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Magnetic nanoparticles are promising new tools for therapeutic applications, such as magnetic na-

noparticle hyperthermia therapy and targeted drug delivery. Recent in vitro studies demonstrated 

that force application with magnetic tweezers can also affect cell fate, suggesting a therapeutic po-

tential for magnetically-modulated mechanical stimulation. In this article, the magnetic properties 

of nanoparticles that induce physical responses and the subtle responses that result from mechani-

cally-induced membrane damage and/or intracellular signaling are evaluated. Magnetic particles 

with various physical, geometric, and magnetic properties and specific functionalization can now be 

used to apply mechanical force to specific regions of cells, which permit the modulation of cellular 

behavior through the use of spatially and time controlled magnetic fields. On one hand, mechano-

chemical stimulation has been used to direct the outgrowth on neuronal growth cones, indicating a 

therapeutic potential for neural repair. On the other hand, it has been used to kill cancer cells that 

preferentially express specific receptors. Advances made in the synthesis and characterization of 

magnetic nanomaterials and a better understanding of cellular mechanotransduction mechanisms 

may support the translation of mechanochemical stimulation into the clinic as an emerging thera-

peutic approach. 
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1. Introduction 

Recent advances in nanotechnology have resulted in the synthesis of an array of magnetic particles 

varying in size, shape, composition, and surface functionalization.
[1]

 Magnetic nanoparticles 

(MNPs) have been used for enhancing magnetic resonance imaging (MRI) contrast and, more re-

cently, considered for controlled drug delivery and for magnetic nanoparticle hyperthermia (MNH) 

therapy.
[2]

 Drug delivery using magnetic nanoparticles can occur through two distinct mechanisms: 

Particles loaded with drugs can be directed from the blood circulation to a target tissue using a 

magnetizable implant.
[3]

 Alternatively, drug-carrying particles can be designed such that they re-

lease their content upon heating. For example, MNPs have been functionalized with β-cyclodextrin 

to encapsulate tamoxifen and folic acid to target folate receptors, which are over-expressed in breast 

cancer tumors.
[4]

 When exposed to high frequency alternating magnetic fields (AMF), these parti-

cles generated sufficient heat to release the drug, demonstrating a potential for targeted delivery and 

controlled release. If sustained, the heat generated by magnetic nanoparticles can also be used to 

induce apoptosis via activating tumor necrosis factor (TNF)-α,
[5]

 or to directly ablate tumors.
[6]

 

MNH has recently been demonstrated for the treatment of human glioblastoma multiforme by di-

rectly injecting nanoparticles into the tumor to achieve high MNP concentration.
[7]

 However, while 

the indirect, affinity-based targeting of tumors for MNH has been demonstrated in mice, the sec-

ondary uptake by other organs remains a problem.
[8]

 

Recent work suggested that in addition to providing image contrast, drug delivery, and hy-

perthermia, MNPs can be used for the mechanical stimulation of cells to induce a therapeutic ef-

fect.
[9]

 Mechanics plays important roles in numerous physiological and pathological processes and 

is particularly important for cancer, since metastatic cancer accounts for over 90% of cancer-related 

deaths and forces acting on cells can modulate the metastatic process.
[10]

 Metastasizing cells detach 

from the primary tumor, migrate through the extracellular matrix, enter the vasculature by squeez-

ing through the endothelial cells, adhere to the endothelial cells, and exit the vasculature once again 

by penetrating the endothelium to eventually form a secondary tumor.
[11]

 Throughout this process, 

cells not only undergo morphological change, but also actively interact with their physical environ-

ment through motility and adhesion-related pathways.
[12]

 The most straightforward approach to 

translate this into the clinic would appear to be to interfere with these critical mechanical processes 

to block metastasis.
[13]

 An alternative approach would be to use mechanical stimulation to selective-

ly kill tumors and circulating tumor cells. This could be achieved either through damaging the target 

cell’s membrane or its intracellular structures,
[9c]

 or through activating select mechanotransduction 

pathways to induce cell death.
[9b]

 

Another area where mechanical force may induce a therapeutic effect is chronic spinal cord 

injury, where the glial scar tissue that forms after the injury not only poses a physical barrier for 
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regenerating neurons, but also secretes repulsive factors that inhibit axon elongation.
[14]

 A number 

of recent reviews detail the role of mechanics in neuronal growth and guidance.
[15]

 Importantly, 

external mechanical stretch has been shown to enhance axon elongation under control conditions 
[16]

 

and against concentration gradients of known axon repellents.
[9a]

 Thus, stretch growth of regenerat-

ing axons through regions of low permissivity may complement existing therapeutic approaches 

after spinal cord injury, such as engineered biomaterial scaffolds, cell transplantation, and local de-

livery of neurotrophic factors.
[17]

 To this end, delivering sufficient force to axonal growth cones in 

vivo appears to be a challenge to overcome. Ideally, this would be achieved non-invasively since a 

very long therapy period may be required depending on injury severity. 

