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ABSTRACT: From single-pole magnetic tweezers to robotic
magnetic-field generation systems, the development of mag-
netic micromanipulation systems, using electromagnets or
permanent magnets, has enabled a multitude of applications
for cellular and intracellular measurement and stimulation.
Controlled by different configurations of magnetic-field
generation systems, magnetic particles have been actuated by
an external magnetic field to exert forces/torques and perform
mechanical measurements on the cell membrane, cytoplasm,
cytoskeleton, nucleus, intracellular motors, etc. The particles
have also been controlled to generate aggregations to trigger
cell signaling pathways and produce heat to cause cancer cell
apoptosis for hyperthermia treatment. Magnetic micromanipu-
lation has become an important tool in the repertoire of toolsets for cell measurement and stimulation and will continue to be
used widely for further explorations of cellular/intracellular structures and their functions. Existing review papers in the
literature focus on fabrication and position control of magnetic particles/structures (often termed micronanorobots) and the
synthesis and functionalization of magnetic particles. Differently, this paper reviews the principles and systems of magnetic
micromanipulation specifically for cellular and intracellular measurement and stimulation. Discoveries enabled by magnetic
measurement and stimulation of cellular and intracellular structures are also summarized. This paper ends with discussions on
future opportunities and challenges of magnetic micromanipulation in the exploration of cellular biophysics,
mechanotransduction, and disease therapeutics.
KEYWORDS: magnetic micromanipulation, cell mechanics, intracellular biophysics, micro/nanorobotics, hyperthermia, mechanosensation,
mechanotransduction, cell mechanical stimulation, cell apoptosis

In the human body, cells are continuously subjected to
mechanical forces, such as shear from blood flow and
compressive/tensile forces from neighboring cells and the

extracellular matrix.1 Cells adapt to the mechanical force-
abundant microenvironment via mechanically sensitive re-
ceptors and ion channels,2 cytoskeleton,3 and intracellular
organelles that are responsive to force stimulations (e.g.,
lysosomes,4,5 endoplasmic reticulum,6 and nucleus7,8). The
ability of cells to deform and respond to mechanical forces is
critical for embryonic development and for homeostasis in
adult tissues and organs.9 The mechanical property of the cell
and intracellular organelles defines the cellular response to the
mechanical forces exerted by the cell’s microenvironment.
Measuring the properties of cellular and intracellular structures
enables a better understanding of the mechanisms of tissue
development and disease progression,10 and deciphering how
cells sense and respond to mechanical signals.11 The study of

mechanical stimulation on cellular structures and downstream
effects is key to understanding cell mechanobiology, such as
cell migration and mitosis,3 DNA stability,12 and intracellular
transportations,13,14 and its relevance in diseases such as
cancer.15

Significant progress has been made in the development of
the techniques, driven by magnetic,16 optical,17 acoustic,18

electrical,19 fluidic, and other actuation fields,20 for measure-
ment and stimulation of cellular and intracellular structures.
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For force generation, magnetic, acoustic, and electrical fields
can produce forces as large as hundreds of picoNewton to
several nanoNewton for manipulation, while the optical field is
typically used to generate tens of picoNewton forces to avoid
high laser intensity-induced damage to cellular structures.
Compared with optical, acoustic, and electrical fields, measure-
ment and stimulation using the magnetic field have the
advantages of large force output, high precision, and deep-
tissue penetration. Over the past decade, magnetic micro-
manipulation has undergone significant advances, for the
measurement and stimulation of cellular and intracellular
structures.21,22 Existing review papers in the literature focus on
fabrication and position control of magnetic particles/
structures (often termed micronanorobots)23,24 and the
synthesis and functionalization of magnetic particles.25−27

Differently, this paper reviews the principles and systems of
magnetic micromanipulation specifically for cellular and
intracellular measurement and stimulation. Discoveries enabled
by magnetic measurement and stimulation of cellular and
intracellular structures are also summarized. This paper ends
with discussions on future opportunities and challenges of
magnetic micromanipulation in the exploration of cellular
biophysics, mechanotransduction, and disease therapeutics.
Principles of Magnetic Micromanipulation. Magnetic

Force and Dynamics. Magnetic Particles. Magnetic particles
can be categorized into paramagnetic particles and ferromag-
netic particles. Paramagnetic particles are made of para-
magnetic materials (e.g., gadolinium) which generate a
magnetic moment in the presence of a magnetic field.37

Utilizing their low susceptibility, paramagnetic particles are
commonly used in medicine as MRI contrast agents.
Ferromagnetic particles are made of iron, nickel, cobalt, and
their compounds or alloys.37 With a high susceptibility,
ferromagnetic particles are magnetized and actuated through
controlling the magnetic field. For sufficiently small ferromag-
netic particles, the magnetization of these particles can
randomly flip directions under the influence of temperature.
This phenomenon is called superparamagnetic.38 Ferromag-
netic particles remain magnetized, while superparamagnetic
particles lose magnetization quickly (i.e., 1−10 ns) after the
removal of the magnetic field. Compared with ferromagnetic
particles, the magnetic moment of paramagnetic particles is
significantly lower, due to their much lower susceptibility.
Thus, ferromagnetic particles are more commonly used for the
measurement and stimulation of cellular and intracellular
structures.
Magnetic particles ranging from 100 nm to 10 μm are widely

used for cellular and intracellular measurement and stim-
ulation. The wide size range allows the magnetic particles to
attach to a variety of targets, such as proteins, intracellular
organelles, virus, and cells.39,40 Smaller sized particles (e.g., <1
μm) were shown to be more easily internalized into cells
through endocytosis or microinjection,22 with less toxicity to
cells.
Functionalization of magnetic particles increases biocompat-

ibility and selectivity to target structures and reduces
unintentional aggregations. To avoid exposing iron on the
surface of particles for biocompatibility, magnetic micro-
particles typically consist of a magnetic core made from iron or
nickel with a biological matrix made from starch or dextran on
the surface.41 For targeting specific proteins or cellular
structures, magnetic particles can be functionalized by the
carboxylic or amine group for further integration with

antibodies.42 For avoiding particle aggregation and nonspecific
bindings, polyethylene glycol (PEG)43 and nitrilotriacetic acid
(NTA)44 are often used as a blocking functionalized layer on
the particle’s surface.

