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Abstract 

Ferritin-based magnetogenetic ion channels are promising new tools for non-

invasive manipulation of ion channel activity. The use of these channels in animals has 

been promising but in vitro experiments in cultured cells have been inconclusive. This 

report focuses on channels TRPV1FeRIC and TRPV4FeRIC whose channel activity is 

reportedly sensitive to an alternating magnetic field (AMF) at 175 MHz. In vitro work on 

these channels has previously been done, but those experiments did not have the 

necessary controls and had significant confounding factors. This dissertation addresses 

these problems and redesigns AMF calcium imaging experiments to more accurately 

measure an AMF response. After many experiments and careful analysis, it is concluded 

that 175 MHz AMF exposure does not change intracellular calcium concentration in 

HEK 293T cells expressing TRPV1FeRIC or TRPV4FeRIC.
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1 Introduction 

Non-invasive manipulation of ion channel activity would vastly expand our 

ability to study neuronal and other biological networks by achieving targeted signaling 

in otherwise unaffected animals. Magnetic fields are transparent to most tissue, yet there 

is strong evidence that animals orient themselves during migration and feeding using 

earth’s magnetic field (1-3). The molecular mechanisms of these effects are mostly 

unknown, but their existence motivates developing magnetogenetic tools that use 

magnetic fields to non-invasively control biological processes.  

In research, magnetogenetics has been limited to injected synthetic nanoparticles 

(4). These nanoparticles produce mechanical forces in the presence of a static magnetic 

field, or heat in the presence of an AMF. These phenomena have been used for cell 

sorting, hyperthermia cancer treatment, and more recently to manipulate ion channel 

activity in vitro and in vivo (5-9). These established research methods are interesting but 

fail to realize the benefits of magnetogenetics because they rely on injected 

nanoparticles. 

There has been progress towards non-invasive magnetogenetics with the 

development of ferritin-based magnetogenetic ion channels. Three independent groups, 

including our own, have developed strategies for localizing the iron storage protein 

ferritin and its encased iron nanoparticle to polymodal cation channels TRPV1 and 

TRPV4 (10-18). The rationale of these three groups was that ferritin could replace 
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synthetic nanoparticles and generate the necessary heat or force to open the ion channel. 

Our group developed a strategy called ferritin recruitment to ion channels (FeRIC) in 

which an ion channel is modified to include a ferritin binding domain (10, 19). FeRIC 

was applied to TRPV1 and TRPV4 to create TRPV1FeRIC and TRPV4FeRIC. 

Ferritin nanoparticles have been extensively researched and repeatedly shown to 

have extremely weak magnetic properties (20-22). Yet surprisingly, in vivo expression of 

each of the three ferritin-based magnetogenetic ion channels resulted in predictable 

control of animal physiology (10-13). The robust in vivo results suggest there is indeed a 

magnetogenetic effect, though the underlying mechanisms are undetermined. 

Generally, TRPV1 or TRPV4 agonist-induced activity can be easily observed in 

cultured cells using electrophysiology or calcium imaging (23-25). However, the 

reported effects of ferritin-based magnetogenetic ion channels in cultured cells are 

sporadic and inconclusive (Details of experiments are discussed in section 2.3) (10-13). 

The lack of clear in vitro evidence and theoretical mechanism have left many in the field 

skeptical that these channels are indeed magnetogenetic (26). 

A sporadic, weak, or non-existent in vitro response does not preclude in vivo 

magnetogenetic effects but suggests that additional factors are required, or that 

magnetogenetic effects are independent of ion channel activity. This dissertation 

addresses the question of in vitro activity head-on for TRPV1FeRIC and TRPV4FeRIC by first 

revisiting and repeating previous experiments that showed these channels were 
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sensitive to a 175 MHz AMF in vitro. The repeat experiments and re-analysis revealed 

confounding factors, so more definitive calcium imaging experiments were designed. 

These experiments demonstrated that a 175 MHz AMF does not increase intracellular 

calcium in HEK 293T cells expressing TRPV1FeRIC or TRPV4FeRIC as previously described. 

Chapter 2 gives further background and motivation for magnetogenetic ion 

channels. First, literature is reviewed on present methods and limitations of ion channel 

manipulation, methods of monitoring ion channel activity, and established uses of 

magnetogenetics. Then, the protein components of FeRIC channels are reviewed in 

detail, and experimental evidence is given that FeRIC channels are indeed functional 

channels that recruit ferritin. Finally, a detailed review is given of experiments using 

ferritin-based magnetogenetic ion channels, outlining initial successes in animal models, 

and questions from experiments done in cultured cells. 

Chapter 3 addresses problems with the original in vitro experiments and how 

they were resolved in this work. First, the magnetic properties of ferritin are reviewed 

and a simulation is used to predict AMF generated heat (22, 27). The expected ferritin 

heating is too small to affect ion channel activity, underscoring concerns about in vitro 

behavior. Repeat experiments were done with the original protocol to further investigate 

in vitro effects. Significant differences are found between petri dishes in the same 

experimental group in both the original and repeat data. This inconsistency was first 

attributed to problems with the AMF circuitry. Theory-guided AMF circuit design 
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produced a stronger and more consistent AMF with less heat. This improved calcium 

imaging experiments to a degree, but the variation between experiments was still 

problematic. The final section outlines other sources of variation such as cell health and 

lamp instability. These problems were diagnosed and addressed using the ratiometric 

dye Fura-2 as opposed to the single wavelength genetically-encoded GCaMP6s (28, 29).  

Chapter 4 outlines the experimental methods and results of calcium imaging 

experiments. 48 individual petri dishes were transfected with TRPV1FeRIC and imaged 

during AMF exposure. The same was done with TRPV4FeRIC. After careful analysis it is 

concluded that there is no 175 MHz AMF effect specific to cells expressing TRPV1FeRIC or 

TRPFV4FeRIC. Chapter 5 summarizes this work and discusses the broader implications 

and recommendations for further experiments. 
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2 Motivation and development of magnetogenetic ion 
channels 

This chapter is broken into three sections. The first is a general review of the 

importance of ion channels, methods used to study them, and magnetogenetics. This 

gives context and motivation to using magnetogenetics for non-invasive ion channel 

manipulation. The second section is a review of the protein components of FeRIC 

channels and their initial characterization as functioning ion channels that bind ferritin. 

The third section outlines and critiques studies using ferritin-based magnetogenetic ion 

channels, including our own work with TRPV1FeRIC and TRPV4FeRIC. The evidence leads 

us to believe there is a clear magnetogenetic effect in animals expressing these channels, 

but there is not sufficient evidence to conclude there is in vitro channel manipulation. 

2.1 Context and motivation for magnetogenetic ion channels 

This section starts with a summary of the importance of ion channels, traditional 

methods used to influence their activity and highlights the potential benefits of 

magnetogenetic ion channels. It continues by outlining common methods for monitoring 

ion channel activity including those used in AMF FeRIC experiments. The section ends 

with well-established examples of magnetogenetics that give context to the development 

of FeRIC and other magnetogenetic ion channels. 
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2.1.1 The role of ions and ion channels in biology 

Ions are charged molecules usually found in solution from dissolved salts. They 

can be large molecules, but the most prevalent ions in biology are single atoms such as 

Na+, K+, Ca2+, Cl- etc. Changes in ionic concentration directly alter the function of many 

proteins or change the cellular environment. These direct changes go on to affect 

proteins that regulate other proteins and so on. These chains of events make ions 

important biological signaling molecules (30).  

Ion channels are proteins that form permeable pathways in the cell membrane. 

Ions passively cross the cell membrane through these pores. Ion channels can be 

selective for specific types of ions and the channel will often fluctuate between high and 

low permeability states. Molecules, protein interactions, or other environmental factors 

that favor permeable states are said to open the channel while those that favor 

impermeable states close the channel. 

Different ion channels have unique responses to a set of stimuli. This gives cells 

the ability to detect and respond to internal and external events. Ion channel signaling 

starts a cascade that alters the cell internally and/or propagates information to other 

cells. 

2.1.2 Traditional methods for manipulating ion channel behavior 

Exogenous manipulation of ion channels is important for studying cell signaling, 

particularly in neuroscience as ion channels are the primary drivers of neuronal 
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signaling (31). Selective activation of ion channels in neurons allows one to initiate 

signaling and study downstream effects. 

There are several techniques used to study ion channels or the signaling they 

produce. The three most common techniques are changing the chemical environment, 

electrophysiology, and optogenetics. This section describes these methods and their 

limitations, as well as the potential benefits of magnetogenetic ion channels. 

2.1.2.1 Changing the chemical environment: 

The conceptually simplest way to alter ion channel behavior is to change the 

chemical environment. This occurs naturally and continuously in biological settings. In a 

research setting, changes in the chemical environment target an ion channel or signaling 

pathway of interest. This can be done by adding a small molecule that selectively 

activates the channel or using a stimulus with broader effects such as altering 

extracellular pH. The chosen stimulus depends on the experimental goal, but a specific 

and robust stimulus is usually ideal. However, the same ion channel often exists in 

multiple cell types and many chemical stimuli can have off-target effects. These 

challenges make it difficult to reliably target a specific signaling pathway with chemical 

modulators. 

2.1.2.2 Electrophysiology 

Electrophysiology is measuring and manipulating the electrical properties of 

tissue. This includes control over voltage-gated ion channels that drive neuronal 
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signaling. Hodgkin and Huxley were the first to do this across a single cell membrane 

(32). They did this by placing electrodes in the intra and extracellular space of a giant 

squid axon. The electrodes could be used to measure the membrane voltage in a current 

clamp or measure the current across the membrane in a voltage clamp. 

Using a current clamp, Hodgkin and Huxley discovered that injecting a small 

amount of current depolarized the membrane from a resting potential of -70 mV. 

Depolarization above -55 mV activated voltage-gated Na+ and K+ ion channels. The Na+ 

channels opened rapidly and transiently producing inward current. This further 

depolarized the membrane potential to about 40 mV.  Voltage-gated K+ channels opened 

more slowly but persisted longer than the Na+ channels restoring the membrane 

potential to -70 mV. This sequence is called an action potential. Once the threshold 

potential is met, an action potential occurs over a few milliseconds in an all or nothing 

manner. The depolarization will activate other nearby Na+ and K+ channels and the 

action potential will travel along the axon. Action potentials are how signals are 

propagated through neurons. Current clamps can be used to initiate neuronal signaling 

as described above. They can also be used to monitor endogenous signaling under 

slightly depolarized, normal, or hyperpolarized conditions. 