Among various techniques available for the direct mechanical stimulation of cells in vitro, 

magnetic tweezers (MTW), the non-invasive manipulation of magnetic particles using an externally 

applied magnetic field, has claimed particular attention.
[18]

 Following the recent demonstration of in 

vivo MTW force application to study mechanotransduction in developing Xenopus 
[19]

 and Drosoph-

ila 
[20]

 embryos, the potential of using MNPs for mechanically-modulated future cell therapies be-

came evident. New classes of MNPs, such as those developed for clinical applications, e.g., MRI 

contrast or MNH, may be further optimized for delivering significant forces in deep tissues upon 

exposure to external magnetic fields. In this paper, we review the recent literature that describes the 

use of MNPs in targeted, mechanically-modulated cell therapy. We will describe the physical 

(magnetic) properties of nanoparticles and how they can be controlled to achieve higher MRI con-

trast, magnetic heating, and MTW force. We will then discuss the potential of mechanical cell actu-

ation in the context of neural repair and targeted cancer therapy. 

 

2. Physical Properties of Magnetic Nanoparticles 

To fully realize the potential of applications using MNPs, it is critical to understand both how the 

application makes use of the magnetic response of the nanomaterial as well as the magnetic behav-

ior of the nanomaterial, especially in the operating regime of the application (Figure 1). For exam-

ple, magnetic particle imaging utilizes the inherent non-linear response of a magnetic nanomaterial 

to an applied magnetic field,
[21]

 which is controlled, in part, by the magnetic size, the magnetic ani-

sotropy, and the switching field, as well as their distributions.
[22]

 MRI uses the magnetic field gen-

erated by the nanomaterial to change the relaxation rate of the surrounding water protons (
1
H), 

which is controlled, in part, by the magnetization and nanoparticle stability.
[23]

 MNH utilizes the 

heat generated from hysteresis losses, which is controlled, in part, by the saturation magnetization, 

dynamic coercivity, magnetic domain size, magnetic anisotropy, and interactions between the 

MNPs, as well as by the alternating current (AC) magnetic field amplitude and frequency.
[24]

 Mag-

netic targeting/stimulation utilize the fact that a magnetic field gradient will translationally move a 
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magnetic nanomaterial, which is controlled, in part, by the magnitude of the magnetic field gradient, 

the magnetization, the magnetic anisotropy, and the mass/shape of the nanomaterial.
[25]

 

Understanding which property or properties are most critical to the application, as well as 

how the nanomaterial behaves magnetically, will lead to optimization of the magnetic and physical 

properties for the given application, without having to proceed using a costly “Edisonian” approach. 

This requires a thorough magnetic and physical characterization of the nanomaterial, as the physical 

properties (size, shape, crystallinity, grain size, defects, composition, etc.) are intimately entwined 

with the magnetic behavior (saturation magnetization, susceptibility, coercivity, magnetic anisotro-

py, type of magnetism, magnetic domain size, magnetic transition temperatures, etc.). Small chang-

es in the former can result in significant changes in the latter.
[26]

 

Basic magnetic characterization is well understood for nanomaterials, under static/direct cur-

rent (DC) measurement conditions.
[27]

 This includes saturation magnetization, saturating field, and 

coercivity. However, while the saturation magnetization is an intrinsic property of the material, the 

coercivity and saturating field are not.
[28]

 The latter depends critically on the size, shape, crystallini-

ty, and defect structure of the material. This leads to recognition of a fundamental issue for magnet-

ic nanomaterials: no two nanoparticles/nanorods are alike. Instead, there is variability in the physi-

cal and, therefore, magnetic properties within a single synthesis batch, as well as variability be-

tween different batches for the same synthesis, and finally variability between different 

syntheses.
[29]

