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Manipulation and sorting of magnetic particles by a magnetic force
microscope on a microfluidic magnetic trap platform
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We have integrated a microfluidic magnetic trap platform with an external magnetic force
microscope(MFM) cantilever. The MFM cantilever tip serves as a magnetorobotic arm that
provides a translatable local magnetic field gradient to capture and move magnetic particles with
nanometer precision. The MFM electronics have been programmed to sort an initially random
distribution of particles by moving them within an array of magnetic trapping elements. We
measured the maximum velocity at which the particles can be translated to be 22+fwh mm/s,

which can potentially permit a sorting rate of approximately 5500 particles/min. We determined a
magnetic force of 35.3+2.0 pN acting on auIn diameter particle by measuring the hydrodynamic
drag force necessary to free the particle. Release of the particles from the MFM tip is made possible
by a nitride membrane that separates the arm and magnetic trap elements from the particle solution.
This platform has potential applications for magnetic-based sorting, manipulation, and probing of
biological molecules in a constant-displacement or a constant-force mode.
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Magnetic particles have a variety of applications in biol- generally limited by the fact that the sample must be immo-
ogy, ranging fromin vitro sample sorting, measurement, andbilized and the information obtained is via constant force on
manipulation tdn vivo magnetic resonance imaging contrastthe magnetic particle. In this letter, we describe a novel plat-
enhancemeritWhile in vivo treatments are essential to im- form for both sorting of magnetic particles that can be at-
proving current efforts in drug screening and diagnosis otached to biological samples and “tweezing” of individual
patients,in vitro applications prove useful in gaining an es- particles. The platform provides the characteristics of high
sential understanding of the process by which biological systhroughput, a high degree of location specificity, and the
tems function and the manner in which they can be changedhility to selectively immobilize individual samples for mea-
on a single molecule level. surement and/or manipulation. The possibility of releasing

Typical magnetic particle sorting applications include the particles for transport or further examination by alterna-
separation of biological analytes, such as cells, proteins, ange single-molecule diagnostic techniques can provide the
deoxyribonucleic acidDNA). The premise of this sorting is necessary versatility for classification of the vast quantity of
to attach a chemically functionalized magnetic particle to ayjological processes occurring in the body.
desired biological specimen and then apply a magnetic field  Figure 1 shows an illustration of the platform. A sum-
gradient to pull the magnetic particles away from the solumary description of the platform is given below, but details
tion, thereby leaving the unwanted molecules behind. In thig the fabrication process can be found in previous w8rk.
case, sorting is done as an ensemble, and single-particle lgypically, the platform size is 5 mm by 10 mm. The key

cation specificity as an end result is not achievable. Singlegjements of this platform include an array of Permalloy ele-
particle sorting techniques have recently been demonstrated

based on magnetic wires or domain-wall tﬁ‘)g.'l'he limita-
tions of this technique are power consumption and that the T{ﬁﬁﬁﬁﬂ?ﬁ;ﬂﬁiﬁd Mag::‘e::;ps
particles cannot be sorted into an array for long periods of

time without causing local heating and, hence, possibly dam-
aging the samples.

The application of lateral and torsional forces to biomol-
ecules by tethered magnetic particles remains an essential (a)
method for revealing information about molecular motors,
protein-DNA interactions, and the forces associated with
folding and unfolding dynamics of DNAZ® In these experi- oy
ments, one end of the biological molecule is immobilized Bead-DNA Solifion
onto a microscope slide, while the other is attached to a  Mcroscope Side

magnetic particle that follows the field gradients generated
by macroscopic rare-earth magnets. These experiments are & MicroscopeL.ans