Hodgkin and Huxley were also able to measure current across the axon 

membrane using a voltage clamp. Voltage clamps are important for studying ion 

channel properties and are discussed more in section 2.1.3.1. 
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The methods used by Hodgkin and Huxley could not be done on smaller 

mammalian cells. Sakmann and Neher developed a technique that could be used on 

smaller cells known as patch clamping (25). Patch clamping uses a single electrode per 

cell that can be attached to the cell membrane in several conformations. Whole-cell 

attachment measures the current or voltage across the entire cell and is functionally 

equivalent to Hodgkin and Huxley’s experiments. Tissue electrophysiology attaches 

electrodes to cells in extracted slices in vitro or animals in vivo. In tissue, an action 

potential in a single neuron will release neurotransmitters that can induce or inhibit 

action potentials in other neurons. This complex web of signaling can only be measured 

and/or manipulated at cells attached to electrodes. 

Patch clamping in living animals obviously requires attaching an electrode to exposed 

cells. Implants have been developed such that mice can move freely with multiple 

electrodes attached but activity type and duration is limited (33-35). One cannot 

precisely identify or repeatedly attach to a given neuron, but multiple recordings allow 

one to identify behavioral patterns of different types of neurons in the same region of 

the brain. 

Electrodes can also be used to locally control the chemical environment in cells or 

portions of cells. This is done to study ion channels themselves, but signaling 

applications are generally limited to voltage-gated ion channels. Unattached electrodes 



 

10 

in the extracellular space can stimulate neurons in a surrounding area, but this approach 

lacks specificity. 

2.1.2.3 Optogenetics 

Optogenetics is the use of light to affect cellular activity, often via light-activated 

ion channels. This is done by inserting a light-sensitive protein gene in targeted cells and 

then exposing those cells to laser light. This was first done using channelrhodopsin 2 

(ChRh2), a light activated non-selective cation channel naturally expressed in algae (36). 

Surprisingly, expressing ChRh2 in neurons resulted in functioning channels. These 

channels generated depolarizing currents when exposed to 488 nm light strong enough 

to initiate action potentials.  

Since ChRh2, other light-driven proteins have been discovered or engineered 

with different utilities. Light-driven proton pumps, chloride pumps or chloride channels 

create hyperpolarizing currents in most neurons (37-40). Optogenetic proteins are 

available at different wavelengths across the visible light spectrum (41, 42). This allows 

multiple optogenetic or other optical tools to be used in the same system. There are also 

optogenetic channels with different kinetics to match the speed of neuronal processes or 

cause long-lasting stimulation (43-47). The concurrent development of genetic tools such 

as CRE recombinase and more recently CRISPR/CAS9 allows cells to be precisely 

selected by function as opposed to location (48, 49). Genetic targeting of exact cell types 

and the ability to affect neurons at different time scales are especially useful in vivo. The 
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use of light over electrodes is another advantage of optogenetics. Laser mounts are more 

robust to animal movement than cell-attached electrodes and can stimulate a larger 

number of neurons.  

Visible light can only travel a few millimeters in tissue before being scattered or 

absorbed (50). Stimulating neurons requires removing the skull and inserting a fiber 

optic implant. This is not as limiting as it might seem because many parts of the brain 

can be accessed with simple procedures and fiber optic technology has become 

minimally invasive (51, 52). Optogenetics has been a game changer for understanding 

neural networks in the freely moving animals. However, there are still deep brain 

neurons and sensitive tissues, such as developing embryos, that are inaccessible with 

invasive methods. Visible light attenuation also limits the spatial extent of channel 

activation. These problems are, of course, exasperated in larger animals. 

2.1.2.4 Potential use of magnetogenetic ion channels 

The fundamental limitation of optogenetics is that laser light does not travel very 

far in tissue. Other electromagnetic phenomena do penetrate tissue. Static magnetic 

fields minimally interact with biological tissue. The same can be said of an AMF within 

frequency and field strength safety limits (53). The minimal effects of magnetic fields on 

biological tissue have been well-studied due to their use in magnetic resonance imaging 

(54). 
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Magnetic fields provide some key in vivo advantages over other methods. The 

first is that no invasive implants are necessary, eliminating the confounding factors and 

activity limits that come with invasive surgery and implants. This is especially true in 

cells that cannot be accessed without damaging the animal. The lack of implants also 

makes it possible to affect ion channels longitudinally without the implant being present 

for long periods of time or inserted multiple times. Magnetic fields can also be applied 

homogenously over large areas or shaped to target smaller regions as routinely done in 

MRI (55). This allows selective signaling over potentially disperse cell populations. 

The advantages of magnetogenetic ion channels presuppose their existence, 

reliable expression in exogenous cells and that their activity is strong enough to alter 

cellular behavior. Excitingly, work by us and others suggests these first challenges may 

have been met, though there is some skepticism in the field (26). Discussion of these 

reports are found in section 2.3. Once a magnetogenetic ion channel is clearly 

established, there will still be a need for continued development before achieving wide-

spread research use, as was the case with optogenetics (56).



 

 

1
3 

 Precision 
Stimulus 

Control 
Speed 

Technical 

Challenges 

Chemical 

Modulators 

Chemicals often have 

off target effects and 

many cell types express 

the same ion channel.  

The dosage can be 

controlled in vitro, 

but this is more 

difficult in vivo. 

Chemicals have a 

slow onset and 

dissipation time.  

Chemicals are easily 

injected in the 

bloodstream, but 

most will not cross 

the blood brain 

barrier. 

Electrophysiology 

Electrode position is 

exactly known but 

many functionally 

different cells occupy 

the same region.  

There is precise 

control of the 

membrane 

potential or 

injected current at 

continuous 

intervals.  

Membrane voltage 

or current can 

change at the speed 

of neuronal 

processes. 

Invasive electrode 

insertion limits the 

activity and duration 

of in vivo experiments. 

Optogenetics 

Specific cell types are 

genetically targeted. 

Visible light only 

penetrates a few mm in 

tissue limiting the 

spatial extent of 

optogenetic control. 

Each protein gives 

an all or nothing 

response, but 

different proteins 

can be used for 

different 

applications. 

Both optics and 

protein components 

can match the speed 

of neuronal 

processes. 

In vivo optogenetics 

requires invasive 

implants, which 

excludes sensitive 

tissue. 

Magnetogenetics  

Specific cell types are 

genetically targeted. 

Disperse cell 

populations can be 

targeted at the same 

time. 

Protein responses 

would likely be all 

or nothing like 

optogenetics. 

Magnetic fields can 

be activated at the 

speed of neuronal 

processes, but the 

protein response 

time is unknown. 

Sensitive tissue can be 

controlled with no 

invasive hardware. 

Table 1: Description of the advantages and disadvantages of different methods of exogenous ion channel 

modulation.
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2.1.3 Methods for measuring ion channel activity and downstream 
effects 

Developing magnetogenetic ion channels requires methods to measure ion 

channel activity. The most direct method of measuring ion channel activity is to measure 

the current across the cell membrane using electrophysiology. This can be done with a 

static magnetic field but not with an AMF because of electrical interference. Calcium 

imaging is the most direct method available for studying AMF effects on TRPV1FeRIC and 

TRPV4FERIC. 

2.1.3.1 Electrophysiology recordings 

Electrophysiology can measure the current across the membrane using a patch 

clamp in a voltage clamp circuit. In a voltage clamp, current flows through the cell 

membrane to maintain the clamped voltage. The magnitude of this current depends on 

the resistance across the membrane. Open channels lower the membrane resistance and 

result in higher current. 

There are several configurations that can be used for measuring ion channel 

currents. A basic summary of each method and example applications are given in a 

review written by the developers of the patch clamp technique (25). The whole-cell 

configuration is used to measure membrane current across the entire cell and is useful 

for measuring dose-response curves of potential stimuli. Cell-attached, inside-out, and 

outside-out configurations measure current across a small patch of membrane, which is 

useful for single channel recordings. 
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As previously discussed, electrophysiology can also be used with a current 

clamp to monitor action potentials. This is a useful indirect measure of channel activity 

in excitable cells. Electrodes in the extracellular space can also be used to monitor 

activity in single or multiple neurons (57). 

Electrophysiology is the gold-standard for characterizing ion channel responses 

to potential stimuli. Unfortunately for this work, an AMF and electrophysiology 

recordings cannot be done at the same time because the AMF generates too much 

electrical noise. 

2.1.3.2 Optical methods 

There are many optical indicators of protein or cellular activity. This study uses 

calcium indicators to monitor TRPV1 or TRPV4 activity. Calcium indicators are dyes or 

fluorescent proteins that are sensitive to calcium concentration (23, 24). Action potentials 

are usually accompanied with transient increases in calcium concentration, so calcium 

indicators are commonly used in neuroscience. Imaging allows one to monitor activity 

in more cells than electrophysiology and gives spatiotemporal context. In vitro calcium 

imaging is used as a high-throughput method or to observe spatially restricted events, 

like synaptic calcium signaling. In vivo calcium imaging is used for visualizing signaling 

networks. Optical measurements are not affected by an AMF making them the best 

option for studying FeRIC channel responses to an AMF. 
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There are two calcium indicators used in this study. The first is the calcium 

binding dye Fura-2 (28). Calcium binding changes Fura-2’s excitation profile. The ratio 

of fluorescence intensities between 340 and 380 nm excitation is used to measure calcium 

concentration. The ratio can be converted to absolute measurements when calibrated 

with Fura-2 in known calcium concentrations. When possible, ratio imaging is preferred 

to single-wavelength experiments because the ratio is independent of fluorophore 

concentration. Fura-2 has a Kd of about 280 nM in physiological buffer at room 

temperature, which is a little higher than the 100 nM intracellular Ca2+ concentration in 

HEK 293T cells (58, 59). Nonetheless, the ratiometric properties of Fura-2 allow one to 

still measure low nM intracellular calcium changes (28). Fura-2 binding is fairly sensitive 

to temperature (60). This is an important consideration for AMF experiments because 

the AMF circuitry can produce background heat from inductive heating or circuit 

components. 

Fura-2 can be made membrane-permeable by adding an acetoxymethyl (AM) 

ester. Fura-2 AM diffuses into the cell and the ester is cleaved inside the cell by protein 

esterases (61). This allows Fura-2 to measure intracellular calcium. Dye loading is more 

difficult in vivo. 

The other calcium indicator used in this study is GCaMP6s. GCaMP6s is a 

fluorescent protein whose intensity increases when it is bound to calcium (62). GCaMP6s 

was engineered by inserting the calcium binding protein calmodulin and its peptide 
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binding target within a circularly permuted GFP (63). The primary advantage of 

GCaMP6s is that it is genetically encoded. This is particularly useful in vivo. GCaMP6s 

can be used in vitro as well, though cell-permeable dyes are preferred for most 

applications. GCaMP6s can only be used to measure relative changes in calcium 

concentration as the intensity is dependent on both intracellular calcium and expression 

levels. GCaMP6s has a binding constant of 144 nM in Mg2+ free buffer, making it also a 

good indicator for measuring small relative changes in intracellular calcium (62, 63). The 

temperature dependence of GCaMP6s has not been reported, but the Kd of the related 

GCaMP6f calcium indicator shifts from 220 to 88 nM going from 20 to 37 C (63). 