 As a direct result, it is critical to characterize the distributions in magnetic properties 

of a given batch and then use this for quality control to minimize batch-to-batch variability for a 

specific synthesis for commercial applications. First-order reversal curves (FORCs) are being ex-

plored as a method for quantifying the magnetic property distributions in nanomaterials.
[30]

 Magnet-

ic property distributions are critical because it may be that one extreme or the other of a specific 

property (i.e., saturation magnetization, magnetic anisotropy) is controlling the effectiveness of the 

nanomaterial for its application;
[31]

 alternatively, it may be that the extremes are detrimental to the 

effectiveness of the nanomaterial.
[22]

 

Other more advanced types of magnetic characterization are significantly less well-

understood for nanomaterials, as two (or more) parameters can be convoluted. For example, while 

magneto-crystalline anisotropy is well understood at the thin film and bulk level,
[32]

 it is convoluted 

with magnetic surface anisotropy 
[33]

 in nanoparticles/nanorods, which is not understood, as well as 

interactions between the nanoparticles/nanorods,
[34]

 which are also dependent upon the applied 

magnetic field. As a result, while there exist several methods for determining the magnetic anisot-

ropy (hysteresis loops, torque magnetometry, longitudinal AC susceptibility, and transverse AC 

susceptibility), the data can be difficult to interpret.
[27]

 Furthermore, there are anomalous behaviors 
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in magnetic nanomaterials (i.e., anomalously large Keff) that originate from this convolution of sev-

eral parameters (i.e., interactions) (C. L. D., unpublished data). 

Finally, many biomedical applications use AC magnetic fields, with frequencies ranging 

from a few Hz (such as cell stimulation 
[35]

) to kHz (such as 25 kHz for magnetic particle imaging 

[36]
 and 100’s of kHz for MNH 

[24]
 and drug delivery 

[37]
) to MHz (such as in MRI 

[38]
). In contrast, 

much of the magnetic characterization occurs under static (DC) conditions or at low frequen-

cies/amplitudes (<1 kHz and < 1 mT for AC susceptibility). This results in significant errors when 

attempting to correlate DC behavior with the actual behavior under operating conditions with large 

AC magnetic fields. The most common example of this is measuring the magnetic hysteresis loop 

(with the virgin curve 
[27, 39]

) of a nanomaterial and determining that there are negligible interactions 

and zero coercivity, and concluding that the nanomaterial is “superparamagnetic”. Direct translation 

of this to the operating conditions under AC fields would presume be that the material is still super-

paramagnetic in the application. However, superparamagnetism is a time-dependent effect,
[40]

 and 

may be “blocked” under AC field conditions.
[41]

 Furthermore, many applications using AC magnet-

ic fields do not achieve magnetic field magnitudes that saturate the sample. As a result, the nano-

material operates under “minor” loop (non-saturating loop) conditions, so the interpretation of the 

results becomes very complex.
[26]

 Unfortunately, the experimental and theoretical characterization 

of magnetic nanomaterials under non-saturating conditions has lagged behind the characterization 

under saturating conditions. However, even if the reversal mechanisms/timescales are not well-

understood, a measurement under the actual operating conditions yields critical information for the 

application, such as: Is the field large enough to reverse the magnetization? Is the loop open or 

closed? What is the maximum magnetization achievable? If the magnetic field is not large enough 

to overcome the magnetic anisotropy and reverse the magnetization, then no mechanical motion 

(back and forth) will occur at all. If the loop is open, there will be energy lost to hysteresis heating 

rather than mechanical motion, with the amount lost dependent upon the dynamic coercivity. If the 

non-saturating field does not align enough of the moments, the mechanical motion will be reduced. 

All of these help explain the behavior of the magnetic nanomaterials in a specific application. 