Magnetic Force. For a magnetic particle in a magnetic field,
the magnetic force that the particle subjects to is determined
by its induced magnetic moment and the gradient of the
magnetic field, namely

= ∇ ·F m B( ) (1)

where F is the magnetic force, m is the magnetic moment, and
∇B is the gradient of the magnetic field. The induced magnetic
moment of a particle depends on the magnetic flux density B,
the magnetic permeability of the material μ, and the total
volume of the magnetic material V within the field, namely
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When the size of the particle scales down, the magnetic
moment m scales down with volume; thus, the magnetic force
scales down by a factor of 3.
Generation of a relatively large magnetic force is often

required to perform mechanical measurement or stimulation
tasks inside the cell. According to eq 1, magnetic particles with
a large amount of ferrite are often used for large magnetic
moment, and a high magnetic-field gradient is generated
through using sharp magnetic poles21 or through using strong
permanent magnets.28

When multiple magnetic particles are present in the
workspace, each particle is also subjected to a magnetic force
caused by other magnetic particles. The interparticle force
between two magnetic particles (particles i and j) is
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where r is the distance between two particles and r ̂ is a unit
vector between the centers of mass of particle i and that of j.
These magnetic interaction forces cause the particles to attract
to each other and form an aggregate.

Magnetic Torque. In a rotating magnetic field, the direction
of the magnetic flux density B changes, and the magnetic
moment of a particle aligns itself toward the direction of
magnetic flux density, as the magnetic torque follows

θ= × = | || |T m B m B sin (4)

In eq 4, θ is the angle between m and B, and sin θ reaches
maximum when m and B are perpendicular to each other and
reaches minimum when m and B are aligned. Based on eq 4, a
magnetic particle aligns the direction of its magnetic moment
to the direction of the magnetic field. To increase the magnetic
torque on the particle, a large field strength is required, and
magnetic particles made from permanent magnet are used.
When multiple magnetic particles are present in the

workspace, the magnetic particles form an aggregate due to
interparticle magnetic force. Assuming the aggregate formed is
symmetrical and the particles have the same size and are of the
same material, the magnetic torque generated on the magnetic
aggregate is45
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where N is the number of particles in the aggregate, ri is the
distance between the i-th particle and the center of the
aggregate, and rij is the distance between the centers of mass of
i-th particle and that of j-th particle. The magnetic torque of
the magnetic aggregate increases when its size increases.
Magnetic Particle Dynamics. When a magnetic particle is

introduced into cell medium or the intracellular environment,
upon the exposure to a magnetic-field gradient, the freely
moving particle subjects to a magnetic force, fluidic drag force,
buoyant force, gravitational force, and a thermal force that
induces Brownian motion.46 The particle dynamics is

πη+ + + = ̈ + ̇m rF F F F P P6magnetic thermal buoyant gravitational

(6)

where Fmagnetic is the random thermal force and P is the particle
position in 3D. The buoyant force Fbuoyant, the gravitational
force Fgravitational, and the inertia of the particle mP̈ are
negligible due to the particle’s small mass.22 The thermal force
on the magnetic particle Fthermal depends on the size and the
environmental temperature. Considering the small mass and
the small inertia of the particles of a few microns or lower,
particle dynamics becomes22

πη+ = ̇rF F P6magnetic thermal (7)

Actuation of Magnetic Particles. Due to the convenience
of generating a magnetic gradient force on magnetic particles,
direct force application is often used for cellular and
intracellular stimulation. Within a magnetic gradient field,
magnetic particles are subjected to a magnetic force that can be
controlled by controlling the distance between permanent
magnets and the particles or by controlling the current applied
to electromagnetic coils (Figure 1a). Permanent magnets
generate a large magnetic field without generating heat in the
workspace, and the generated field depends on the shape,
material, and lifetime of the permanent magnets. Compared
with permanent magnetic systems, an electromagnetic system
is programmed to generate more complex field profiles (e.g.,
rotating magnetic field and time-variant magnetic field) and
fast dynamics by controlling the current applied to the
electromagnetic coils in the system. The controllable force
exerted on the magnetic particles can be used for measuring
the mechanical properties by relating the applied force and the
resulting cellular structural deformation and for studying the
mechanotransduction of cellular structures by force stimula-
tion.
A rotating magnetic field actuates a magnetic particle or a

magnetic rod to rotate around its center axis to exert a torque
on the cellular structure to be measured (Figure 1b). When
subjected to a magnetic field, the magnetic particle or rod
aligns its magnetic moment with the magnetic-field direction.
Helmholtz coils are the most commonly used due to their
capability of generating a rotatory magnetic field with uniform
magnetic-field strength in a workspace as large as several
centimeters.47 Rotating permanent magnets are also used to
generate a rotatory magnetic field with low heat generation
than electromagnetic coils; however, the mechanical rotation
of the permanent magnets cannot generate high-frequency
rotation of the field (e.g., >100 Hz), and the strength of the

torque is difficult to be precisely controlled due to the
inhomogeneity of different permanent magnets. Exerting
magnetic torque for measurement and stimulation has been
used for characterizing the mechanotransduction signaling
pathways both on cell surface and inside the cell48 and for
intracellular navigation of helical swimmers.49