2.1.4 Established magnetogenetics in nature and research 

Magnetogenetics is defined as interactions between magnetic fields and 

biological processes and not strictly limited to ion channels. This section reviews 

examples of magnetogenetics in nature and research that motivate further development 

of magnetogenetic tools. 

2.1.4.1 Static magnetic field magnetogenetics 

It has been well-demonstrated that many animals are guided by earth’s magnetic 

field during migration, but the underlying molecular mechanisms are mostly unknown 

(2). One notable exception is magnetotactic bacteria, reviewed in detail by Faivre et al. 

(3). Magnetotactic bacteria generally live in water and use earth’s magnetic field to travel 

perpendicular to the water’s surface in search of nutrients. Magnetotactic bacteria form 
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magnetic organelles called magnetosomes. Magnetosomes consist of a lipid bilayer 

surrounding a magnetic iron nanoparticle. Magnetosome nanoparticles are organized by 

many proteins and have the ideal size, 30-140 nm diameter, and crystal pattern for 

magnetic properties. Magnetosomes are strung together in a rigid structure to form an 

internal compass needle that orients the bacteria using earth’s magnetic field.  

There are at least a few dozen genes used to gather and magnetically organize 

iron during magnetosome production. These genes are either not related or remotely 

related to genes in non-magnetotactic organisms. One protein recently used for 

biomedical and nanoparticle applications is Mms6. Mms6 is important for organizing 

accumulated iron as a magnetic structure (64, 65). Its 20 amino acid functional peptide, 

M6A, has recently been used in genetic constructs that enhance magnetic cell-sorting or 

create endogenous MRI contrast agents (66, 67). The use of Mms6 and other 

magnetotactic genes is perhaps a promising avenue for future development of 

magnetogenetic ion channels. 

Synthetic magnetic nanoparticles have also been used to apply mechanical force 

to modify channel activity. The nanoparticles are bound to a segment of the ion channel 

and then an external magnetic field will cause the nanoparticle to pull on the channel. 

This approach was used to investigate force sensing domains in the mechanosensitive 

ion channel Piezo1 (68). 
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2.1.4.2 AMF magnetogenetics 

There is also evidence that some animals are sensitive to AMFs, but molecular 

causes are unknown (1, 69). There are several instances of research tools that use AMF 

magnetogenetics. Most of these applications exploit AMF heating. Specifically designed 

magnetic nanoparticles will generate large amounts of heat when exposed to an AMF by 

a process known as hysteresis heating (27, 70). AMFs will also cause inductive heating in 

conductive materials, including biological tissue. AMF heating is only useful if 

hysteresis heating significantly exceeds inductive heating and inductive heating is below 

safety limits. Inductive heating is proportional to the square of the product of the 

magnetic field (𝐻) and the frequency (𝑓) and 𝐻𝑓 is commonly used as a measure of 

heating. The recommended limit for 𝐻𝑓 is 5 GHz A/m during hyperthermia cancer 

treatment, though this is somewhat arbitrary (53). In vivo animal studies have used 𝐻𝑓 

factors up to 11 GHz A/m. 

AMF hysteresis heating has been used for targeted hyperthermia cancer 

treatment (5, 71). More recently, hysteresis heating has been used to activate TRPV1 in 

vitro and in vivo. One group used synthetic magnetic nanoparticles and a 40 MHz 0.84 

mT magnetic field (2.67 GHz A/m) to heat activate TRPV1 expressed in HEK 293 cells 

and in sensory neurons in C. elegans (7). The same approach was later applied in larger 

animals by inserting TRPV1 in mouse deep brain neurons. The channel was activated 

using synthetic nanoparticles tailored to maximally heat at 500 kHz and 15 A/m (7.5 
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GHz A/m) (72). The heat produced by nanoparticles was sufficient for neuronal 

activation in freely moving mice. In vitro controls showed that physiological solution 

heated 10 C during 1 minute of exposure with nanoparticles and only 1 C without 

nanoparticles. This approach was also used to drive genetic expression using a calcium 

promoter and further refined by targeting nanoparticles to TRPV1 positive cells (8, 9). 

These studies are conceptually exciting for the development of magnetogenetic ion 

channels, but the injection of synthetic nanoparticles and heat undermine the non-

invasive benefits of magnetic modulation. 

2.2 Protein components of FeRIC channels 

The success of using synthetic nanoparticles to produce biologically relevant 

force or heat prompted our group to consider if synthetic nanoparticles could be 

replaced by ferritin nanoparticles, leading us to develop the FeRIC strategy. This section 

reviews literature on the protein components of FeRIC ion channels: TRPV1, TRPV4, 

ferritin, and domain 5 of HKa. Focus is given to protein properties that directly influence 

experimental design and information that is important for theoretical considerations of 

FeRIC channel function. Then, FeRIC channel functionality and ferritin binding to 

TRPV1FeRIC is experimentally confirmed, though there are some notable differences in the 

survival and agonist responses between cells expressing FeRIC channels and WT 

channels. 
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2.2.1 TRPV1 

TRPV1 is best known for its role in pain signaling but is found throughout the 

body with different functions (73-76). The channel has been well studied and is a prime 

example of a polymodal ion channel. Here we give a broad overview of TRPV1 function 

and structure followed by a discussion of capsaicin and heat, channel agonists relevant 

to FeRIC experiments. 

2.2.1.1 TRPV1 function and structure 

TRPV1 is a non-selective cation channel with relative permeabilities of Ca2+ = 2 

Mg2+ = 10 Na+, K+ (15). The TRPV1 pore is quite flexible and can even be induced to 

accommodate small molecules (77). The reversal potential for TRPV1 is 0 mV under 

physiological conditions and is highly outward rectifying (78). Whole cell currents of 

TRPV1 are generally slow (100 ms), though that depends on the channel stimuli, and 

TRPV1 becomes desensitized with either prolonged (> 20 s) or repeated exposure to 

most stimuli (78, 79). There are many proteins and small molecules that affect channel 

kinetics and/or the sensitivity of TRPV1 to channel agonists (78, 80-89).  

A cryo-EM structure is available for TRPV1 and shown in Figure 11 (90). TRPV1 

assembles as a tetramer with a membrane structure similar to voltage-gated potassium 

channels (91). Four alpha-helices form the outer body of the channel followed by two 

inner-helices that make up the pore module. A membrane embedded helix, S4-S5 linker, 

connects the inner and outer helices. This linker helix acts as a piston that transmits the 
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movement of regulatory domains to the pore region. The outer and inner helices of 

different monomers interlock to form the tetramer structure. The ion permeation path 

consists of a lower small helix and an upper flexible loop that includes a selectivity filter. 

The helix and loop form separate channel gates. Coupling between the upper and lower 

gates may account for the slow kinetics and desensitization of TRPV1. 

 

Figure 1: Cryo EM structure of TRPV1. a) A color-coded ribbon diagram of a single 

TRPV1 monomer. b) The assembled channel is shown with different colors 

representing different monomers. The membrane spanning portion was measured to 

be 30 Å and the whole channel about 100 Å long and 110 Å wide. Figure and structure 

from Cao et al. (90). 

The cytosolic N- and C-terminal domains of TRPV1 are important for channel 

regulation. The N-terminal consists of several ankyrin repeat domains and the C-

terminal contains the conserved regulatory TRP domain. The two terminal domains 

interact with one another and the S4-S5 linker helix forming a regulatory surface for 

modulating TRPV1 activity. 
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2.2.1.2 TRPV1 capsaicin sensitivity 

Capsaicin is the chemical compound responsible for the burning sensation of hot 

chili peppers. Prior to the discovery of TRPV1, capsaicin was known to activate 

nociceptive neurons (92). TRPV1 was discovered by cDNA cloning screening for the 

capsaicin receptor in capsaicin sensitive neurons (15). 

  Robust capsaicin activation is specific to TRPV1. Capsaicin achieves half-

maximal current at a concentration of about 500 nM in HEK 293 cells though maximal 

calcium concentrations are achieved at much lower concentrations (80 nM), perhaps due 

to intracellular calcium release (78). Capsaicin sensitivity can be increased with other 

factors such as low pH, membrane depolarization, or other protein interactions (80, 82). 

2.2.1.3 TRPV1 heat sensitivity 

The same study that identified TRPV1 as the capsaicin receptor also identified 

TRPV1 as a temperature sensitive ion channel (15). This is not surprising given the 

similar physiological sensations of hot peppers and heat. Under physiological conditions 

TRPV1 has half-maximal activation at 42 C. The threshold for temperature activation is 

lowered in acidic environments or with membrane depolarization (93, 94). 

The underlying mechanisms of temperature sensitivity are not well understood. 

Thermodynamics requires that temperature sensitive ion channels have large changes in 

enthalpy and entropy going from an open to closed state (94-96). These changes could be 

concentrated in a temperature sensing domain, diffused across the protein or some 
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combination of the two. In TRPV1, there are key residues whose mutation ablates 

temperature sensitivity (97), but residues that affect temperature sensitivity can be 

found across the protein. 

2.2.2 TRPV4 

TRPV4 shares many features of TRPV1. It is also a non-selective cation channel 

with similar relative permeabilities (98, 99). It has a similar structure with 6 membrane 

helices and N-terminal ankyrin repeats (100). TRPV4 is not activated by capsaicin but 

there is a selective and robust synthetic agonist GSK101 (1016790A). TRPV4 is also heat 

sensitive with a lower temperature threshold of 34 C (16). If FeRIC channels are truly 

modulated by heat, TRPV4 could be a good candidate for increased magnetogenetic 

sensitivity. 

A distinct feature of TRPV4 is its sensitivity to osmolarity and mechanical force. 

TRPV4 has been shown to be directly activated by force and is found in neural 

populations that sense osmolarity or mechanical force such as the skin, kidney, and ear 

(17, 18, 101, 102). TRPV4 was selected for Magneto2.0 under the hypothesis that ferritin 

in a magnetic field would apply a force and open the channel. 

2.2.3 Ferritin: An iron storage protein 

Central to the FeRIC hypothesis is that iron stored in ferritin nanoparticles will 

interact with an AMF and influence ion channel activity. This subsection discusses the 

size and formation of the ferritin nanoparticle as well as previous biomedical 
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applications. These features are not directly considered in calcium imaging experiments 

but are important for understanding the properties of ferritin nanoparticles discussed in 

section 3.1 and the observed differences between FeRIC and WT channels. 