 

2.1. Force Acting on a Magnetic Particle 

When placed in an external magnetic field H, a MNP with a magnetic moment m results in magnet-

ic induction B = µ0 (H + m/V), where µ0 is the vacuum permeability and V is the volume of the na-

noparticle. The particle is subjected to a torque τ = m × B that tends to align the particle’s magnetic 

moment with the magnetic field. If the magnetic field has a gradient, H, the particle is subjected to 

a force F = (m · ) B directed towards regions with higher field density. Due to their high satura-

tion magnetization, ferromagnetic nanoparticles are preferred in applications where the external 
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magnetic field is weak and particle size is limited. This would be the case for deep tissue MTW 

force application. However, it is important to note that the magnetic moment m for the force equa-

tions above is actually m(H), and is a function of the applied magnetic field. As the external mag-

netic field is unlikely to be a saturating field, the internal magnetic domain structure (and its com-

peting energies: magnetic anisotropy energy, Zeeman energy, exchange energy, etc.) will be a criti-

cal factor to optimize the magnetic response of the MNPs for MTW.
[26]

 Furthermore, the ease and 

rapidity of reversal, which will require a small switching field and narrow switching field distribu-

tion, will play a critical role when a low frequency AMF is applied to oscillate the MNP to generate 

the force. 

Physically, the magnetic material of choice has typically been an iron oxide (magnetite or 

maghemite), due to their known biocompatibility. However, there is a wide range of magnetic mate-

rials available, including Fe, Ni, and Co, and alloys/oxides thereof. From a magnetics point of view, 

the non-iron oxides, especially the metals, are particularly attractive with their larger saturation 

magnetization. Unfortunately, the biocompatibility suffers (e.g., Co and Ni are known carcinogens 

and pure Fe has a highly exothermic reaction upon exposure to oxygen/water), so the material 

choice is constrained by two competing sets of requirements – magnetic and physiological. Howev-

er, alloys are possible, or core/shell or layered structures that have another coating (such as Au or 

polymers) to prevent absorption by the body. There are also several options for design of the nano-

materials. Core/shell MNPs with core diameters in the range of 10–100 nm can be used for MTW, 

but the choice of shell for stabilization is more challenging and critical for preventing irreversible 

agglomeration.
[34]

 Alternatively, spherical magnetic beads (where magnetic nanocrystals are dis-

persed within a polymer matrix) 0.1–100 µm in diameter can be used.
[42]

 (Novel emulsion-

templated synthesis has been shown to increase the nanocrystal density of the beads such that the 

saturation magnetization is 6 times higher than commercial beads 
[43]

). In both cases, there exist 

large selections of chemically modified surfaces, which can be tailored for affinity targeting of spe-

cific cells. Furthermore, recent work identified shape as an important property for MTW applica-

tions. Cylindrical particles, termed nanowires or nanorods, have recently been employed in 

MTW.
[9b, 44]

 Templated synthesis using a nanoporous membrane enables the sequential deposition 

of different metals 
[44c]

 or alloys 
[45]

 into a single structure, which permits the localized functionali-

zation of the rod.
[9b, 46]

 As such, the shape is not only used to control the magnetic anisotropy. This 

sequential deposition also enables elements with strong magnetic properties (e.g., saturation mag-

netization), such as pure Fe, Co, or Ni (and alloys thereof), to be packed into nanorods to achieve 

the desired crystal structure and domain size/structure. For example, a 2 µm long, 100 nm diameter 

iron nanorod (with a saturation magnetization of 1.6 MA/m (or 1600 emu/cm
3
) 

[44c]
 provides 1.3 

times higher pulling force compared to a 1 µm diameter commercial spherical bead despite having 
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33.3 times smaller volume.
[9b]

 Another potential advantage of using composite nanorods is their 

capacity to arbitrarily define the segment size and element size, thereby enabling the design of mul-

tiplexed bioassays. For example, a mixture of different types of nanorods, which have short Au tips, 

functionalized with the same ligand, but Fe segments that vary in length. These rods would deliver 

forces of different magnitude to the same target and would be easily identified from their lengths. 

Alternatively, the mixture may consist of nanorods that have short Au tips, functionalized with dif-

ferent ligands, and have FePt alloy segments that provide the same force, but vary in their alloy 

composition. These rods would deliver the same force to different targets and would also be easily 

identified from their lengths. Adding additional segments, similar to metallic barcodes,
[47]

 may be 

considered for further multiplexing, including the functionalization of the single particle with mul-

tiple ligands. In summary, developing MTW probes optimized for in vivo force application will 

benefit not only from novel synthetic approaches leading to different size, shape, and composition, 

but also from proper characterization of magnetic properties, within physiological constraints. Ul-

timately, these two competing requirements will have to be balanced to achieve optimal perfor-

mance. 