In the aggregation of magnetic particles (Figure 1c),
magnetic particles within the workspace are magnetized by
the magnetic field and subsequently generate an attractive
force among neighboring particles. An aggregation of magnetic
particles was used to mimic biochemical molecular clustering
effects, when conformational clustering of agglomerate
receptors triggers receptor-mediated signal transduction.50

The interparticle force is determined by the magnetic-field
strength and the particle-to-particle distance.51 Since the
interparticle force is relatively small (picoNewton)52 due to
the small volume of the particles, a large magnetic-field
strength is usually used in order to generate sufficient forces to
form aggregates.
Magnetic heating of ferromagnetic particles (Figure 1d), or

magnetic hyperthermia, has been used to generate heat for
studying cell signaling after heat stimulation53 and for the use
of hyperthermia as a cancer treatment approach complemen-
tary to chemotherapy and radiotherapy.54,55 It has been shown

Figure 1. (a−d) Principles of magnetic micromanipulation and
representative magnetic micromanipulation systems. (a) Magnetic
gradient pulling. Magnetic particles subject to a magnetic force
generated by magnetic gradient. It is used to apply a direct force
on a magnetic particle that is attached to a cell structure/structure.
(b) Magnetic torque rotation. Magnetic particles rotate and exert a
torque to deform a structure to which magnetic particles are
attached. (c) Magnetic aggregation control. Magnetic particles
assemble into an aggregate due to dipole interactions. (d)
Magnetic heat generation. Magnetic particles are controlled to
generate heat from the induced current generated by a high-
frequency alternating magnetic field. (e−j) Representative
magnetic micromanipulation systems using permanent magnets
or electromagnetic coils, including magnetic tweezers using a
permanent magnet (e), single-pole magnetic tweezers (f), multi-
pole magnetic tweezers (g), MRI-based magnetic system (h), Mini-
Mag electromagnetic system (i), and rotatory permanent magnetic
system (j). Detailed comparisons of these magnetic-field
generation systems are summarized in Table 1. (g) Adapted with
permission from ref 22. Copyright 2019 AAAS. (i) Adapted with
permission from ref 29. Copyright 2013 IEEE. (j) Adapted with
permission from ref 28. Copyright 2017 IEEE.
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that alternating magnetic fields at frequencies between 300
kHz and 1 MHz can efficiently generate an alternating current
on microscale magnetic particles and thus generate heat to the
cellular structures or the microenvironment surrounding the
magnetic particles.56 The locally generated heat from the
alternating magnetic field can be used to stimulate cellular or
intracellular structures and trigger cell apoptosis.
Heat is generated when energy from an alternating magnetic

field is delivered to magnetic nanoparticles. The heat
generation mechanisms can be categorized into hysteresis
heating, Eddy current heating, Brownian relaxation, and Neél
relaxation.56,57 When a magnetic field is applied to
ferromagnetic materials such as iron, the atomic dipoles align
themselves with the external field during magnetization. Under
an alternating magnetic field, the magnetization and demagnet-
ization cycles lead to the cyclic change of the atomic dipole
directions, and the energy difference between the magnet-
ization process and the demagnetization process (i.e., enclosed
area in the B−H curve) is the heat dissipated during one
cycle.57 However, since magnetic nanoparticles usually exhibit
paramagnetic and superparamagnetic properties with small
hysteresis, hysteresis heating is negligible compared to the Neél
and Brownian relaxations.58 Eddy current is the electric current
generated by an alternating magnetic field, and its power
density equals Ef 2Hmaxd

2, where E is the Eddy current
coefficient, f is the frequency of the alternating magnetic
field, Hmax is the maximum flux density, d is the diameter of the
nanoparticle. Since the size of nanoparticles is smaller than 100
nm, the Eddy current generated at this scale is usually
insignificant.57

Neél relaxation occurs because magnetic dipoles are more
energetically favorable to be aligned with the crystal planes in a
material. An alternating magnetic field rapidly changes the
dipoles’ alignment toward the crystal planes, which generates
heat.58 Meanwhile, in a low-viscosity liquid, a particle
physically rotates under an alternating magnetic field to align
the magnetic moment direction to the direction of the external
magnetic field. The induced rotation leads to frictional heating
of the surrounding medium, referred to as Brownian
relaxation.59 Neél and Brownian relaxations were shown to
be the dominant mechanism for heat generation in nano-
particle hyperthermia. Neél relaxation alone is the dominant
mechanism when particles are bound to target structures such
as via antibodies.58,59

Magnetic-Field Generation Systems. The motion of
magnetic particles within a magnetic field was used to measure
the rheological properties of fluidic medium in the 1920s.29 In
1949, Francis Crick and Arthur Hughes demonstrated the use
of an external magnetic field to manipulate magnetic particles
cultured with cells and tissues.60 Although the method was self-
admittedly crude due to the insufficiency in calibration and
field control, the technique was used for many years in the
studies of cytoplasm rheology and mechanical properties of
cells.60 In 1996, Allemand et al. used permanent magnets with
sharp tips to exert forces on magnetic particles attached to
DNA for studying the force needed to unfold DNA by taking
advantage of the high force output of permanent magnets
(Figure 1e).61 However, force control of a permanent magnet
system relies on the control of the magnet’s positions, and
force modeling is complicated as the force output changes with
the material type, lifetime, and the shape of the magnets. To
overcome these difficulties, Fischer et al. formed an electro-
magnetic coil on a ferromagnetic core with a sharp tip (Figure