Eukaryotic ferritin forms a spherical protein shell made up of 24 protein 

monomers. The shell is about 12 nm in diameter and 2 nm thick (103). The shell interior 

can contain up to 4,500 ferric iron atoms, though the number varies and is on average 

half full. The iron is stored as a mineral that resembles ferrihydrite (104). There are two 

major ferritin genes, heavy ferritin (FTH) and light ferritin (FTL). They are structurally 

compatible but have different functions. For example, FTH has a ferroxidase center that 

safely oxidizes ferrous iron to ferric iron and FTL is part of the electron transfer chain 

following oxidation (105, 106). A ferritin shell usually contains both FTH and FTL 

monomers and the relative composition will affect the enclosed nanoparticle’s size and 

composition. 

Ferritin monomers consist of a four-helix bundle. When assembled in a 24-mer, 

iron enters the ferritin shell at one of the 3-fold symmetry sites, passes through an 

oxidation site, and crystalizes in the interior of the protein at a 4-fold site as shown in 

Figure 2. The release of iron can occur through mineral reduction in intact ferritin or 

through lysosomal degradation (107, 108). 
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Figure 2: The crystal structure of an assembled ferritin nanoparticle . a) The exterior of 

the protein with the 3-fold pore iron entry site highlighted in red. b) An overloaded 

ferritin nanoparticle is shown. Most ferritin are about half full. c) The iron entry, 

oxidation, and mineralization pathway. Figure from Theil (14). 

Ferritin expression is tightly controlled by ferrous iron concentration to balance 

the need for ferrous iron with its potentially damaging effects (109). Faulty iron 

regulation has pathogenic consequences and changes in ferritin regulation contribute to 

neurodegenerative diseases (110, 111). The use of endogenous ferritin is a potential 

advantage of the FeRIC channels over α-GFP-TRPV1 and Magneto2.0. Iron can also be 

delivered to cells by endocytosis of plasma ferritin by ferritin receptors (112). 

Ferritin has number of biomedical engineering applications. The protein shell is 

quite stable and can even be disassembled and reassembled in vitro (113). The iron core 

can be depleted and replaced with other iron nanoparticles (114). The ferritin shell has 

been used to produce MRI contrast agents and as a drug delivery vehicle (115-117). 
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Hysteresis heating was achieved with a cobalt-doped ferritin nanoparticle in vitro, 

though the heat produced was ~30x less than that produced to stimulate TRPV1 in deep 

brain tissue (6, 118). 

2.2.4 Domain 5 of HKa: A ferritin binding peptide 

Domain 5 of HKa is a ferritin binding domain that was placed on the C-terminal 

of TRPV1 and TRPV4 to create TRPV1FeRIC and TRPV4FeRIC. HKa is a cleavage product of 

high molecular weight kininogen that has anti-angiogenic effects, which ferritin blocks 

by binding to HKa (19). The ferritin binding site in HKa is found on domain 5 which 

forms a 120 amino acid unstructured peptide that binds to ferritin with 6.5 μM affinity in 

the presence of ferrous iron (119). Domain 5 of HKa can bind to other small molecules 

and protein targets. The binding portion of domain 5 is a histidine, lysine, glycine rich 

region whose binding depends on the presence of divalent metal ions on the exterior of 

ferritin and is independent of the nanoparticle core. 

2.2.5 Experimental evidence of ferritin binding and the effects of 
FeRIC expression on cell health. 

Functional channel expression was confirmed using capsaicin for TRPV1FeRIC and 

GSK101 for TRPV4FeRIC. Both channels responded to the agonist though the response of 

TRPV4FeRIC to high doses of GSK101 was about half that of TRPV4WT, though more 

deliberate electrophysiology experiments would be required to identify the underlying 

cause. Examples of agonist responses are shown in Figure 3 and in Chapter 4 where 
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capsaicin and GSK101 were used as positive controls for channel expression in AMF 

calcium imaging experiments. 

 

Figure 3: Average agonist response from FeRIC and WT TRPV1/4 channels. TRPV1FeRIC 

and TRPV4FeRIC responded to WT channel agonists, though the kinetics and amplitude 

of the response differed. The baseline properties were also different between the FeRIC 

and WT channels as is discussed in more detail in section 4.2.1.3 and 4.2.2.3. This shows 

that the FeRIC channels are indeed functioning ion channels but have different 

properties than WT counterparts. 

Confocal imaging of mCherry-ferritin, immunoprecipitation of FeRIC channels, 

and electron microscopy images were used to test ferritin binding. The results shown in 

Figure 13 suggest that ferritin binds to TRPV1FeRIC. 
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Figure 4: Evidence of ferritin binding TRPV1FeRIC . From top left counter-clockwise, 

electron microscopy data shows high electron density, not necessarily from ferritin, in 

cells expressing TRPV1FeRIC but not TRPV1WT. Confocal imaging shows membrane 

localization of mCherry-ferritin in cells expressing TRPV1FeRIC but not TRPV1WT. 

Immunoprecipitation shows ferritin co-precipitates with TRPV1FeRIC but not TRPV1WT. 

Taken together these suggest ferritin is localized with TRPV1FeRIC at the cell membrane. 

It was observed that cells transiently transfected with TRPV1FeRIC and TRPV4FeRIC 

survived much better than TRPV1WT or TRPV4WT. The toxicity was associated with 

elevated calcium because addition of the TRP channel blocker ruthenium red restored 

WT vitality. The increased survival of FeRIC cells could be caused by changes in the 

channel itself or its expression in the cell membrane. It is not surprising that domain 5 of 

HKa by itself, bound to ferritin or any other target would affect channel activity. Ferritin 

is about the same size as the entire TRPV1 protein and could be blocking channel 

movement or proteins that modify TRPV1’s cytosolic regulatory domains. 
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Electrophysiology experiments would provide more useful information on how FeRIC 

channels differ from WT counterparts.  

2.3 Studies with ferritin based magnetogenetic ion channels 

Including our own group, there were three independent groups that developed 

ion channels that localize with ferritin (10-13). This section describes the different 

strategies for ferritin localization, summarizes the published effects of magnetic field 

exposure, and critiques the results. The in vivo experiments are presented first to 

demonstrate that there is clearly a magnetogenetic effect with all three channels. In vitro 

experiments are then used to show the reported uncertainty of magnetogenetic effects in 

cultured cells. The reported in vitro results are not conclusive enough to conclude that 

magnetic stimuli result in direct channel activation. 

2.3.1 Summary of strategies used for ferritin localization and 
magnetic field application 

Three groups independently developed different strategies for localizing ferritin 

to TRPV1 or TRPV4 and applying a magnetic stimulus (10-13). This section describes the 

strategy used to develop and manipulate each ferritin based magnetogenetic ion 

channel. Figure 5 gives a visual summary of these three strategies. 

2.3.1.1 α-GFP-TRPV1 

Stanley et al. conjugated TRPV1 with a green fluorescent protein (GFP) antibody 

and co-expressed this channel with a GFP-ferritin (11). For simplicity, I will refer to both 
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constructs as α-GFP-TRPV1. α-GFP-TRPV1 was used with an AMF of 465 kHz and 30 

mT (11 GHz A/m) or a static magnetic field of 280 mT. The frequency and field strength 

are the same as those used with synthetic nanoparticles for AMF hysteresis heating. The 

same group later developed a similar construct with TRPV1’s selectivity filter modified 

to select for anions (12). This is referred to as α-GFP-TRPV1mutant. 

2.3.1.2 Magneto2.0 

Wheeler et al. directly fused ferritin and TRPV4 (13). The resulting construct was 

toxic, but the channel was modified to be non-toxic and trafficked to the cell membrane. 

They named the final channel Magneto2.0. Wheeler et al. studied the effects of a static 

magnetic field on this channel, ranging from 50-500 mT for different applications. 

2.3.1.3 FeRIC ion channels: 

FeRIC channels have been discussed in section 2.2. One advantage of FeRIC 

channels over the other ferritin-based magnetogenetic ion channels is that it does not 

require ferritin over-expression, which can alter iron homoeostasis and have 

pathological consequences (110). 

Our group studied TRPV1FeRIC and TRPV4FeRIC using an AMF at 175 MHz and 36 

μT (~5 GHz A/m) (10). This frequency is much higher than the ~500 kHz used for most 

hysteresis heating experiments, but the field strength was adjusted to have a similar 𝐻𝑓 

factor. 175 MHz was not chosen for theoretical reasons but because it is close to 
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frequencies used in MRI which overlapped with our lab’s equipment and experience. 

Initial success prompted us to stay with this frequency. 

 

Figure 5: Strategies for localizing ferritin to an ion channel. Stanley et al. used two 

constructs, an α-GFP-TRPV1 and a GFP-Ferritin construct (5,6). Wheeler et al. directly 

fused ferritin to TRPV4, altered the channel to improve expression and cell viability 

and named the channel is Magneto2.0 (4). Finally, Hutson et al., our work, developed 

TRPV1/4FeRIC which added a ferritin binding domain to TRPV1/4 to recruit endogenous 

ferritin (1). 

2.3.2 In vivo experiments using ferritin-based magnetogenetic ion 
channels 

Animal experiments have been done with all three ferritin-based magnetogenetic 

ion channels (10-13). Experiments were done in mice, zebrafish, and chick embryos and 

used to regulate gene expression, manipulate neuronal signaling and affect cell 

migration during embryonic developing. These experiments suggest that there is a 

magnetogenetic effect in animals expressing ferritin-based magnetogenetic ion channels 

and not in control animals. 
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2.3.2.1 In vivo experiments using α-GFP-TRPV1 

α-GFP-TRPV1 has been used to regulate blood glucose levels both by calcium-

dependent insulin expression, and by controlling ventromedial hypothalamus (VMH) 

neurons known to regulate blood glucose levels (11, 12, 120). 

In the case of insulin expression, a calcium-dependent promoter was placed in 

front of an insulin gene in mesenchymal stem cells expressing α-GFP-TRPV1. These cells 

were injected into mice. It was found that AMF exposure increased insulin expression in 

the mice (11). Similar results were obtained with expression of myristolated ferritin, 

which binds ferritin to the plasma membrane, and TRPV1WT. 

Mice with VMH neurons expressing α-GFP-TRPV1 experienced increases in 

Glucagon and blood-glucose levels when exposed to a static magnetic field or AMF 

consistent with VMH stimulation (12). An effect of similar magnitude was seen using 

optogenetic stimulation of VMH neurons. Mice expressing α-GFP-TRPV1mutant had 

insulin increase, and blood-glucose decrease with AMF exposure, indicators of 

decreased VMH activity. This bi-directional control is good evidence that an AMF can 

regulate neuronal activity in neurons expressing α-GFP-TRPV1. 