 

3. Force Application to Cells using Magnetic Tweezers  

Mechanotransduction, the conversion of mechanical stimuli into biochemical signaling, contributes 

to numerous developmental and physiological processes.
[48]

 Tissue cells are mechanically integrated 

structures where dynamic processes link the cytoskeleton (CSK) to transmembrane receptors that 

connect cells with extracellular matrix (ECM) proteins or with other cells. Externally applied forces 

are transmitted to mechanosensitive molecules, which, in turn, alter their conformation and thereby 

their function.
[49]

 However, these so-called mechanical switches are not sufficient to describe the 

complexity of the cellular response to external mechanical stimuli, which depends on the loading 

rate 
[50]

 and the force application frequency,
[51]

 apart from the force magnitude. In fact, it has been 

speculated that the cellular response to physical stimuli may be as complex as its biochemical and 

genetic signaling pathways.
[52]

 In support of this idea, a dynamic model of mechanotransduction has 

recently been suggested where the cell’s response is modulated through signaling networks that 

govern the spatiotemporal dynamics of the intracellular mechanical stress.
[53]

 It is widely accepted 

that forces regulate the folding states of proteins and unbinding rates of protein complexes. Since 

the force-bearing elements of the cell, i.e., the plasma membrane, cell adhesion complexes, and the 

cytoskeleton, are highly dynamic, it is perceivable that the basis of mechanotransduction is the 

force-dependent disassembly of intermolecular bonds and the force-depended changes in the fold-

ing states of mechanosensitive proteins. Therefore, the timescales of the externally-applied forces 

need to match the intrinsic timescales of the target intracellular signaling processes, for the intended 
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mechanical control of biological phenomena to occur. Accordingly, in their dynamic model of 

mechanotransduction, Hoffman and colleagues proposed that “mechanical stresses may convey 

large amounts of information through precise time-dependent and force-dependent modulation”.
[53]

 

Several families of cell adhesion molecules (CAMs), integrins and cadherins in particular, 

and some of the proteins that link them to the CSK have been identified. For example, integrin, the 

essential component of focal adhesions, is linked to the actin CSK through a number of mechano-

sensitive proteins. Talin binds to β-integrin and to filamentous actin (F-actin) via its N-terminal and 

C-terminal domains, respectively. Talin’s C-terminal domain contains vinculin binding sites that are 

buried in the relaxed state which become exposed when talin is stretched.
[50b]

 This leads to vinculin 

binding and subsequent adhesion strengthening, since vinculin also binds to F-actin.
[54]

 Interestingly, 

when integrins are stretched, they signal to other, unoccupied integrins to alter their affinity states, 

such that more integrins can bind to ECM proteins, further strengthening the adhesion.
[55]

 Filamin A, 

another linker protein that binds to integrin and F-actin, has been shown to mediate Rac GTPase 

activity as a function of applied force.
[56]

 Stretching of integrin also activates RhoA GTPase, 

through two distinct guanine exchange factors.
[57]

 Rac and RhoA belong to the Rho family of 

GTPases, small signaling G proteins that regulate the actin CSK. RhoA activation regulates myosin-

2, the main motor protein that generates contractile forces in the actin CSK. RhoA activation also 

induces zyxin phosphorylation, which, in turn, mediates a range of force responses, such as stabiliz-

ing the CSK and inducing gene expression related to inflammatory response.
[58]

 Similar discoveries 

have been made for linkers of other CAMs such as catenins for cadherin 
[59]

 and p21-activated ki-

nase 1 for neural CAM (NCAM).
[60]

 Interestingly, adherens junctions, which link CSKs of adjacent 

cells through cadherin complexes, undergo stretch-mediated strengthening similar to focal adhe-

sions.
[61]

  

A critical aspect in MTW-based mechanical stimulation is that, unlike stretching entire cells, 

a particular membrane-bound receptor can be targeted, such that the downstream signaling path-

ways are selectively activated. The specificity in the target receptor has recently been demonstrated 

in mesenchymal stem cells, where mechanical stimulation of TREK1 K
+
 channels led to osteogenic 

differentiation,
[62]

 whereas mechanical stimulation of Frizzled receptors led to the activation of Wnt 

pathway via β-catenin signaling.
[63]

 The discovery of novel mechanosensitive targets,
[64]

 and the 

dissection of complex signaling mechanisms downstream of known targets,
[58, 65]

 define the land-

scape for a putative “cell mechanotherapy” using MTW. However, off-target effects, such as the 

activation of mechanosensitive ion channels, cannot be disregarded. 
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3.1. Mechanotransduction to Promote Neural Growth 