1f).62 When the current is applied to the magnetic coil, a high
magnetic-field gradient is generated near the sharp tip of the
magnetic pole, generating a controllable force on the magnetic
particle attached to the structure of interest (e.g., integrin on
the cell membrane). The single-pole magnetic tweezers only
apply one-directional attractive forces and cannot be used to
control a freely moving particle.
In 2005, de Vries et al. developed multipole (quadrupole,

hexapole) magnetic tweezers for applying forces on a magnetic
particle in different directions.63 With the capability of
navigating a freely moving particle, the multipole magnetic
tweezers enabled the measurement of intracellular viscosity.
However, particle navigation was controlled in an open-loop
manner since the small inertia and fast dynamics of magnetic
microparticles pose difficulties for position control; and force
application was through empirically applying current to each of
the coil in turn without the guidance from a force model.
Zhang et al. developed a model for multipole magnetic
tweezers control by assuming each of the magnetic pole as a
magnetic monopole.36 By relating normalized current and
particle position, accurate 3D particle positioning was
achieved. Wang et al. further related magnetic force to electric
current applied to each magnetic coil and the particle position
within the workspace15 and achieved controlling particle
position and force inside a single cell (Figure 1g).16

In addition to magnetic tweezers, other electromagnetic
systems, including MRI-based system,32 OctoMag,30 and
MiniMag29 and DeltaMag,31 have also been developed to
generate magnetic gradient through controlling the current in
each coil (Figure 1h,i, and Table 1). In comparison, permanent
magnetic systems have the advantages of low heat generation
and strong field strength, in which the position and/or
direction of the permanent magnets can be controlled to create
an inhomogeneous magnetic-field flux, thus a magnetic
gradient. For instance, a rotatory permanent magnet system
was designed to control the moment direction of eight
permanent magnets to create a controllable magnetic gradient
field up to 2 T/m (Figure 1j).28 With gradient-generated
forces, devices in the size of centimeters to submillimeters were
actuated to perform imaging, biopsy, and surgery inside organs
(e.g., stomach, ear, and eye),64 function as controllable valves
in microfluidic channels,65 and navigate inside a mouse embryo
for measurement.15

Magnetic Measurement of Cellular and Intracellular
Structures. The response of a cell and intracellular structures
to mechanical forces can be viscous, elastic, or viscoelastic.
When subjected to a magnetic field, a magnetic particle can be
controlled to apply a controllable force to a cellular or
intracellular structure (Figure 2a). By relating produced
deformation caused by the magnetic force via mechanics
models, the mechanical properties of cell and organelles (e.g.,
endoplasmic reticulum, nucleus, etc.) can be characterized,
providing an untethered means for characterizing mechanical
properties of cell and intracellular structures.

Cell Mechanics Measurement. To measure the mechan-
ical properties of a cell, the magnetic particle attached on the
cell (e.g., integrin-antibody-coated magnetic particles attached
on integrin of cell surface) is controlled to apply a force or
torque on the cell by controlling an external magnetic field.65,68

Under mechanical loading, cells undergo viscoelastic deforma-
tions. Based on the force-deformation relationship (termed as
creep response), the elasticity and viscosity of the cell are
quantified. For instance, Bausch et al. characterized the
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viscoelastic properties of cells by applying pulling forces on the
cell through a ferromagnetic particle (4.5 μm in diameter)
using single-pole magnetic tweezers.66,69

Cell plasticity was measured by the irreversible deformation
on the cell after force application on the cell surface using a 4
μm magnetic particle (Figure 2b).70 Magnetic measurement
was also extended to long-term cell characterization during cell
migration, cell mitosis, cancer progressions, and stem cell
maturations. For instance, Osborne et al. characterized the
stiffness changes of cells during TGF-β-induced EMT
(epithelial-to-mesenchymal transition) over time and revealed
a functional connection between attenuated cell stiffness,
stiffening response, and the increment of invasion capacity
during epithelial-to-mesenchymal transition.71

Cytoplasm Viscosity Measurement. Cytoplasm of living
cells is a complex system where many metabolic reactions take
place.72 The aqueous compartment of cytoplasm consists of a
complex array of organized macromolecular structures,
including skeletal elements and organelles (e.g., ions, amino
acids) and dissolved small and large solutes (e.g., proteins).
Cytoplasm viscosity, defined as viscosity sensed by a small
probe which does not directly interact with intracellular
structures,73 is important for describing the status of cellular
cytoskeleton and helps to understand intracellular transport.
Using magnetic micromanipulation techniques, cytoplasm
viscosity can be measured through moving a magnetic particle
inside the cell (Figure 2c) and then calculated by the Navier−
Stokes equation74 and through rotating a magnetic wire/rod
inside a cell and calculated through fitting the magnetic torque
and rotation speed into viscoelastic mechanical models.75

Bausch et al. navigated a single 1.3 μm magnetic particle in a
macrophage to measure the viscoelasticity of the cell’s
cytoplasm by tracking the particle’s moving speed under a
constant force application. The result showed that viscosity of
the cell’s cytoplasm was 2−7 mPa·s.66 Berret et al. controlled
the rotation of magnetic wires inside a cell to measure the
rheological properties of the cytoplasm.75 Unlike the transla-
tional movement of magnetic particles inside a cell, which only
measures the cytoplasm viscosity, the rotating wire can
differentiate liquid-like (i.e., viscosity) from gel-like (i.e.,
viscoelasticity) behaviors by observing the transient frequency
between a synchronous and an asynchronous regime of
rotation.75