One potentially conflicting factor is heat from induction or the AMF circuit. The 

AMF used in these studies was 465 kHz and 30 mT (11 GHz A/m). This is higher than 

what has been used for channel activation with synthetic nanoparticles (7.5 GHz A/m) 

(6, 8). Theoretically, inductive heat scales quadratically with 𝐻𝑓 so one would expect 
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twice the inductive heating in these experiments. The static magnetic field was produced 

by placing animals on the bed of an MRI machine, which causes no background heating. 

Temperature controls were not shown for AMF experiments. 

 

Figure 6: Select in vivo experiments using α-GFP-TRPV1. a) Applying an AMF 

(Labelled RF) to VMH neurons expressing α-GFP-TRPV1 increased blood sugar with 

an effect size similar to optogenetic stimulation with ChR2. b) Applying an AMF to 

VMH neurons expressing α-GFP-TRPV1Mutatnt decreased blood sugar, consistent with 

VMH hyperpolarization. Figures from Stanley et al. (12). 

2.3.2.2 In vivo experiments using Magneto2.0 

The Magneto2.0 construct was used in zebrafish and freely moving mice (13). 

The channel was inserted in Rohon-Beard neurons for zebrafish studies. Intracellular 

calcium levels were measured using GCaMP3. The paper reported an increase in 

GCaMP3 intensity with a magnetic field of 50 mT. Activation of Rohon-Beard neurons 

had previously been shown to induce zebrafish to coil (121, 122). Application of a 500 

mT magnetic field increased the number of coils per minute tenfold in fish expressing 
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Magneto2.0. There was no coiling increase in fish that expressed both TRPV4 and ferritin 

unattached. 

In vivo mouse experiments expressed Magneto2.0 in neurons that express 

dopamine receptor 1 (D1R) in the medium spiny neurons of the striatum, a population 

that can be difficult to reach with optogenetics (13). Extracellular electrophysiology 

recordings were done in freely moving mice. Activity above baseline was observed in 

some recordings when mice were exposed to a 500 mT magnetic field. 45% of the slow 

firing neurons (< 5 Hz) showed increased activity while only 7 percent of fast firing 

neurons showed increased activity (> 5 HZ). D1R agonists were used as a control and 

only affected the slow firing population as well.  

The mice were then placed in a chamber that had a magnetic field on one half of 

the chamber but not the other. The mice showed preference for the half of the chamber 

with the magnetic field, behavior consistent with the firing of dopaminergic neurons. 

Behavioral tests were negative in chambers without the magnetic field and with control 

mice. 

Altogether, these experiments give strong evidence that Magneto2.0 can be used 

to modify targeted neuron populations in freely moving animals and affect their 

behavior. In vivo Magneto2.0 experiments exclusively used rare earth magnets which 

avoids the issue of potential heating. This is important for TRPV4 studies given TRPV4’s 

low temperature threshold. 
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Figure 7: Select in vivo experiments using Magneto2.0. a) Zebrafish expressing 

Magneto2.0 in Rohon-Beard neurons showed increased coiling behavior when exposed 

to a 500 mT magnetic field, consistent with past stimulation by other methods. 

Expression of untethered TRPV4 and ferritin did not show similar effects. b) Single 

unit extracellular electrophysiology recordings showed increased neuronal spiking in 

freely moving mice expressing Magneto2.0 in D1R neurons. The increased activity was 

only observed in slow firing neurons. D1R agonist also only increased firing in slow 

firing neurons. Figures from Wheeler et al. (13). 

2.3.2.3 In vivo experiments using FeRIC ion channels 

FeRIC channels were used to study congenital craniofacial defects and congenital 

heart defects (10). These defects had previously been associated with maternal 

hyperthermia, but the underlying molecular causes were unknown (123-125). Neural 

crest cell migration is a potential link between craniofacial defects and heart defects (126, 

127). Our initial studies found that TRPV1 and TRPV4 are endogenously expressed in 

neural crest cells. We hypothesized heat activation of these channels led to faulty 

migration and congenital defects. 
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We first confirmed that exposure to heat or channel agonists was able to 

reproduce the congenital defects. However, as previously discussed, chemical 

manipulation of ion channels can be misleading because of non-specific effects. FeRIC 

channels were used to resolve this uncertainty. TRPV1FeRIC was electroporated in cardiac 

neural crest cells and the embryos were exposed to an AMF 24 hours later. It was found 

that the combination of TRPV1FeRIC expression and AMF exposure produced defects at a 

high rate. The same experiments were done with TRPV4FeRIC and had similar results. 

Figure 8 gives examples of the defects caused by AMF activation of FeRIC channels and 

graphs showing the defect rate between experimental groups. 

These experiments were able to identify molecular causes behind developmental 

defects and have important implications for pregnancy. The observed heart defects are a 

clear readout and the differential defect rate in AMF-exposed embryos expressing 

TRPV1/4FeRIC is striking. This is strong evidence of a magnetogenetic effect in animals 

expressing FeRIC ion channels. One potentially conflicting factor is that the AMF 

circuitry used produced variable background heat. This dissertation addresses and 

improves that issue for further in vitro analysis as described in section 3.3. 
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Figure 8: Heart defects induced by AMF exposure of neural crest cells expressing 

TRPV1FeRIC or TRPV4FeRIC . a) Microscope images of hearts exposed to an AMF (Labeled 

RF) during neural crest cell migration. From left to right the neural crest cells were 

electroporated with mCherry, TRPV1FeRIC or TRPV4FeRIC. Note the movement of the 

aorta (Ao) from the back of the heart to the front in the TRPV1FeRIC and TRPV4FeRIC 

hearts. This condition is known as double-outlet right ventricle (DORV). b) 

Conotruncal heart defects, which include DORV, were observed at a much higher rate 

in TRPV1FeRIC hearts exposed to an AMF than in other control groups. The defect rate 

was rescued using the specific TRPV1 blocker SB3366791 (128). c) Similar increases in 

the defect rate were observed in TRPV4FeRIC hearts exposed to an AMF. Figures from 

Hutson et al. (10). 

2.3.2.4 Summary of in vivo ferritin-based magnetogenetic experiments 

All three of the experiments reported a significant magnetogenetic effect with 

clear and robust measurements. The reported effects do not give evidence of direct ion 
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channel manipulation but suggest that channel activation is at least indirectly influenced 

by a magnetogenetic effect. This is especially highlighted with the bi-directional control 

of VHM neurons expressing α-GFP-TRPV1/α-GFP-TRPV1mutant (12). There is evidence 

that magnetogenetic effects are cell specific. For example, extracellular recordings in 

mice expressing Magneto2.0 show increased spiking and depolarization in targeted 

neurons and hyperpolarization is achieved with α-GFP-TRPV1mutant (12, 13). Behavior 

and physiology are predictable based on the target population’s known effects as shown 

with zebrafish coiling in Rohon-Beard neurons, reward stimulation in dopaminergic 

neurons, specific heart defects in neural crest cells and blood glucose regulation in VMH 

neurons (120-122, 127).  

There are a few improvements to these experiments that could be made. The α-

GFP-TRPV1 experiments could benefit from additional controls of mice expressing no 

channel, TRPV1WT or TRPV1mutant alone. This would determine if the magnetogenetic 

effect is specific to α-GFP-TRPV1 or if any overexpressed cation/anion channel would 

have a similar effect (12). These controls are provided in the Magneto2.0 and FeRIC ion 

channel experiments and suggest magnetogenetic manipulation is specific to cells 

expressing ferritin-based magnetogenetic ion channels (10, 13). Experiments with an 

AMF or electromagnet have the confounding factor of background heat from induction 

or the AMF circuit. Temperature is controlled for in the FeRIC studies, but as previously 

mentioned the AMF equipment produced variable heat (10). The experiments with rare-



 

40 

earth magnets or MRI magnetic fields produce similar results without any background 

heat (12, 13). Overall, the concerns are outweighed by the substantial evidence of 

targeted magnetogenetic effects in animals expressing ferritin-based magnetogenetic ion 

channels. 

2.3.3 In vitro experiments using ferritin-based magnetogenetic ion 
channels 

This section summarizes the in vitro work done with the three ferritin-based 

magnetogenetic ion channels. Different techniques are used but there is a general trend 

that in vitro responses are less robust than in vivo results. 

2.3.3.1 In vitro experiments using α-GFP-TRPV1 

Calcium imaging was used to more directly measure the effects of AMF exposure 

on cultured N38 cells expressing α-GFP-TRPV1 as seen in Figure 9a and 9b (12). Graphs 

show the number of cells that reach a certain threshold and the time at which the 

threshold is met, but the onset and duration of the responses are not shown. These 

experiments also lack controls with cells that are not expressing α-GFP-TRPV1. 

Representative traces of electrophysiology experiments in Figure 9c show 

depolarizing currents in cells expressing α-GFP-TRPV1 exposed to a magnetic field for 

five seconds (12). Strangely, the current only starts about 5 seconds after the magnetic 

field is removed and the cause of the delay is not addressed. Figures 9d and 9e show bar 

graphs that summarize static magnetic field effects on N38 cells expressing α-GFP-

TRPV1/ α-GFP-TRPV1mutant. Depolarizing currents are generated in cells expressing α-
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GFP-TRPV1 and hyperpolarizing currents are generated in cells expressing α-GFP-

TRPV1Mutant. Calcium imaging with the static magnet field shows the effect is field 

dependent and can be blocked with the TRP blocker ruthenium red as seen in Figure 9f 

(84). Controls with cells not expressing α-GFP-TRPV1 are also missing in static magnetic 

field experiments. 

Electrophysiology of tissue explants expressing α-GFP-TRPV1 show statistically 

significant increases in both the membrane potential and firing rates when these cells are 

exposed to a magnetic field (12). Tissue slices from α-GFP-TRPV1mutant expressing 

animals show the opposite effects of hyperpolarization and decreased firing rates as 

expected. 

