. Viscoelastic properties are determined
from the recorded trajectory of the particle.
3Electronic mail: forgacsg@missouri.edu Motivated by the large number of potential applications,
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we have constructed a translational magnetic tweezer with it&g
primary use for intracellular manipulations. Our objective
was to produce a device which is simultaneously simple,
inexpensive, and powerful.

II. OPERATION OF THE TWEEZERS
A. Theoretical considerations

The force acting on a paramagnetic particle in a spatially|
varying magnetic field is

Fyu=V(m-B)=V(mB). (1) .
The second equality is the consequence of the induced m

mentm= MYV being parallel to the magnetic induction vector d( b
B. HereM andV are, respectively, the magnetization and

volume of the particle. If in the region of intereBtis large  FIG. 1. Magnetic tweezers work station. The measuring unit is composed of
enough so thaM reaches its saturation value, furthermoretwo coils(a) [the separation between which can be fine tuned with microme-
By= 0 and B,=constant, then qu) reduces to ters(b)] and a sample holddr). (d) Control unit.

C a

dBy C. Measuring unit
Fy=VM,—~. @ N -
y The measuring unit is shown schematically in more de-
It is Eq. (2) that forms the basis of the operation of our tail in Fig. 2. It contains two magnetic coils housed in fiber-
tweezers. glass boxes and the sample holfEigs. Xa) and Xb), re-
spectively. Glue is poured into the plastic boxes to prevent
the displacement of the coils. The sample is located between
_ the two pole piecessee Fig. 2, which are continuations of
B. Design
We designed our tweezers with the following require- Copper wire turns
ments in mind: (cross section)
a Pole pieces
(1) To provide a high constant magnetic gradient over typi- 7
cal cellular dimension$10—-500.m) capable of gener- ’_li j_‘
ating forces strong enough to displace beads trapped in-
side cells; |
(2) To provide a strong enough magnetic field capable of -----F———---- (}{) ---------
magnetizing superparamagnetic beads to saturation;
(3) To be able to adjust and finely tune both the intensity of Left coil Right coil
the magnetic field and the magnetic gradient during mea- Sample

surements to adapt to varying local conditions without
interfering with data collection;

(4) To be able to generate both continuous magnetic fields b
and magnetic pulses;

(5) To have a sulfficiently compact size to fit onto the stage
of an inverted microscope without interfering with the
functionality of the microscope or video acquisition
hardware; and

(6) To be able to control the sample temperature.

Left pole

Requirements 1 and 2 assure that the force acting on the
magnetic particle during its motion is constasee Eq(2)],
making the calibration of force in each measurement need-
less and data analysis simple.

Our magnetic tweezers workstation is shown in Fig. 1.
The apparatus itself consists of a measuring unit and a con-
trol unit. The measuring unit is mounted on the stage of arfIG. 2. Schematic representation of the measuring ¢ajittop view. The

_ ; ; pecial coil structure is symmetric with respect to the broken line; details
Olympus IX-70 inverted microscope and connected to th%elow the broken line are not showfln) Details of the pole piece profile;

control unit. Data .iS acquired thrOUgh_ a digital video camerac__central point. The shaded triangle(@ and(b) represents the shape and
attached to the microscope and fed into a computer. location of the sample holder.

Sample
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and 6. The constant magnetic gradient is larger in the lower
Distance from central point (microns)