Cell Nucleus Measurement. The cell nucleus is the
largest organelle inside the eukaryotic cell. Altered mechanical
properties of the cell nucleus are known to be related to
diseases such as Hutchinson−Gilford syndrome,76 cardiomy-
opathy,77 and cancers.15 Measurements of cell nuclear
mechanics have been performed using atomic force micros-
copy78 and micropipette aspiration79 on isolated nuclei, which
were isolated from intact cells either mechanically or
chemically. Untethered techniques enable measurement of
cell nuclei in intact cells. Among untethered techniques, optical
manipulation only generates forces around 10 pN, which is
insufficient to deform the cell nucleus with observable
deformations.
Magnetic tweezers (single-pole and multipole devices) have

been used to create a controllable magnetic field to apply a
known force on magnetic bead attached to the cell nuclear
envelope. Relating the deformation and the applied force
through mechanics models, the mechanical property of the cell
nuclei can be measured. By attaching an antibody-coated
magnetic particle onto Nesprin (a nuclear envelope protein)T
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and applying an oscillating force (35 pN) on cell nucleus,
Guilluy et al. found that mechanotransduction exists on the
nuclear envelope (Figure 2d).67 Wang et al. developed a
multipole magnetic tweezers device and controlled a 0.7 μm
magnetic particle to measure the cell nuclear mechanics inside
an intact cell (Figure 2d).22 Measurement was made on
different locations of the nuclear envelope, and the polarity of
the nuclear mechanics in migrating cells was discovered.
Subramaniam et al. microinjected a single 1 μm magnetic
particle into the nucleus of a living cell and measured the
viscoelasticity within the cell nucleus.80

Measurement of Other Intracellular Structures.
Through applying a controllable force or torque to balance
the active force produced by the motor protein in the
cytoplasm, magnetic actuation was used to quantify the driving
force/torque of an isolated motor protein, such as kinesin,
dynein, and rotary motor protein.81,82

Mechanical measurements were also made on the
cytoskeleton for understanding how the molecular forces
applied on the cytoskeleton affect cell mitosis and cell
migration. Garzon-Coralin et al. measured the forces required
by a cell to maintain the position and orientation of the mitotic
spindle during cell division (Figure 2e).3 To measure mitotic
forces in vivo, a 1.0 μm superparamagnetic particle was injected
into a Caenorhabditis elegans embryo, and single-pole magnetic
tweezers were used to exert forces up to 200 pN to the mitotic
spindles. To further increase force output for manipulating the
cytoskeleton, Tanimoto et al. built a single-pole magnetic
tweezers with strong neodymium super magnets, capable of

applying forces up to 1.5 nN to move microtubule asters in a
fertilized sea urchin egg.83 With the ability to slow down and
move the asters centering motion, they measured the force
associated with the migration and centering of the aster and
estimated the number of motor proteins involved in the
process.
In addition to cytoskeleton, DNA strands were measured

using magnetic micromanipulation. Measuring the mechanical
force required to stretch or twist DNA molecules was
conducted to study the stability of DNA structures and the
mechanics of DNA polymerization.75 Through mechanical
stretching or twisting DNA strands using magnetic particles
attached to one end of the DNA strand while fixing the other
end onto the substrate, the force needed for unwinding or
rezipping DNA, the molecular force in DNA replication, and
the force on torsional constraints were measured.75 Fur-
thermore, Ebright et al. developed a single DNA-nano-
manipulation approach using magnetic field for studying the
extension of one turn of DNA by RNA polymerase.84

Magnetic Stimulation of Cellular and Intracellular
Structures. Applying mechanical stimulation on cellular
structures and studying downstream effects are necessary for
deciphering how cells adapt to the mechanical-force/shear-
abundant microenvironment, how cancer cells pass through a
tight space in vivo, and how targeted stimulation on cellular
structures can offer other therapeutic approaches. Taking
advantage of the capabilities of generating well-controlled
force, torque, and heat on magnetic particles through
controlling the magnetic field, magnetic micromanipulation is

Figure 2. (a) Mechanical measurement on cell surface, cytoplasm, cell nucleus, cytoskeleton, and intracellular motors, using magnetic
controlled particles. Reproduced with permission from ref 15. Copyright 2018 Company of Biologists. (b) Cell mechanics measurement
through stretching a magnetic particle attached to cell surface. Reproduced with permission from ref 70. Copyright 2016 Springer Nature.
(c) Cytoplasm viscosity measurement through tracking the speed of magnetic particle moved in cytoplasm. Adapted with permission from
ref 66. Copyright 1999 Elsevier. (d) (i) Nuclear stiffness measurement through applying an oscillation force on an isolated nucleus.
Reproduced with permission from ref 67. Copyright 2014 Springer Nature. (ii) Intracellular magnetic particle navigation and cell nucleus
mechanical measurement. Adapted with permission from ref 22. Copyright 2019 AAAS. (e) Measurement of forces for a cell to maintain the
position and orientation of spindle during cell division. Reproduced with permission from ref 3. Copyright 2016 AAAS.
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a powerful technique for stimulating cellular and intracellular
structures.10

Magnetic Force for Cellular and Intracellular Stim-
ulation. Due to the convenience of generating a magnetic
gradient force on magnetic particles, direct force application is
the most commonly used method in cellular and intracellular
stimulation. As shown in eq 1, the magnetic force on a particle
depends on the gradient of the magnetic field. The force on the
particle is then controlled by controlling the magnetic-field
gradient through controlling the distance between permanent
magnets and the magnetic particles or by controlling the
electric current applied to the electromagnetic coils. The
particles, coated with antibodies to facilitate binding to specific
cellular structures for studying mechanosensitive ion channels/
receptors and intracellular organelles, are controlled to apply
forces on the cell membrane and intracellular structures.
Cell membrane is abundant with mechanical-sensitive