The in vitro studies suggest there is a magnetogenetic effect, but the delayed 

timing makes it seem unlikely that the effect is direct control of ion channel activity. It is 

also unclear if the magnetogenetic effect only applies to cells expressing α-GFP-TRPV1 

because there are no experiments shown with cells not expressing α-GFP-TRPV1. The 

analysis is also questionable because representative traces, strip charts and bar graphs 

are used instead of time traces with a mean and standard error.
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Figure 9: Select in vitro experiments using α-GFP-TRPV1. a) b) Fluo-4 calcium imaging done in cells exposed to an AMF. 

a) AMF exposed (Labelled RF) N38 cells expressing α-GFP-TRPV1 had higher maximal 𝚫𝐅/𝐅𝟎 values. b) The modal 

onset time of this response is 11-15 seconds. c)-f) Electrophysiology and calcium imaging experiments in cells exposed 

to a static magnetic field. c) Representative traces show that current increases about 5 seconds after the application of 

the magnetic field in cells expressing α-GFP-TRPV1. d) The magnetic field generates depolarizing currents for α-GFP-

TRPV1 and e) hyperpolarizing currents for α-GFP-TRPV1Mutant. f) Calcium imaging experiments show higher 𝚫𝐅/𝐅𝟎 

values with magnetic field exposure. g)-j) Electrophysiology of tissue slices: g) h) show representative traces and i) j) 

show membrane potential measurements from electrophysiology recordings of extracted tissue containing VMH 

neurons. These results show depolarization and increased spiking for α-GFP-TRPV1 and hyperpolarization and 

decreased spiking for α-GFP-TRPV1Mutant. Figures from Stanley et al. (12).
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2.3.3.2 In vitro experiments using Magneto2.0 

Calcium imaging was used to measure magnetic activation of Magneto2.0 (13). 

The signal increased almost immediately with 50 mT magnetic field application but 

persisted well after magnetic field removal. The authors attribute this to the release of 

intracellular calcium stores and showed that the increase disappears with thapsigargin, 

which depletes intracellular calcium stores. The magnetic response only occurs in a 

small proportion of cells. Tissue slices extracted from mice expressing Magneto2.0 show 

spiking in the presence of a magnetic field comparable to injecting 300 pA of current but 

with higher variability. 

The variable response that continues well after the magnetic field is removed 

raises the question of whether the magnetic field directly activates Magneto2.0 or if there 

are other factors contributing to the observed calcium increases. The strip chart in Figure 

10a shows large variability from one coverslip to the next. The time traces in Figure 10b 

show controls from separate coverslips so one cannot conclude if responding coverslips 

only showed signal increases in cells expressing Magneto2.0. These experiments were 

also done with an electromagnet which could potentially heat cells. 
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Figure 10: Select in vitro experiments using Magneto2.0. a)-c) In vitro calcium imaging 

using Fluo-4 showed increased activity in HEK 293 cells expressing Magneto2.0 when 

exposed to a 50 mT magnetic field. The increase was rapid but persisted well after 

magnetic removal. There were also large variations between experiments. Mean and 

standard error traces from a single coverslip are shown in b) and c) shows results 

averaged across 3 coverslips. d) In vitro electrophysiology recordings from mice 

expressing Magneto2.0 showed increased spiking when exposed to a magnetic field. 

The increased spiking was comparable to current injections of 300 pA. Figures from 

Wheeler et al. (13). 

2.3.3.3 In vitro experiments using FeRIC channels 

In vitro calcium imaging experiments were done using the genetically-encoded 

calcium indicator GCaMP6s to determine if TRPV1FeRIC and TRPV4FeRIC have AMF 

dependent activity (10). As presented the FeRIC experiments give convincing evidence 

of an in vitro AMF effect. The representative traces and bar graphs shown are supported 

with additional time traces in the publication. However, there are some potentially 

confounding factors in these experiments that were revealed in repeat studies. Details of 
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these experiments and confounding factors are discussed more fully in sections 3.2 and 

3.4. 

 

Figure 11: In vitro calcium imaging experiments using TRPV1FeRIC and TRPV4FeRIC. 

These experiments were done using GCaMP6s as described in section 3.2.1. a) A 

representative trace of a cell expressing TRPV1FeRIC and a bar graph showing the mean 

of the maximal increase during AMF exposure (Labeled RF). The reported results show 

a large increase in cells expressing TRPV1FeRIC vs. TRPV1WT. b) Similar results are 

reported for TRPV4FeRIC. Figure from Hutson et al. (10). 

2.3.3.4 Summary of in vitro ferritin-based magnetogenetic experiments 

The reported effects of each ferritin-based magnetogenetic ion channel are 

interesting but not conclusive. The response is reported to start several seconds after the 

magnetic field with α-GFP-TRPV1 and persists well after magnetic field removal with 

Magneto2.0. These dynamics are not typical of direct channel activity and channel 
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activation may be downstream of another magnetogenetic effect or other experimental 

factors. Another complication is that the response occurs in relatively few cells and in 

some coverslips/petri dishes but not others (10, 13). The lack of controls within the same 

coverslip/petri dish limits experimental conclusions. 

The data could be presented in a more convincingly in all the reports. The use of 

representative traces and bar graphs omits important information about variation 

between cells or coverslips and the temporal dynamics of magnetic stimulation (10, 12). 

The histogram distribution of when cells reached a certain threshold with α-GFP-TRPV1 

gives some temporal context but still does not show how the signal was trending before 

magnetic stimulation (12). 

As presented, the data suggests there is a response to magnetic stimuli in α-GFP-TRPV1 

and Magneto 2.0, though it was not consistently observed nor typical of direct ion 

channel activity. The reported effect with FeRIC channels seems the most robust, though 

there are concerns that arose in repeat analysis as will be discussed in section 3.2. 

Overall, there is a need for more systematic and complete investigation of the in vitro 

properties of ferritin-based magnetogenetic ion channels.
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3. Optimizing calcium imaging experiments 

The disparity between in vivo and in vitro results prompted us to further 

investigate the in vitro response of FeRIC channels to an AMF at 175 MHz. The first 

section of this chapter outlines ferritin’s magnetic properties and theoretical expectations 

for AMF heating of ferritin nanoparticles. A previously published simulation is used to 

illustrate that ferritin is not expected to produce meaningful heat in the presence of an 

AMF (27, 72). This leads to a discussion of how ferritin’s magnetic properties could 

possibly be genetically enhanced in future research. 

The next section reanalyzes the original experiments and describes repeat 

experiments done with the exact original protocol. It is shown that some AMF exposed 

petri dishes showed a response in most cells while other petri dishes showed no 

response. Past experiments did not include controls within the same petri dish, so it 

cannot be concluded if the responses were specific to cells expressing FeRIC channels. 

Also, because some of the cells start increasing before the AMF, it is unclear if the 

observed increases are actually caused by the AMF. There is a need to improve the 

original protocol to have better controls and experimental consistency. 

In an effort to increase experimental consistency, the AMF circuitry was 

improved. The original circuitry would shift its resonance frequency substantially from 

one experiment to the next, and the circuit would sometimes overheat. Theory was used 

to build and test better AMF circuits resulting in a stronger and more consistent AMF 
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with less circuit heating. The improved AMF circuitry did not however eliminate the 

variations observed between experiments. 

Section 3.4 addresses experimental inconsistency and identifies several non-AMF 

factors that could account for the observed increases in the original experiments. It is 

first shown that using the ratiometric dye Fura-2 over GCaMP6s improves experimental 

consistency. Cell health, the microscope light source, and ROI placement are shown to 

be confounding factors in GCaMP6s experiments, that are fully or partially addressed by 

using Fura-2. These observations are applied to calcium imaging experiments done in 

chapter 4 to more definitely determine if a 175 MHz AMF increases intracellular calcium 

in FeRIC cells. 

3.1 AMF hysteresis heating of ferritin nanoparticles 

The goal of this section is to better understand ferritin’s magnetic properties and the 

theoretical limitations of AMF heating using ferritin. The theoretical background for this 

section includes a basic introduction to magnetic materials and a model for AMF 

hysteresis heating. This theory is applied to predict the expected heating of ferritin using 

an experimentally validated simulation of hysteresis heating (27, 72). The predicted heat 

is much too small to influence FeRIC channel activity. Other known magnetic 

phenomena are also expected to be much too small (26). The underlying problem is that 

ferritin’s magnetic properties are too weak to overcome thermal background 
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fluctuations. Potential methods of genetically enhancing ferritin’s magnetic properties 

are discussed as strategies for developing more robust magnetogenetic ion channels. 

3.1.1 Types of magnetic materials 

To understand hysteresis heating, it is necessary to briefly describe different 

types of magnetic materials and how they respond to an applied magnetic field. 

Magnetism comes from the intrinsic spin and associated magnetic moment of electrons. 

Paired electrons have no net magnetic moment as their spins cancel one another. 

Magnetic moments from unpaired electrons super-impose to create a net atomic 

magnetic moment. Interactions between atomic magnetic moments determine a 

material’s overall magnetic properties. Figure 12 shows a summary of magnetic 

interactions for the types of magnetism discussed in this chapter. 

3.1.1.1 Ferromagnetism 

Ferromagnetic materials have atomic moments that reinforce one another (129). 

Coordinated regions are called magnetic domains and act as a single magnetic entity. 

The domain’s magnetic moment tends to lie in either direction along an energetically 

favorable, or easy, axis. The easy axis depends on the material’s crystal structure.  

Multiple domains form in ferromagnetic materials greater than ~100 nm in size. In the 

absence of an external magnetic field, individual domains will randomly lie along either 

direction of the easy axis and the bulk material will have no net magnetic moment. In 

the presence of a strong magnetic field, the domains will align in the same direction 
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along the easy axis, merging to form a single domain with a large magnetic moment. 

This single domain will persist even after the external magnetic field is removed creating 

a “permanent” magnet. The magnetic domain will once again fracture into multiple 

domains if the magnet is heated or exposed to a magnetic field in the opposite direction. 

The spin alignment of a magnetic material is often expressed in terms of its 

magnetization or magnetic moment per unit volume. 𝐻𝑀 plots are a common tool to 

visualize how a material’s magnetization (𝑀) responds to an external magnetic field (𝐻). 

For a ferromagnetic material, the magnetization approaches a saturation level as 𝐻 

increases and retains its magnetization as 𝐻 decreases. The 𝐻𝑀 curve for ferromagnets is 

path-dependent or exhibits hysteresis. 

One related variant of ferromagnetism is anti-ferromagnetism. Anti-

ferromagnetic materials form magnetic domains like ferromagnetic materials, but the 

atomic magnetic moments are alternately arranged within the domain (130). Above a 

material-dependent Néel temperature (TN), anti-ferromagnetic structures behave 

paramagnetically, which is explained in the next section. Below TN, the magnetic 

moments cancel one another, and the net magnetic moment is reduced as temperature is 

lowered.
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Figure 12: Cartoon representations of magnetic materials and representative 𝑯𝑴 plots.
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3.1.1.2 Paramagnetism 

Another possible arrangement for atomic magnetic moments is that they do not 

interact to form a larger domain but remain independent. This is called paramagnetism 

(129). Paramagnetism can occur both in solids such as aluminum, and small molecules 

such as O2. The individual atomic moments of paramagnetic materials randomly 

fluctuate. In the presence of an external magnetic field, the random fluctuations will 

favor alignment with the magnetic field and there will be a net magnetization. The 

magnetization is much weaker than ferromagnetism and will not persist when the field 

is removed. This is because the magnetic moments do not reinforce one another and 

rapidly adjust with field changes. The 𝐻𝑀 curve exhibits no hysteresis. 