Axon growth and guidance during development is a complex mechanochemical process, where 

growth cones, highly dynamic tips of elongating axons, are responsible for sensing and generating 

forces.
[66]

 Growth cones continuously probe their environment for chemical guidance cues, whose 

signals modulate the F-actin and microtubule dynamics, which, in turn, determines the subsequent 

axon behavior, i.e., elongation, turning, or retraction.
[67]

 The mechanical regulation of neural growth 

is crucial not only for the development of the nervous system, 
[15a]

 but also for its repair after a lo-

calized trauma, e.g., spinal cord injury (SCI). SCI causes the degeneration of distal axons and re-

sults in glial scarring at the site of the lesion, which prohibits the endogenous regeneration of adult 

central nervous system (CNS) axons by acting as a mechanical barrier as well as a source of axon 

repellents.
[14]

 While research geared towards spinal cord repair is currently focused on strategies 

that combine engineered biomaterial scaffolds with cell transplantation and local delivery of neu-

rotrophic factors,
[17]

 using force to promote axon elongation through a region of low permissivity, 

i.e., glial scar, should also be considered as an alternative/supplementary therapeutic approach.  

Accelerated axon elongation has been repeatedly demonstrated for various types of neu-

rons.
[16, 68]

 Continuously stretching integrated neurons using a microstepper motor resulted in axon 

lengths up to 10 cm.
[69]

 Moreover, stretch-grown axons experiencing ≤ 25% strain (corresponding 

to an elongation rate of ≤ 3 mm∙per day) for two weeks exhibited normal electrical activity.
[70]

 

However, the repair of the endogenous CNS requires a less invasive therapeutic approach, leading 

to the idea of pulling growth cones of regenerating neurons with MTW forces. We have recently 

shown the MTW-based towing of cortical axons against concentration gradients of known axon 

repellents in vitro, by combining low magnitude force (≤ 12 pN) acting on NCAM with inhibitors 

of select molecular motors.
[9a]

 The challenge to translate this “mechanochemical stimulation” ap-

proach into preclinical stage (in vivo) is at least two-fold: First, the magnetic particle is required to 

be small enough to navigate through the complex extracellular matrix and magnetic enough to de-

liver a considerable force magnitude to provide the desired therapeutic effect. Second, the magnetic 

particle is required to be functionalized in such a way that the magnetic particle selectively binds to 

the desired CAM on the regenerating growth cone, but avoids non-specific interactions. We believe 

that the recent emergence of magnetic particles with a multitude of physical and other properties,
[1]

 

as well as the various approaches developed for the bio-functionalization of their surfaces 
[42]

 will 

help identify the optimum magnetic nanoparticle for in vivo MTW force application to promote 

neural repair.  

Actomyosin stress fibers are known to exert traction forces on the extracellular matrix via 

focal adhesions.
[71]

 Recent evidence demonstrated that mechanical tension in cells is non-uniformly 

distributed 
[72]

 and that tension directly regulates the activities of linker proteins vinculin 
[73]

 and 
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zyxin.
[74]

 This suggests that not the magnitude of the externally-applied force per se, but the tension 

it exerts on the transmembrane molecule, may be critical in the mechanotransduction process. This 

notion was supported by our axon towing results, where axons towed by relatively small magnetic 

beads exhibited higher elongation rates per applied force (8.3 µm∙h
-1

 per 10 pN) 
[9a]

 compared to 

earlier work (1 µm∙h
-1

 per 10 pN).
[16]

 In fact, mechanical tension has been suggested to affect the 

local intracellular environment near the pulled receptor, leading to an increased probability of dock-

ing of growing microtubule tips,
[68b]

 which randomly explore the growth cone periphery.
[75]

 Accord-

ingly, tension exerted on apCAM, the invertebrate homolog of NCAM has been shown to result in 

the translocation and polymerization of microtubules towards the site of force application.
[76]

  

In this context, it is important to highlight the difference between uniformly-functionalized 

spherical MNPs and tip-functionalized cylindrical magnetic nanorods in terms of tensile stress they 

can deliver to CAMs. Using basic mechanics relations and assuming Hertzian contact, the contact 

area of a spherical particle of radius R will be ∝ R8/3
.
[9a]