receptors and ion channels, such as integrin receptor,85

cadherin adhesion molecule,88 ErbB receptor,89 frizzled
receptor,90 notch receptor,88 TREK-1 channel,91 TRPV4
channel,85 etc. Taken as an example, integrin is a
mechanosensitive protein transmitting forces from the
extracellular matrix to the cytoskeleton.40,85 By exerting a
magnetic force on integrin through magnetic particles, force
transmission of integrin from extracellular environment to the
intracellular environment and its downstream biochemical
signaling pathways are studied. In ref 92, fibronectin-coated
magnetic particles were used to apply a magnetic force of 1 nN
on integrin, resulting in the reinforcement of focal adhesion of
cells. For mechanosensitive ion channels, transient receptor
potential cation channel protein TRPV4 was fused with ferritin
(iron storage protein) to generate magnetic forces on TRPV4
when subjected to a magnetic field.85 With a magnetic force
applied on ferritin, the state change of the ion channel was
triggered from “close” to “open”, and calcium influx controlled
by the channel increased (Figure 3a). By remotely controlling
the magnetic field, the activation of the ion channel and the

calcium influx was rapidly and reversibly controlled, which was
used for regulating neural circuits’ dynamics.
The response of intracellular structures and organelles to

applied magnetic force stimulation was also investigated.
Through applying magnetic forces on the microtubule,
Hoffmann et al. studied the effect of localization forces on
microtubule nucleation and assembly.92 They observed that
microtubules assemble into an asymmetric array of polarized
fibers and the orientation was dictated by the direction of
magnetic forces. Wang et al. introduced a magnetic particle
into a cell through endocytosis and applied a magnetic force
repeatedly on the same location on the nuclear envelope. It
was shown that the local Young’s modulus of the cell nucleus
increases due to stiffening,22 due to the remodeling and
reinforcement of the lamin network underneath the nuclear
envelope under mechanical stimulation.

Magnetic Torque for Cellular and Intracellular
Stimulation. Magnetic torque aligns the magnetic moment
direction to the direction of the magnetic field. When
subjected to a rotating magnetic field, a magnetic rod or
tube (magnetic moment in the direction of the long axis) or a
paramagnetic particle (with defined magnetic moment) rotates
with the magnetic field, generating a torque on the structure
the rod/tube/particle is attached to. After coated with
adhesion molecules or antibodies to tightly bond onto the
cellular structure to stimulate, functionalized paramagnetic
particles can be used to stimulate targeted cellular structures.
For instance, to target the mechanoreceptor integrin, magnetic
particles can be coated with either Arg-Gly-Asp (RGD) or
poly-L-lysine (PLL) to form tight adhesions between integrin
and the cell surface. When applying a rotating magnetic field,
the magnetic particles apply a torque on integrin (Figure 3b).
Using this approach, Wang et al. showed that integrin B1
functions as a mechanoreceptor on the cell membrane and
transmits the mechanical torque exerted on the cell membrane
to the cytoskeleton.93 This approach was also used to reveal
that local stresses applied to integrin propagate from the cell
membrane to the actin cytoskeleton and then to the LINC and

Figure 3. Different types of magnetic stimulation. (a) Ferritin is genetically fused with TRPV4 cation channel. Upon magnetic-field
actuation, TRPV4 is stretched by magnetic force, resulting in calcium influx. Adapted with permission from ref 85. Copyright 2016 Springer
Nature. (b) Magnetic nanoparticle is bound to integrin through coating. Upon activation of magnetic field, the particle rotates and applies
torque on integrin, resulting in stress propagation to chromatin and transcription upregulation. Adapted with permission from ref 40.
Copyright 2016 Springer Nature. (c) Magnetic particles are bound to FcεRI receptors individually. Magnetic particles are magnetized and
experience interparticle attractive force with exposure to a magnetic field, resulting in receptor clustering and signal transduction. Adapted
with permission from ref 86. Copyright 2008 Springer Nature. (d) Magnetic particles are used to execute thermal activation of TRPV1 by
exposing magnetic particles in a high-frequency alternating magnetic field. Adapted with permission from ref 87. Copyright 2010 Springer
Nature.
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through lamina-chromatin interactions, stretched chromatin,
and upregulated transcription.93

Recently, rotating or oscillating magnetic particles inside a
cell were found to be capable of triggering cell apoptosis and
potentially be used for cancer treatment.94−98 After cancer cells
internalize magnetic particles through endocytosis, magnetic
particles were found to be present inside the lysosomes, an
organelle responsible for intracellular transportation. When a
rotating magnetic field was applied, the rotation of the
magnetic particles caused lysosomal membrane lysis and the
leakage of hydrolases, which degraded most of the cellular
macromolecules and caused cell apoptosis.97 To increase the
efficacy of trigging cancer cell death in vitro by applying
magnetic torques, magnetic particles were coated with
antibodies to specifically target lysosomes inside the cells.
Zhang et al. used magnetic particles coated with LAMP1
antibody (lysosomal-associated membrane protein 1) to
enhance the cellular internalization through lysosomes.99 Rat
insulinoma tumor cells and human pancreatic β cells were
found to undergo apoptosis after the rotation of magnetic
particles inside the cells.
Magnetic Aggregation Control for Cell Stimulation.

When subjected to a magnetic field, ferromagnetic particles are
magnetized, generating an attractive force among neighboring
particles and forming aggregations. Mannix et al. conjugated
magnetic particles with antibodies to target the FcεRI
receptors (Figure 3c).86 Without a magnetic field, magnetic
particles bound to individual receptors, and no downstream
signaling pathways were activated. Upon magnetic-field
application, the magnetic particles were magnetized and
formed aggregates, triggering FcεRI receptor oligomerization
and downstream calcium signaling. Similarly, Cho et al. used
magnetic particles conjugated with antibodies to aggregate
death receptor 4.52 When a magnetic field was applied,
caspase-3, the effector caspase and death signal, was observed
upon the aggregation of death receptor 4, causing apoptosis of
DLD-1 colon cancer cells in vitro and morphological changes
in zebrafish in vivo.
In addition to mimicking the conformation aggregation of

receptors, the aggregation of functionalized magnetic particles
can locally enrich the particles to activate cell signaling
pathways. Etoc et al. reported that the accumulation of
functionalized magnetic particles activated Rac-GTPase signal-
ing pathways that locally remodeled the actin cytoskeleton and
led to morphological changes in a living cell.100 The results
demonstrated that magnetic particles can be used to control
local cell signaling and morphological changes through
magnetically controlling the localization of particles.
Heat Generation by Alternating Magnetic Field for