(curved region, which is machined according to the equation
FIG. 3. Magnetic induction at 50@m gap distance for different currents r3/25in(3¢/2)=constant(for notations, see Fig.)?}z (All' of
through the coils: Triangles—1 A, squares—2 A, diamonds—3 A. The lowerthe results given next refer to the curved regidn.essence,
panel shows the region where the magnetic gradient is constant. our tweezer is a miniaturized horizontally positioned Faraday
balance, an industrial device used to measure the susceptibil-
ity of magnetic powderé?
the metallic cores of the coil outside the boxes. The length of
the pole pieceg21 mm each is chosen to assure that a .
standard objective in an inverted microscope can be brougi%' Control unit
all the way to the sample even when the poles touch. This The control unit supplies the two coils with currents
eliminates the need to use high working distance objectivesanging from 0.1 to 4.1 A. Its core component is the pulse
The position of the sample holder relative to the pole piecegenerator, unit 1 in Fig. 4. A pulse train is triggered by the
is adjusted by a micromanipulator. The stage of the samplswitch (SW) SW1, a momentary push-button switch. Single
holder embeds a temperature sensor and a heating resisfmilses can be generated manually by the repeated activation
connected to the control unit. The gap between the polef SW2. The pulse length and the interval between pulses
pieces can be varied by two additional micromanipulatorscan be adjusted with dials SW3 and SW4, respectively. The
each controlling the position of one of the black boxese pulse length can be varied between 0.1 and 9.9 s in steps of
Fig. 1). The coils are made of copper wire (diameter0.1s. Switches SW1 and SW2 can conveniently be activated
=0.85mm) and have 720 turns; their resistan& @nd by means of a regular three-button computer mouse con-
induction (L) are, respectively, 2.59) and 7.2 mH. The nected to the control unit. The simultaneous activation of the
special shape of the coil structufsee Fig. 2 provides an third button, with one of the “switch” buttons, generates
enhanced magnitude axial field and minimal coil time con-sound during the pulse. The signal of the pulse generator is
stant r=_L/R). The latter fact assures the possible quick riseapplied to preamplifiergunits 2 and 3 for the two coils re-
of the magnetic field to its maximum value upon the switch-spectively in Fig. 4, which control its amplitude in the range
ing on the current through the coils. The cross sections of the—4.1V, regulated by means of dials SW6.1 and SWér2
metallic core and pole piece are respectively@mn? and  for each channgin 0.1V steps. The voltage pulses are even-
8x 1.2 mnf. They are made of 0.3 mm thick sheets of ori- tually converted into current pulses through the coils by units
ented(3% S silicon—iron alloy; a standard transformer core 4 and 5(voltage/current converters and power amplifiers
material with coercive field strength of 100 mA/cm and per-The conversion rate is 1 V for 1 A so that, after calibration,
meability 2000 at 50 HZVacuumschmelze GmbH-Hanau, the dials SW6.1 and SW6.2 directly show the output current.
Germany. Sheets are glued together to minimize power lossThe power amplifiers represent constant current sources and
This material is chosen for its high saturation induction ofprovide steady current through the coils during the entire
205T. pulse length. This is accomplished by an appropriate nega-
The special profile of the pole pieces shown in Fig. 2tive feedback loop. As the current is constant, both the mag-
assures a constant magnetic gradient over extended regionstic field intensity and the magnetic gradient are constant
andB,=0 along the midline ¥ direction as well as a neg- during the pulse. Consequently, the magnetic force that acts
ligible variation of B, on z between the poletsee Figs. 3 on a magnetic bead is also constant during the magnetic
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pulse. The control unit also contains a temperature regulating Magnetic moment 0.125

circuit (unit 6 in Fig. 4 that operates the temperature sensor (mA-m?) 0100
and the heating resistor in the sample holder. )
The described magnetic tweezer has a modular structure 0075
Modules can be used separately and, if specific parameter 0.050
for specific experiments are required, external modules car
be used. For instance, inputs for external pulse generators al 0025
available if applications call for pulses shorter than 0.1 sor OIOOO ————————
longer than 9.9 s. Output for monitoring the currents through-1250-1000 -750 -500 -250 {0 250 500 750 1000 1250
the coils or synchronizing the pulses with the video acquisi- 0025 Magnetic field (mT)
tion pulses is also available. Each of the two coils is con- -0.050
trolled separately. Pole pieces can be changed and differer 0075
geometries can be tested. The apparatus can also use a sin( ’
coil for applications in which having a constant magnetic -0.100
gradient is not a requirement. 0125