3.1.1.3 Super-paramagnetism 

Super-paramagnetism is a mixture of ferromagnetism and paramagnetism that 

occurs in small nanoparticles. The atomic magnetic moments of a superparamagnetic 

nanoparticle interact and form a small single domain (131). The nanoparticle’s 

magnetization is fixed in magnitude but can change direction. Anisotropy in the 

nanoparticle shape will cause the magnetization to preferentially align along the easy 

axis. By overcoming an energy barrier known as the anisotropy energy, the 

magnetization can flip directions along the easy axis. Because this energy is small 

compared to thermal energy, super-paramagnetic nanoparticles will readily flip. 
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The apparent magnetization of superparamagnetic nanoparticles depends on the 

rate of magnetization flipping, 𝜈, and the frequency of the magnetic field 𝑓. If 𝑓 ≪ 𝜈 the 

particle is always in equilibrium with the magnetic field and paramagnetic behavior is 

observed. If 𝜈 ≈ 𝑓 the particle will align with the magnetic field but will only flip after 

the magnetic field has started to change directions and ferromagnetic behavior is 

observed. Finally, if 𝑓 ≫ 𝜈 the nanoparticle will be minimally affected by the magnetic 

field because it is changing too rapidly. 𝜈 depends on the particle and temperature but is 

usually on the order of 1-10 GHz. 

Another complication of super-paramagnetic nanoparticles is that the easy axis 

will not necessarily be aligned between particles or with the external magnetic field (27). 

This changes the shape of the 𝐻𝑀 curve but does not change the qualitative description. 

3.1.2 Magnetic properties of ferritin 

Ferritin nanoparticles have been well studied by physicists interested in single 

domain magnetic particles, partially because the protein shell limits interactions 

between molecules (21). Ferritin nanoparticles are mostly antiferromagnetic but surface 

and defect effects make it so about 60-70 iron atoms are not arranged 

antiferromagnetically but instead form a super-paramagnetic nanoparticle (20). Due to 

the small number of iron atoms behaving super-paramagnetically and ferritin’s small 

size, ferritin has very weak magnetic properties. 
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3.1.3 AMF hysteresis heating of super-paramagnetic nanoparticles 

The hysteresis properties of a material are relevant to hysteresis heating because 

the heat released per cycle of an AMF is proportional to the area enclosed by the 𝐻𝑀 

curve. This can be understood by tracking the magnetic energy (−𝜇0𝐻𝑀) of the 

nanoparticle in an alternating magnetic field. If the particle’s magnetic energy lowers, 

heat is released to the surroundings, and if the particle’s magnetic energy increases heat 

is taken from the surroundings. An alternating magnetic field will cause a nanoparticle 

to travel along the 𝐻𝑀 curve and change its magnetic energy along the way. A 

paramagnetic particle travels, whether the magnetic field increases or decreases, along 

the same path on the 𝐻𝑀 curve. Thus, a paramagnetic particle has not net change in 

energy and produces no heat. A ferromagnetic particle travels on a different path along 

the 𝐻𝑀 curve as the magnetic field increases or decreases and more energy is released 

than is taken up per cycle. This released energy is the source of hysteresis heating. 

Heating will vary as a function of frequency because the magnetic properties of 

superparamagnetic particles are frequency dependent. If the magnetic field is held 

constant but frequency increases, the power will increase because the 𝐻𝑀 curve 

transitions from paramagnetic behavior, to ferromagnetic behavior and then 

increasingly non-magnetic behavior. At the highest frequencies, power increases 

asymptotically because while there is less heat per cycle, there are more cycles per 

second. 
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3.1.4 Computational simulation of AMF hysteresis heating in ferritin 

Carrey et al. developed a simulation that that predicts the hysteresis heating of 

super-paramagnetic particles using the particle’s intrinsic properties (27). Chen et al. 

experimentally validated this simulation and used it to optimally design nanoparticles 

for hysteresis heating (6). I implemented this simulation as described by Carrey et al., 

tested it against the results of Chen et al., and then used it to assess the expected 

hysteresis heat generated by ferritin during AMF exposure. The simulation uses an 

assumption of ideal nanoparticles and over-estimates heating, but scaled results match 

experimental data, as shown in Figure 13.  
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Figure 13: Hysteresis heating simulation, past use and repeat validation. Top row is 

data from Chen et al. (57) and bottom row shows results from my simulation to validate 

the implementation. a) and c) show simulated hysteresis curves of magnetite iron 

nanoparticles as a function of volume. b) and d) show the predicted heating curve b) 

shows experimental measurements loosely match simulation predictions. 

3.1.4.1 Simulation implementation 

The simulation assumes the nanoparticle magnetization lies along the easy axis 

in either the up or down direction. The magnetization can change directions along the 

easy axis by overcoming an energy barrier. The size of this barrier depends on the 

nanoparticle’s anisotropy energy density 𝐾𝑎 and its volume 𝑉. The particle flips over the 

energy barrier at a rate of 𝜈 = 𝜈0𝑒
−𝐾𝑎𝑉/𝑘𝑏𝑇, where 𝜈0 is the nanoparticle’s attempt 

frequency, 𝑘𝑏 is Boltzmann’s constant, and 𝑇 is the temperature. Because the particle is 
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equally likely to flip from one side to the other without a magnetic field, there is no net 

magnetization. 

Introducing a magnetic field 𝐻 changes the energy of the two states and makes it 

easier to flip from one state to the other. The rate of flipping from one side is  𝜈1 =

𝜈0𝑒
−(𝐾𝑎𝑉+𝜇0𝐻𝑀0)/𝑘𝑏𝑇 and the rate of flipping from the other is 𝜈2 = 𝜈0𝑒

−(𝐾𝑎𝑉−𝜇0𝐻𝑀0)/𝑘𝑏𝑇, 

where 𝑀0 is the intrinsic magnetic moment of the nanoparticle. The exchange imbalance 

between the two states causes net magnetization to form. 𝐾𝑎, 𝜈0, 𝑀0 and 𝑉 can all be 

measured experimentally. 

The change in the proportion of states in the up position, 𝑝1, is equal to 
𝑑𝑝1

𝑑𝑡
=

−𝜈1𝑝1 + 𝜈2(1 − 𝑝1). The simulation generates 𝑝1 as function of time using a Runge-Kutta 

method (132). Finally, the magnetization is calculated by 𝑀 = 𝑀0(𝑝1 − (1 − 𝑝1)) =

𝑀0(2𝑝1 − 1). 𝑀(𝑡) can be plotted as a function of 𝐻(𝑡) to generate the hysteresis curves. 

The simulation was done in MatLab (Version 2017b, MathWorks, Natick MA). 

3.1.4.2 Simulation of ferritin nanoparticle hysteresis heating 

Ferritin nanoparticle properties were simulated using parameters from Madsen 

et al. and Kilcoyne et al. (20, 22). There is a wide range in measured magnetic properties 

for ferritin. This is likely a function of both technical difficulties and heterogeneity in 

ferritin nanoparticles. The Kilcoyne et al. study was relatively recent and the most 

thorough in their techniques and analysis. The parameters used for the simulation were 

𝐾𝑣 = 41 kJ/m3,𝜈0 = 5 THz, 𝑀𝑠 = 10 kA/m and a particle diameter of 5.2 nm. Note 𝜈0 is 
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much higher in ferritin than most materials, which is attributed to anti-ferromagnetic 

behavior. A magnetic field of 3.1 T was required to approach magnetic saturation. 

Figure 14 shows the hysteresis curves transition from paramagnetic, to ferromagnetic, to 

non-magnetic behavior as the frequency increases. 

 

Figure 14: The frequency dependence of ferritin’s hysteresis curve. A magnetic field 

strength of 2.5 MA/m was used to simulate 𝑯𝑴 plots at the frequencies shown. Ferritin 

doesn’t show ferromagnetic behavior below frequencies of 10 GHz. The 𝑯𝑴 curve is 

most ferromagnetic at about 1 THz 

Figures 15a and 15b show the energy per cycle and power as a function of 

frequency. The energy per cycle peaks at 1 THz and the power increases asymptotically 

as a function of frequency. The power produced by driving ferritin at saturation is very 

high, but the 𝐻𝑓 factor for these simulations is 6-8 orders of magnitude above safety 

limits or even what is physically possible. Figures 15a and 15b are only intended to show 
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limiting cases and not practical application. Reducing the magnetic field to practical 

limits reduces the power quadratically as seen in Figure 15c. Figure 15d shows the 

frequency dependence of ferritin heating at a reasonable 𝐻𝑓 factor of 10 GHz A/m. This 

is the 𝐻𝑓 factor used in the calcium imaging experiments described in chapter 4. 

With the trade-off between frequency and magnetic field strength, it seems that 

low frequency is the best option, but even the largest simulated heating at 320 MHz 

produces only 8 cal/mol⋅s. Δ𝐺 of a TRPV1 channel at 23 C is 7.13 kcal/mol (94). It would 

take 15 minutes for a single ferritin to produce this energy. Of course, the energy does 

not accumulate at the channel over that time but dissipates to the surroundings within 

ns. Hysteresis heating of natural ferritin is not a physically viable explanation for 

magnetogenetic activity. 



 

60 

 

Figure 15: Results of the ferritin hysteresis heating simulation. a) and b) show ferritin 

hysteresis heating assuming the particle is driven near saturation. The heat released 

per cycle is shown in a) and the heating power is shown in b). Near saturation 𝑯𝒇 is 6-

8 orders of magnitude above safety limits. c) shows that the power over this range 

depends on 𝑯𝟐. d) shows the estimated heating at 𝑯𝒇 = 10 GHz A/m, a safe 

experimental strength. The simulated power is largest at lower frequencies but is still 

much too small to affect TRPV1. 

3.1.5 Genetic enhancement of magnetic nanoparticles  

There is no known mechanism by which ferritin can interact with a magnetic field to 

produce the heat or force necessary to open an ion channel (26). Ferritin’s magnetic 

properties are too weak. If we accept that FeRIC and other magnetogenetic ion channels 



 

61 

are magnetosensitive, there are two possibilities: There are unknown physical 

mechanisms by which a magnetic field interacts directly or indirectly with ion channels 

or the magnetic properties of ferritin are somehow enhanced in vivo. There is no 

evidence of ferritin enhancement in vivo with ferritin-based magnetogenetic ion 

channels, but recent studies on the genetic enhancement of ferritin’s magnetic properties 

are worth considering. 