Cell Stimulation. An alternating magnetic field induces an
electrical current on magnetic particles and generates heat.
Hence, magnetic micromanipulation provides a means to
control heat generation in target cells or tissue. When magnetic
particles are bound on the cell surface receptor or deposited
within tissue, the magnetically generated heat is dissipated and
causes temperature increase locally. This capability of wire-
lessly controlling temperature has been used to remotely
control the activation of temperature-sensitive ion channels
and trigger hyperthermia for cancer treatment. Transient
receptor potential vanilloid 1 (TRPV1), a cation channel
known to be temperature-sensitive with a threshold of 42 °C,87

was targeted to trigger specific signaling pathways by magnetic
heating53 (Figure 3d). Huang et al. found that thermal

activation of TRPV1 conjugated with magnetic particles
increased the intracellular calcium concentration of human
embryonic kidney HEK 293 cells, increased action potential in
hippocampal neuron, and triggered responses in C. elegans.87

Stanley et al. used iron oxide particles coated with antibodies
targeting TRPV1 to locally activate TRPV1 by applying an
alternating magnetic field.101−103 When the local temperature
rose, TRPV1 gated calcium to stimulate the INS insulin gene,
and insulin release was increased and blood glucose was
lowered in mice.
When temperature rises in the microenvironment, the

apoptosis of cancer cells occurs earlier than in normal
cells.104,105 Using remote temperature control with the
application of an alternating magnetic field on magnetic
particles, several studies explored hyperthermia treatment of
cancer cells.106−109 Gordon et al. reported hyperthermia
treatment and observed that the hyperthermia-treated cancer
cells exhibited condensed cytoplasm and condensed pyknotic
nuclei, while the surrounding normal cells were mostly
physiologically intact.110 Jordan et al. described a method
known as magnetic fluid hyperthermia by using an alternating
magnetic field and a ferrofluid consisting of dextran-coated
magnetic particles to treat WiDr human colon adenocarcino-
ma.94 Compared with traditional cancer therapies such as
chemotherapy and radiotherapy in which cancer cells are
targeted for their fast DNA replication capability, magnetically
controlled hyperthermia can potentially circumvent tumor
resistance caused by gene mutations.111

SUMMARY AND OUTLOOK
Magnetic Measurement and Stimulation. The develop-

ment of magnetic micromanipulation systems, using electro-
magnets or permanent magnets, has enabled a multitude of
applications for cellular and intracellular measurement and
stimulation. Different configurations of magnetic-field gen-
eration systems were developed to control a magnetic particle
or particles to apply a force on cellular/intracellular structures
for measurement or stimulation. Magnetic particles have been
controlled by an external magnetic field to exert forces/torques
and perform mechanical measurements on the cell membrane,
cytoplasm, cytoskeleton, nucleus, intracellular motors, etc. (see
Table 2). They have also been used to generate aggregations to
trigger cell signaling pathways and produce heat to cause
cancer cell apoptosis for hyperthermia treatment (see Table 3).
Magnetic micromanipulation has become an important tool in
the repertoire of toolsets for cell measurement and stimulation
and will continue to be used widely for further explorations of
cellular/intracellular structures and their functions. Integration
of the magnetic micromanipulation with other technologies
such as microfluidics would enable time-lapsed measurement
and stimulation during cell/tissue growth, embryo develop-
ment, and stem cell differentiation, to name just a few.
Magnetic micromanipulation and stimulation on cellular

structures also promise therapeutic approaches. As illustrated
in Figure 4a, mechanical stimulation of cell apoptosis receptors
can trigger cell apoptosis pathways;97 mechanical ablation of
cellular structures via force or torque application can cause cell
death;96 and magnetically delivery of heat for hyperthermia can
effectively raise temperature for tumor treatment.86 It has been
shown that when magnetic field was applied, caspase-3, the
effector caspase and death signal, was observed upon the
aggregation of death receptor 4, causing cell apoptosis. Other
cell death-related receptors, such as FcεRI,116 PD-1,117 and
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PDL-1,118 remain to be tested to understand their mechanical
sensitivity and effect for therapeutics. The rotation of magnetic
particles95 and magnetic carbon nanotubes96 actuated by a
rotating magnetic field was reported to mechanically tear
intracellular structures and cause cell death. Using intracellular
magnetic stimulation to mechanically disrupt cellular structures
for therapeutics can potentially circumvent the resistance
issues97 in present cancer treatments.
Surface coating of magnetic particles (Figure 4b) would

enable magnetic treatment to more precisely target cancer cells
and minimize undesired effects to healthy cells. Recent work
has also shown the use of engineered ferritin, a protein that
contains iron, synthesized with target antibodies and
fluorescent labels, to replace the iron nanoparticles and its
surface fictionalization for target intracellular manipulations.119

For hyperthermia treatment, the use of an alternating magnetic
field and magnetic particles, compared with the use of gold
nanoparticles and infrared light excitations,120,121 has the
distinct advantage of position control due to the capability of
actively locomoting magnetic particles in vivo. However, how
magnetic particles can be more effectively delivered deep in a
tumor and how they are internalized/transported to cancer
cells, such as through blood vessels, remain to be better
understood and mastered.122