FIG. 5. Induced magnetization as measured by SQUID. The apparatus mea-
sured the total induced moment éxis) of a 20 ul suspension of 1.2&m

11l. FORCE CALIBRATION beads with concentration 5.5890'° bead/mL. From this the average
saturation magnetic moment of a single beathis 7.26x 10”1 A m? and

In order to perform meaningful quantitative measure_the saturation magnetization of the bead’s materi&llis 6.6x 10* A m.
ments, the magnetic tweezer has to be calibrated: The force
acting on a magnetic test particle has to be known at each. Calibration using Stokes’ law
instant of the measurement. As discussed in connection with

The f duced by the tw i idl
Eq. (2), the magnetic force depends on both the magnetiQN © Joree producsd by the "Weezers Increases rapicly

netic (magnetit¢ beads of 1.28wm diameter(Bangs Labo-
ratories, Fishers, IN There are three methods that we cur-
rently employ for force calibration.

netic forceF,, , acting on a magnetic bead moving in a fluid,
is counterbalanced by the viscous force given by the Stokes
formula, thus
A. Direct measurement

9Bx(Y)

Fu=MV

The straightforward way to determine the magnetic force =6morv. )

is to independently measure the magnetization and the mag-
netic gradient of the bead. Since our tweezers, by design
provide a constant magnetic gradient along yhdirection,
we measure®,(y) using a high precision Gauss me(etwv
Bell Model 7010, Bell Technologies, Orlando, FLn this
method, the lower limit on the distance between the poles is
constrained to 50um by the thickness of our transverse
Hall probe(model STF71-0204-05-T, Bell Technologies, Or-

ay
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lando, FL) that is inserted between thefeee Fig. 3. The n—

Y axis intervall (microns)

o

probe has a rectangular area of 2.7 mn¥; it hangs from b

- . . .. Z 30 500 A
a holder, which can be moved with micrometer precision :%25 sl
along the midline between the poles. We match the center 0 € 2 H
. . . . B 300
this area(which provides the most accurate reading of the § :z s B
field strength with the central point QFig. 2). The curves s , g
= . . . g =0
shown in Fig. 3 were obtained by displacing the probe along ¢ o e & b
the y direction and acquiring data every 1Qum. (Data ETEE N 0 200 400 600 800 1000 1200 1400
pOintS Separated by mn giVe a curve W|th identical Slopb- X axis intervall (microns) Distance from the central point (microns)

The measurements shown in Fig(rformed at a 50&m  FiG. 6. Magnetic force measurement by using Stokes' [awBead trajec-
gap indicate that the field intensity with high accuradg?(  tories in sucrose solution dugra 1 s magetic pulse(at 3 A current and 500
~1) is linear for at least 50@um. um gap between the poleshe small spread in the length of the trajectories

o . indicates the varying magnetic content of the beads. Microscopic images
The magnetization of the magnetic beads was measur%ggre acquired in bright field. Each vertical line represents a bead trajectory.

using a superconducting quantum interference deviC@p) and(c)]. Binned trajectories along the (b) andy (c) direction. Num-
(SQUID). Results are shown in Fig. 5. A comparison of Figs.bers at the top of the bins indicate the average force and the number of

3 and 5 indicates that, already at the 5@@] gap distance, particles(in bracket$ for each bin.(d) Magnetic forces on 1.2g&m super-

. . ramagnetic beads for different gaps between poles:120um, B
the magnetic beads are saturated and thus, according to Eﬁzooﬂgq, o 500,m, and D=1000?ma. T o e e