FIG. 1. An illustration of the micromachined magnetic trap platform and the
dElectronic mail: moreland@boulder.nist.gov location of the MFM tip(not to scalg
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periments, we manually input the start and end points and the
path, but implementing a computer algorithm to determine
the position and optimal sorting procedure is currently being
developed. Since the tip field gradients diminish with dis-
tance ag~3, it is necessary to bring the tip as close to the
particle as possible. Our minimum distance is limited by the
thickness of the nitride membrane, which is currently
200 nm; however, we can decrease the thickness of the mem-
brane to 100 nm without damaging the resilience of the
membrane. Once the tip contacts the surface, the particle is
FIG. 2. Images of the magnetic Permalloy trapsite rectangleson the  moved to a predetermined trapping element. To release the
tsril"con ”igide m?hmebﬁgiﬂ ?:2?1 tt"*:f/ é‘:?sg?;é'zoﬁgﬁﬁzggii ?ﬁ:gﬁ“h particle from the tip field gradient, we retract the tip from the
ra?\dngfnmdi;?rri]gﬂtion of the 2.gm and 5um particles with a bead in trazsit surface to a distance _Of Am. At this height, the tip _then
under the cantilever tip angb) the sorted particles. moves to the next particle to be sorted. Once the particles are
placed into the array, each particle can be annotated for fu-
ments that are patterned onto a transparent membrane. Typiire manipulation and analysis. The rates of sorting for the
cally, these elements aregdm by 3 um by 30 nm in height.  larger particles were not measured, for two main reasons.
In the presence of an externally applied magnetic field, thesghe first was that the tip geometry was not optimized to
elements provide local magnetic field gradients that act asccommodate large particles, and the second was that the
magnetic particle traps. The transparent membrane windovarger particles, typically lack the homogeneity in magnetic
consists of a 200 nm silicon nitride layer and is typically moment that is present in the smaller particles. However,
100 umx 100 um in size. This membrane separates thepoth sorting of larger particles and tailoring of the tip geom-
magnetic trapping and sorting elements from the magnetigtry for specific size ranges are possible.
microparticle or biological sample solution and allows for Since the tip size for these experiments is 800 nm, the
selt_ective tran_slation using a permanently magnetized Maggeometry is optimized for a &m particle, and hence we can
netic force microscop€MFM) tip. The transparency of the gort 1 ,m particles at a rate faster than that for larger par-

membrane allows for placement of the device in an invertegicjes The maximum velocity at which the particles are
optical microscope for observqtlon of 'granslocatlon evemséranslated is measured by rastering the tip in incremental
The optical microscope is equipped with a charge-couplegig|qities and recording the point at which the magnetic mi-
de_wce(C(_:D) camera and imaging softwa_re. The Images Ob'croparticle no longer follows the tip. We measured a maxi-
tained using the CCD camera provide information on themum translation velocity of 2.2 mfs+0.1 mm/s for a
location of the magnetic particles with respect to the traps ! o

: . . ) 1 um particle. To determine the maximum sorting rate, we
By mterfacmg the CCD image with the.MFM software, W€ assume that with an average translation distance qir20a
can implement a program to sort particles, based on siz

. ; . . - Et‘rp repositioning time of 2 ms, and a computer interface time
color, chemical functionality, and magnetic susceptibility, of 1 ms. a maximum of approximatelv 5500 individual par-
into their respective positions in an array. ticl ca;n be sorted per rr?i?\ut y P

In these experiments, we used a commercial cobalt- e'srh € (i. h P 'te. q ller si ft
chrome coated MFM tip with a radius of 90 nm, a height of € magnetic homogeneity and smalier siz€ o yenl
magnetic particles makes them a suitable choice for mag-

15 um, and width at the top of the tip of 1,8m. Initial scans ; : .
Jietic tweezers experiments. To implement the current mag-
the tip field gradients and do not translate with the tip. Wen€tic tweezers platform, we need to compare the forces act-