 As force scales with R
3
, the tensile stress 

exerted will be ∝ R1/3
. Despite the tiny force magnitude, the tensile stress exerted by MNPs (e.g., 

during in vivo MTW force application) will not decrease drastically. On the other hand, the contact 

area of a tip-functionalized nanorod (diameter d, length L) will be ∝ d2
. As the force scales with 

d
2
∙L, the tensile stress exerted will be ∝ L. The tensile stress exerted by an aligned nanorod will thus 

be independent of its diameter and will scale with rod length. Moreover, since the cross-sectional 

areas of these particles are equal, they are expected to navigate similarly in the body, provided that 

the aspect ratio is small enough to avoid triggering an immune response. To summarize, we propose 

that MNPs, tip-functionalized magnetic nanorods in particular, may be small enough to be consid-

ered safe for clinical applications and still able to produce sufficient tensile stress to promote axon 

growth in vivo. 

 

3.2. Mechanotransduction to Induce Cell Death 

Among the new classes of MNPs, those with asymmetric geometric structure and/or rapid/easy 

magnetic reversal (e.g., through magnetic anisotropy) are of particular interest, since they may 

physically oscillate to a greater extent than symmetrical particles when exposed to AMF.
[9c]

 MNPs 

can be targeted to specific cell surface receptors or be internalized by specifically-targeted cells, 

providing two distinct modes for force application. The first mode does not require internalized 

MNPs, and therefore, may utilize magnetic microparticles too large to be taken up by the cells, but 

small enough to navigate in the circulatory system. Periodic pulling of integrins with 3 pN per 4.5 

µm-diameter magnetic particle, for example, has been shown to activate the mechanosensitive po-

tassium channels in mesenchymal stem cells, which led to the reversible hyperpolarization of these 

cells.
[77]

 Application of constant forces at much lower magnitudes (~10
-5

 pN per 30 nm-diameter 
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particle) has been shown to be sufficient for clustering individual Immunoglobulin E receptors in 

Mast cells, which, in turn, activated calcium influx.
[78]

 The extent of the calcium influx depended on 

the force magnitude and the duration of rest period between consecutive actuations, demonstrating 

the level of control in inducing a physiological response with a remote physical input. However, 

mechanically modulating ion channel activity to induce cell death is yet to be demonstrated.  

Mechanical activation of select signaling pathways may be combined with other (systemic) 

stimuli to induce cell death. We have recently demonstrated the activation of extracellular signal-

regulated kinase (ERK) pathway through periodically stretching specifically-targeted ErbB3 recep-

tors in MCF7 cells with 4 pN using micron-long iron rods with functionalized gold tips.
[9b]

 Interest-

ingly, ERK phosphorylation (and receptor clustering) was observed in multiple foci that did not 

necessarily co-localize with nanorod binding locations.  A very recent study has shown that ERK 

phosphorylation foci localized to actomyosin stress fibers in fibroblasts, and was correlated with the 

level of tension acting on the stress fiber.
[79]

 This suggests that ERK phosphorylation at remote foci 

may have been caused by the distribution of tension inside the cell upon localized force application. 

To benefit from the activated ERK signaling, we combined mechanical stimulation with low dose 

B-Raf inhibition, which also activates ERK, to achieve significant levels of cell death through hy-

peractivating this signaling pathway (Figure 2A).
[9b]

  

The alternative mode, i.e., using internalized MNPs to deliver force from within the cell, 

benefits from some form of asymmetry in the particle shape or easy/rapid reversal of the MNP 

magnetization. Upon exposure to AMF, MNPs which reversed rapidly at small applied magnetic 

fields and could therefore be controlled, damaged the cellular structures they are in contact with, 

eventually killing the cell.
[9c]

 The idea of oscillatory physical damage has been mostly demonstrated 

with non-internalized particles: Neuroblastoma cells that have been targeted with micron-sized fer-

romagnetic disks, which possess a magnetic-vortex spin state, underwent apoptosis when briefly 

exposed to AMF (Figure 2B).
[9d]

 These disks exhibit zero in-plane magnetic moment in remanence, 

but magnetize in the direction of an externally-applied field, thus rotate and align with the field. 