(2) the _resulting magnetic force is constant over typical Cellextent of the constant gradient regions. Distance from the central point is
dimensiong10-500um). measured along the direction defined in Fig. 2.
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FIG. 8. Tweezers induced displacement of beads inside a macrogiage.
Intracellular trajectory of two superparamagnetic bef@ols tracegduring 1

s magnetic pulsethottom traceé Note the fast rise of the signal, which is
due to the special configuration of the coils, shown in FigB).Sequence

of images showing bead displacements. The two white vertical lines denote
the total displacement of each bead. The instantaneous position of the bead
on the left in(a), (b), (c), and (d) correspond to times marked by open
squares in the upper trace (A). The instantaneous location of the bead on
the right at the same times is determined from the lower tra¢&)inimages

were acquired by bright-field microscopy using an Olympus LCPlanFL 60X

FIG. 7. Locating internalized beads) Two magnetic particles carrying the
FM 1-43 fluorescent endocytic marker are identified in bright-field micros-

copy (when they appear black and cellular details are barely visiate objective (numerical aperture0.7, working _distance 1.1—1.89 mm)
potentially having been internalized by celis) The same image in fluo- right-field microscopy provided no details on the intracellular environ-

rescent mode. iny th? particle on the left-hand side is visible, thus only thaﬁ]ent, thus facilitating bead tracing. The 3 A 1 Hz current pulses with a 200
one has been internalized. pm gap distance produced 220 pN force on 1.28 beads. The cells were
located 250um from the central point Qwhich is within the region where
the magnetic gradient is constant, see Figl) balong the midline between
Here 7, r, andv are, respectively, the viscosity of the fluid, the poles(see Fig. 2

the radius of the bead, and its velocity. Stokes’ formula is
correct in the absence of interactions between beads
small bead concentratiprand when the particle moves far 6(d), the location of the constant magnetic gradient region
from the walls of the container. Under conditions used forwith respect to the central point and its extent depend on the
calibration there was no need for corrections to Stokesyap distance(Extrapolation to smaller gap distances indi-
formula. cates that a force in excess of 1 nN can be exerted on 1.28
Beads were introduced into chambers made of two tri-um beads, which is constant over typical cellular dimensions
angular cover slips attached to each other by double-sidedf 20—30 um.) For the calibration, we used sucrose solu-
adhesive tape, resulting in container height of 200. The tions, whose viscosities are known as function of concentra-
sample holder and the chambers were designed to assure tion in the range 1-148 &.We employed Eq(3) for gap
contact between the pole pieces and tissue culture mediudistances larger than 50@m as a consistency check. Once
containing cells and thus avoid undesirable displacementihe Stokes force and the field gradi€¢as measured directly
due to magnetostriction manifest upon turning on the currentwith the Hall probe are known, Eq(3) yields M. Perform-
The velocities of a large number of beads were measured iimg the measurements in the magnetic field region where,
different magnetic fields, by following the trajectory of their according to Fig. 5, the magnetization should reach its satu-

motion using videomicroscopy. ration value, Eq(3) gave results consistent with the SQUID
The shape of the chamber allowed us to finely decreasdata.
the gap distance to very small valu@sy the use of the Figure 8a) shows 152 trajectories in a rectangular area

attached micrometers shown in Figl. As shown in Fig. of 400x300um?, centered along thg axis 750um down-
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ward from the central poin€ in Fig. 2, in a region of linear shows the displacement of a bead inside a macrophage dur-

magnetic field intensity as determined by the direct measurdng the repeated applicationf & s magnetic pulses. The

ments(Fig. 3). To establish criteria for the linearity of the strongly viscoelastic nature of the cytoplasm is clearly mani-

magnetic field when using Stokes’ law for calibration, thesefested by the fact that the bead does not relax to its original

trajectories were binned in both the horizontal and verticalocation upon the turning off the field. Figure 8 illustrates the

direction. Figure €b) shows the 8Qum wide bins in thex inhomogeneous nature of the interior of the cell. Beads at

direction, up to 20Qum to the left- and right-hand side of the distinct locations, within the same cell, respond differently to

midline between the poles. Figuréch shows the same pro- the magnetic force. The local viscoelastic properties of the

cedure along thg direction, where the width of the bins is cytoplasm can be determined from the curves in Fig. 8 by

75 um. As the results indicate, the spatial variation in thestandard methodg:*°

magnitude of the force are less than 10% alongxtwirec-

tion and around 1% along thedirection in the region shown ACKNOWLEDGMENTS
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