attribute this to the fact that the tip slope is sufficiently largel’d On the particle to those obtained with conventional
to allow for a diminished interaction between the magneticdWe€zers instruments. To determine the force acting on the
material on the sidewall and the particle. To increase the ardg@rticle we use the measured velocity. However, since the
of interaction between the tip and the particle, we sanded thBarticle is near the surface, a simple treatment using the
tip by scanning it rapidly on a hard surface, such as vicinatoke's Law for viscous drag is not appropriate in determin-
yttria-stabilized cubic zirconia, and observed the change i#d the force acting on the particle. Here, we implement the
area of the tigin situ with a CCD camera. Scanning electron rélationship determined by Goldmanal. for hydrodynamic
microscopy images show the tip with a Qu8n wide sanded drag on a particle positioned at a surfacg. The f_orce.|s ex-
plateau. With this geometry, the magnetic material that proPressed ds F=1.7005x 6myr’G, where 7 is the viscosity
duces the required field gradient to capture the particles corff the medium(which in this case is watgrr is the radius of
sists of a ring of 60 nm width and a radius of approximatelythe sphere, an@ is the shear rate of the fluid flow. For this
400 nm. equation to be valid, we must prove that our system is under
For the size sorting experiments, we inject a solution ofl@aminar flow conditions. For laminar flow, the Reynold’s
2.8 um and 5um diameter polystyrene spheres, which arenumber(Re) for the system must be less than 1.0, and, for
embedded with iron and iron oxide particles, into the wellsour system, we calculated Re=X307°+0.1x10°® from
of the chip. Figure @) shows the initially random distribu- the velocity measurements made by scanning the tip. There-
tion of particles and, @) the sorted particles. The tip pro- fore, the shear rate can be calculated under the condition of a
vides the translatable magnetic field gradient, while the Pemuniform velocity gradient by using the velocity at the center
malloy elements are used to spatially confine the sortedf the sphere, which in this case corresponds to the distance
particles. The particles are placed into each position by apfrom the surface to the center of the sphere. Under these
proaching the surface where the particle to be moved is loeonditions, we obtained a shear rate of 4.6£010° s,
cated by using a computer interfaced program. In these exwhich corresponds to a force of 35.3£2.0 pN.
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FIG. 3. Simulated results showing the force-distance relationship. A trunf1G. 4. Two 1{“m diametgr particles that are stuck together can b,e sepa-
cated tipF, (line) is the force along the axis andF, (solid squaresis the r_ated by d_ragglng the particles over a trap, where one particle remains in the
normal force as a function of displacement aZ=200 nm. TheZ axis is field gradients produced by the Permalloy trap and the other continues to

along the axis of the tip. The maximum force trapping the particle is 45 pN.follow the tip field gradients.

We attribute differences betwgen experir_n(_ental and theoretical \_/alues to fricr‘ated by dragging the particles over the center of a Permalloy
tional force between the particle and nitride membrane resulting from the . . . .
force along theZ axis. element, where the particle furthest from the tip will remain
with the Permalloy element, while the other continues to
To confirm the experimental force measurements, werack the field gradient of the tip, as shown in Fig. 4. Ulti-
used micromagnetic simulations to calculate the total forcenately, to eliminate this characteristic and improve upon the
acting on the particle]sz. The field from the tip was calcu- maximum trapping force of the field gradients, we must con-
lated using a full micromagnetic model, relaxed to an equistruct the tip with a magnetic structure of size equivalent to
librium remanent state; in particular, it was not fully satu-the particles being sorted in the microfabrication process.
rated. The effects of spatial variation of the field was  We have demonstrated the ability to use a permanently
included in modeling the force on the particle, while the magnetized MFM tip to sort magnetic microparticles based
effect of the induced field from the particle interacting backon size differences with possible translation rates of up to
on the tip was not included. We assumed the effects from th6500 particles/min. We are able to separate particles using
particle were negligible since the particle is superparamagstationary magnetic elements, which we can implement in
netic and the induced field is quite small. Figure 3 shows dhe future to confirm attachment of a biological molecule
simulation of the force versus distance for a truncated tigoetween two magnetic microparticles. In contrast to conven-
with an 800 nm diameter and a m diameter magnetic tional magnetic tweezers, simulations of the tip fields show
particle. As a note, simulations confirm that a truncated tipthat the magnetic tweezers platform can act as a force clamp
provides a stronger trapping force than the original conicatweezer. With the appropriate force feedback control, the
tip, which confirms our experimental observations. For theplatform can also function in a constant force mode. While
truncated tip, the maximum lateral force acting on the parthe tip-particle geometry in this work favors audn diam-
ticles is 45 pN. This value is slightly larger than the experi-eter particle, we can tailor our experiments to specific force
mental value we measure. Deviations from the experimentaianges and sizes of particles by fabricating specialized tips.
values obtained using the hydrodynamic drag equation ardltimately, we will implement this apparatus to manipulate
most likely due to the frictional force resulting from the nor- and measure force-induced phenomena of biopolymers.
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