Asymmetric magnetic/fluorescent composites (Ø = 200 nm) 
[9e]

 and carbon nanotubes with iron 

impurity (Ø = 100 nm) 
[80]

 have also been used to kill cells upon exposure to a rotating magnetic 

field (Figure 2C). Despite the lack of specific cell targeting and the use of very high particle densi-

ties in these studies, these particles may be promising tools for mechanical cell therapy. The aspect 

ratio is considered to be a key factor in the cellular uptake of rod-shaped particles, where higher 

aspect ratios are less favored for membrane wrapping and subsequent internalization.
[81]

 Cylindrical 

nanoparticles favoring internalization or membrane-binding may thus be designed depending on the 

mode of force application. 
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4. Conclusion 

Beyond imaging, MNPs are promising tools for magnetically-modulated new therapeutic approach-

es, such as MNH or heating-induced drug delivery. In this article, we highlighted recent in vitro 

studies where MNPs were used to mechanically stimulate cells to induce a biological response to 

ultimately control cell behavior. These studies show that MTW is not only a biophysical technique 

for characterizing the fundamental mechanisms of mechanotransduction; rather, force may be used 

induce cell growth and death, suggesting a therapeutic potential in spinal cord injury and cancer. In 

this context, creating the optimum particle for the application at hand, in terms of magnetic and oth-

er properties, becomes a crucial task. While much is already known about the correlations between 

magnetic and physical properties of nanomaterials, much remains to be studied. From the applica-

tions point of view, better understanding of the structure-property relationships is critical to balance 

the competing realities of physiological limitations (size, aspect ratio, toxicity, etc.) with maximiz-

ing the magnetic properties for optimization of the nanomaterial for the application. From the char-

acterization point of view, more development work is needed, in theory and instrumentation, for 

deconvoluting different parameters (e.g., magneto-crystalline anisotropy from magnetic interac-

tions) as well as characterizing nanomaterials under AC magnetic field conditions. For example, 

high frequency properties will dominate the design of a hyperthermia agent; whereas, DC or low 

frequency properties, such as saturation magnetization, will dominate the design of a force probe.  

The hypothesis that mechanically-induced axon growth or cell death can be induced in vivo 

using MNPs that are targeted to specific cell surface receptors, such as those over-expressed in can-

cer or in regenerating growth cones, remains to be tested. We argue that the sparse literature on 

magneto-mechanical stimulation to control cell growth and death is due to the limited accessibility 

of new classes of MNPs that would permit different modes of force application to achieve the de-

sired therapeutic effect. Functionalizing particles to target and mechanically destroy tumors and 

subclinical metastases from within – analogous to Trojan horses – may be an emerging therapeutic 

strategy, as is towing regenerating axons through the glial scar tissue. Designing novel bio-nano-

magnetic materials geared towards these clinical applications is a challenging endeavor, which will 

benefit from a thorough understanding of magnetism at the nanoscale. 
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Figure 1. Magnetization behavior of nanomaterials. A. Schematic of a simple magnetic hysteresis 

loop for a magnetic material (M vs. H) showing important parameters saturation magnetization (MS), 

remanence magnetization (MR), coercivity (HC), and anisotropy field (HK) which is proportional to 

the magnetic anisotropy (K). B. Ideal case of rapid magnetization reversal through coherent rotation 

of the magnetization of the magnetic nanoparticle (white arrows on black) and magnetization rever-

sal through domain nucleation and growth (blue arrows on white). 
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Figure 2. Examples of mechanically-induced cancer cell death in vitro. A. MCF7 breast cancer 

cells targeted with FeAu composite nanorods that are tip-functionalized with Heregulin (HRG). 

Periodic pulling of ErbB3 receptor caused 2.4-fold increase in Erk phosphorylation, which, when 

combined with low dose B-Raf inhibition results in 15-fold increase in cell death. Reproduced with 

permission.
[9b]

 Copyright 2014, John Wiley and Sons. B. Neuroblastoma cells targeted with micron-

sized ferromagnetic disks, possessing a vortex spin state, functionalized with a monoclonal antibody 

(mAB) against interleukin-13 receptor α2. A brief exposure to alternating magnetic field resulted in 

membrane damage and apoptosis.
[9d]

 Reprinted by permission from Macmillan Publishers Ltd: Na-

ture Materials, copyright 2010. C. LNCaP prostate cancer cells non-specifically targeted with 

asymmetric magnetic/fluorescent nanocomposites. Rotating a permanent magnet resulted in cell 

death as shown by trypan blue.
[9e]

 Reprinted with permission from J. Am. Chem. Soc. Copyright 

(2010) American Chemical Society. 

 

 

 

 