Beyond Measurement and Stimulation: Targeted
Delivery with Magnetic Micro/nanorobots. Magnetically
controlled micro/nanorobots have been applied to targeted
drug and cell delivery123 and assisted fertilization.124 Inspired
by bacterial flagella, magnetic helical swimmers were used to
provide propulsion toward a target location under a rotating
magnetic field.125 Biological entities such as sperm,126−128

microalga,129 and bacteria,112,130,131 which are equipped with
molecular motility machineries for effective navigation in a
complex environment, have also been adopted to provide
propulsion for targeted delivery, under steering control from an
external magnetic field. For the fabrication of micro-objects
with porous structures for targeted delivery, natural materials
were used as templates, ranging from pollen (e.g., pine
pollen),132 bacteria (e.g., Streptomyces platensis),114 to fungi
(e.g., Ganoderma lucidum).133 For cell delivery, magnetic
microrobots were fabricated using 3D laser lithography to
form scaffolds for cell attachment.134,135 These microrobots
were shown to be moved and positioned in vivo (e.g., in the
cartilage of a rabbit knee) via magnetic control.136,137 For
lowering toxicity, the synthesis of biodegradable polymers for
the construction of micro/nanorobots has been a focus of
recent research for targeted drug and cell delivery.138,139

Biocompatibility and Biodegradability of Magnetic
Particles. Despite the wide applications of magnetic nano-
particles for cellular measurement, stimulation, and therapies,
their long-term intracellular fate remains under explored.140 It
was shown that the cell membrane accounted for the
internalization of nanoparticles into a cell,141 and the
internalization process was affected by the size, shape, surface
charge, coating, and hydrophobicity of the particles.142,143

After internalized, magnetic nanoparticles are degraded in the
endosomes of cells by a number of hydrolytic enzymes such as
the lysosomal Cathepsin L, as shown both in vitro and in
vivo.144 The release of reactive iron species during degradation
can be a source of cytotoxicity.140,145 To address the
cytotoxicity issue, surface coating of nanoparticles with more
biocompatible materials (e.g., carbon146 and gold147) were
used; biopolymers were developed to encapsulate magneticT
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nanoparticles;139 and the protein, ferritin, was used as a
replacement of iron particles.119

For in vivo applications, the degradation of magnetic
particles and related toxic effects requires further re-
search.23,25,148,149 In clinical applications of magnetic micro-
manipulation, sufficient propelling forces are needed for
navigating magnetic particles or devices inside the body to
reach the target location, for example, inside the bloodstream
or penetrate deep into tumors for drug delivery. Biohybrid
magnetic microrobots have been developed which utilize
inherent propulsion from swarms of magneto-bacteria to carry
cargos (e.g., drugs), while the magnetic field was used to guide
their motion direction112,128−130 (Figure 4c). In the pursuit of
magnetic materials with better biocompatibility, biodegradable
materials have become a focus in recent studies of magnetically
actuated microrobots.113,114,150 For instance, biohybrid mag-
netic helical swimmers were formed through coating magnetic
nanoparticles onto the surface of S. platensis. When a rotatory
magnetic field was applied, the S. platensis coated with
magnetic nanoparticles generated propulsion toward the
delivery site.114 Regarding safety, once introduced into the
body (e.g., through intravenous injection), magnetic particles
would be taken by organs such as kidney, liver, lung, and
spleen,151 and the remaining iron inside the blood would be
degraded and stored in bone marrow, hemoglobin in red blood
cells, myoglobin in muscle tissues, etc.115 (Figure 4d). The
safety requirements for in vivo applications require the
magnetic particles or devices to be traceable, biocompatible,
and retractable or largely biodegradable. The next decade will
witness more intense efforts in the magnetic material
development, integration of magnetic micromanipulation,
and imaging modalities (e.g., CT, MRI, ultrasound, super-
resolution fluorescence imaging)152,153 with advanced imaging
modalities for imaging at deep tissue for tracking the micro and
nanoscale objects,154,155 and the magnetic control techniques
for precise delivery and surgery tasks.
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VOCABULARY

Magnetic nanoparticles, a class of nanoparticles typically
smaller than 1 μm in diameter and also responsive to magnetic
fields, commonly consist of magnetic materials (i.e., iron,
nickel, cobalt, and their alloys) and surface coating (gold,
carbon, etc.) or functionalization (e.g., antibodies, DNA
strand); magnetic torque, a vector relating the aligning torque
on an object from the external magnetic field toward the
direction of the field strength; magnetic dipole, a magnetic
analogue of the electric dipole, describes either a closed loop of
current or a pair of poles as the size of the source is close to
zero while keeping the magnetic moment constant; hyper-
thermia, a type of cancer treatment, which utilizes high
temperature to cause cancer cell death while minimizing the
damage to the healthy cells. It is also called thermotherapy;
cytotoxicity, a quality of being toxic to cells, usually quantified
by cell death rate/ratio calculated from cytotoxicity assays (e.g.,
trypan blue staining)
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G. Medibots: Dual-Action Biogenic Microdaggers for Single-Cell
Surgery and Drug Release. Adv. Mater. 2016, 28, 832−837.
(150) Wu, Z.; Troll, J.; Jeong, H.-H.; Wei, Q.; Stang, M.; Ziemssen,
F.; Wang, Z.; Dong, M.; Schnichels, S.; Qiu, T.; Fischer, P. A Swarm
of Slippery Micropropellers Penetrates the Vitreous Body of the Eye.
Sci. Adv. 2018, 4, No. eaat4388.
(151) Hadjikhani, A.; Rodzinski, A.; Wang, P.; Nagesetti, A.;
Guduru, R.; Liang, P.; Runowicz, C.; Shahbazmohamadi, S.; Khizroev,
S. Biodistribution and Clearance of Magnetoelectric Nanoparticles for
Nanomedical Applications Using Energy Dispersive Spectroscopy.
Nanomedicine 2017, 12, 1801−1822.
(152) Pane,́ S.; Puigmartí-Luis, J.; Bergeles, C.; Chen, X.-Z.; Pellicer,
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