There are two factors that contribute to ferritin’s weak magnetic properties, the 

crystal structure and the size of the particle. In vitro, one can make nanoparticles that, 

instead of anti-ferromagnetic ferrihydrite structure, have ferromagnetic magnetite 

structure. The resulting particle is called magnetoferritin and has significantly enhanced 

magnetic properties (114, 116). To improve ferritin crystallinity in vivo, the magnetosome 

iron organizing peptide M6A was attached to the crystallization site of ferritin (66). 

Ferritin-M6A showed slightly enhanced magnetic properties in cells grown in normal 

conditions. In a hypoxic tumor environment, ferritin-M6A showed enhanced magnetic 

contrast that suggests there was significant magnetite formation. This was confirmed by 

ferritin-M6A expression in cells cultured in a hypoxic environment. This and the natural 

occurrence of magnetite particles in magnetosomes suggest it may be possible to 

engineer ferritin nanoparticles with ferromagnetic properties. 

Still, even synthetic magnetite nanoparticles are too small to produce heat if they 

are less than 8 nm in diameter (see Figure 13) (72). The ferritin nanocage puts limits on 
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the particle size. Overloading ferritin results in a mix of protein and iron called 

hemosiderin that is toxic and not magnetic (111, 133, 134). One possibility for increasing 

the particle size is exploiting lysosome degradation. Lysosomes degrade ferritin to 

reduce and release iron as needed (135). A recent study overexpressed ferritin receptors 

in HEK 293T cells which allowed for increased ferritin loading (136). They then added 

synthetically produced magnetoferritin to culture and it was taken up by cells. The 

surplus of magnetoferritin was trafficked to lysosomes. Inside the lysosomes, 

magnetoferritin particles interacted one with another, further increasing their magnetic 

properties. Cells with magnetoferritin entrapped in lysosomes could be magnetically 

manipulated in vitro. These methods of enhancing ferritin’s magnetic properties could be 

useful for future magnetogenetic engineering. 

3.2 Repeat experiments of in vitro FeRIC experiments 

To better understand the AMF effect, the original experiments were reanalyzed. 

Additionally, repeat experiments were done to further study the in vitro AMF response 

of cells expressing FeRIC channels. The repeat experiments used the same protocol as 

the original experiments. Both the original and repeat studies showed an AMF 

dependent increase, but the post-acquisition analysis only considered cells that 

increased during AMF application. A more general analysis showed that the mean 

GCaMP6s signal increased significantly in some petri dishes, but not others. Because 

GCaMP6s and FeRIC channel expression is highly correlated, it is unclear if the 
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observed increases are specific to cells expressing FeRIC channels. This section 

concludes there is a need to improve in vitro AMF calcium imaging to both reduce and 

control for variations between petri dishes. 

3.2.1 Original in vitro calcium imaging protocol 

The protocol used for the original in vitro FeRIC calcium imaging experiments is 

given in this section. This protocol was repeated exactly for the repeat experiments in 

section 3.2.2. The post-acquisition analysis of both the original and repeat experiments is 

reconsidered in section 3.2.3. 

3.2.1.1 Cell culture and image acquisition 

FeRIC channels were transiently expressed in HEK 293T cells along with the 

genetically-encoded calcium indicator GCaMP6s. mCherry was used as a marker for 

FeRIC channel expression with an internal ribosomal entry site. There were very few 

cells that expressed GCaMP6s but not the FeRIC channel, so controls were done in 

separate petri dishes that were only transfected with GCaMP6s. Images were taken at a 

frame rate of 1 frame/s. Cells were imaged for 1 minute and then an AMF was applied 

for six minutes. Finally, cells were exposed to 1 μM capsaicin or GSK101 one minute 

after the AMF ended to identify cells expressing exogenous TRPV channels. Almost all 

the cells with GCaMP6s signal responded to the agonist. 
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3.2.1.2 Data analysis 

ROIs were drawn in a subset of cells based on the intensity of mCherry 

expression within the cell. ROIs were placed away from the nucleus and such that the 

cell stayed in the ROI for the duration of imaging. ΔF/F0 time traces were calculated for 

each ROI. The mean of the first minute of imaging was used to establish F0. Next, ROIs 

were sorted into responsive or non-responsive groups. A responsive ROI was defined as 

having a maximal ΔF/F0 value during AMF application that was three times the standard 

deviation during baseline imaging. Roughly 20% of the ROIs across all petri dishes were 

responsive and only these ROIs were used in further analysis. 

The selected ΔF/F0 traces were corrected for activity prior to the AMF using a bi-

exponential fit. The correction was done by fitting the first minute to a bi-exponential 

curve, and then extrapolating and subtracting this fit from the entire experiment. The 

motivation for this bi-exponential correction was to correct for photobleaching. 

However, while exponential components were fixed to non-positive values to avoid 

diverging fits, the fit was not fixed to be monotonically decreasing as expected with 

photobleaching (137). After this baseline correction, the mean and standard error were 

calculated. 

3.2.2 Repeat experiments using original protocol 

38 AMF TRPV1FeRIC experiments were done using the protocol described in 

section 3.2.1. The results are shown in Figure 16. There is a clear AMF dependent 
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increase in the mean signal, though the final value is significantly less than the original 

experiments (0.06 vs 0.4, Compare Figure 11 to Figure 16). However, this analysis 

reflects only a fraction of the total cells, and the bi-exponential fit artificially flattens 

baseline activity. A more careful analysis is required to determine potential AMF effects. 

 

Figure 16: In vitro TRPV1FeRIC repeat study using the original protocol. Repeat 

experiments of GCaMP6s imaging in cells expressing TRPV1FeRIC showed an increase 

with AMF exposure. However, the analysis methods bias towards a positive result. 

3.2.3 Reanalysis of original and repeat data 

Given the uncertainty surrounding the in vitro effects of ferritin-based 

magnetogenetic ion channels, the original and repeat studies were critically evaluated to 

identify possible confounding factors. Problematic points in the original analysis are 

addressed and reanalyzed results are less convincing of an AMF effect. Further 
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exploration reveals that there are significant petri dish dependent effects that are not 

clearly AMF related. This establishes a need for further in vitro AMF FeRIC experiments. 

3.2.3.1 Addressing concerns with the original data analysis 

There are two points of concern in the original data analysis. The first is the cell 

selection, and the second is the bi-exponential correction. In the original protocol, only 

cells that increased during the AMF are considered. It would be better to consider all the 

cells and then establish if there are distinct populations with increasing GCaMP6s 

signals. Regarding the biexponential fit, a fit that is not monotonically decreasing is 

quite flexible and will remove activity unrelated to photobleaching. This gives the false 

impression that there are no changes in ΔF/F0 prior to AMF application. Both of the cell 

selection and bi-exponential correction exaggerate the reported AMF effect. 

The original and repeat data were reanalyzed using all the cells selected by 

mCherry expression and without the biexponential correction. The results are shown in 

Figure 17. With this analysis, the original experiments still have a mean increase over 

time, but the repeat experiments do not. The original experiments also seem to be 

trending upward prior to AMF application. 
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Figure 17: Results from the original and repeat experiments selecting all cells and 

without baseline correction. Standard mean and error are shown for all the cells imaged 

on the left or separated by petri dishes on the right. The original experiments show an 

average increase over time, but the repeat experiments do not. Variation between petri 

dishes is larger than the effect previously attributed to AMF exposure. 

3.2.3.2 Identification of significant petri dish dependent effects 

The original data set has a few petri dishes that increase before and after AMF 

application. This can account for the observed mean increase in the original data and but 

not repeat data. Furthermore, mean increases in ΔF/F0 were also observed in individual 

petri dishes that were not exposed to an AMF as seen in Figure 18. The need for controls 

within the same dish is apparent. Unfortunately, due to the correlation between 
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GCaMP6s and FeRIC channel transfection, the original data set does not include the 

necessary controls. 

 

Figure 18: Small increases can be observed using GCaMP6s in TRPV1FeRIC cells 

without AMF exposure. The variation between petri dishes is larger than the effect 

previously attributed to AMF exposure. 

The remainder of chapter 3 addresses potential sources of variation between 

petri dishes. Section 3.3 discusses improvements made to AMF circuitry to produce a 

stronger and more reliable AMF. These improvements did not however address the 

experimental variation. Section 3.4 demonstrates that cell health, the microscope light 
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source, and ROI selection can all produce GCaMP6s signal increases unrelated to AMF 

exposure. These issues are addressed using Fura-2 instead of GCaMP6s as a calcium 

indicator and redesigned experiments are presented in chapter 4. 

3.3 Consistent AMF generation 

The AMF circuitry used for the original FeRIC experiments produced a magnetic field 

that varied significantly from one experiment to the next and sometimes generated 

excessive heat from circuit components. The inconsistent AMF was thought to 

contribute to the variation between petri dishes discussed in section 3.2. To address this 

possibility, more reliable AMF circuitry was developed. This section outlines relevant RF 

circuit theory for optimal AMF circuit design. Then, experiments and results are shown 

that test this theory. The result is a coil with better consistency, magnetic field strength, 

and less heating compared to the AMF coils previously used. However, this did not 

eliminate the variation between petri dishes. 

3.3.1 Theoretical considerations for optimal AMF circuit design 

There are several important considerations for AMF circuit design: Matching the 

circuitry to maximize power transfer to the AMF circuit, using an 𝐿𝐶 loop to maximize 

the current for a given input power and designing the coil geometry to maximize the 

magnetic field for a given current. Factoring in these considerations, the best theoretical 

coil for calcium imaging is a small radius loop coil. 
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3.3.1.1 RF circuit elements and impedance mismatches 

Impedance mismatches between a transmission line and a connected load, such 

as an AMF coil, create voltage/current reflections. These reflections cause power to 

dissipate along the transmission line instead of being transmitted to the intended load. 

Impedance is an extension of electrical resistance that accounts for electromagnetic 

energy that is stored in the circuit in addition to energy that is dissipated (138). 

Inductors are circuit elements that store energy in a magnetic field when current is 

flowing through them. The inductance 𝐿 is a measure of the energy stored for a given 

input current. Capacitors are circuit elements that store energy in an electric field when 

there is a voltage across them. The capacitance 𝐶 is a measure of the energy stored for a 

given voltage. Resistors do not store energy but dissipate it, most often as heat. The 

overall circuit impedance is the combined effects of all inductors, capacitors, and 

resistors in a circuit. 

Most RF equipment, including the signal generator, amplifier, and coaxial cable 

used for this project, are designed to have a real impedance of 50 Ω. Power will only 

flow to the AMF circuit if it has 50 Ω real impedance as well. Additional details on RF 

circuit elements and impedance reflections are given in Appendix A. 

3.3.1.2 𝑳𝑪 loops for generating an AMF 

An AMF coil is an inductor designed to generate a magnetic field in a region of 

interest. The magnetic field strength will depend both on the current flowing through 
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the coil and the coil geometry. The best way to maximize the current at RF frequencies is 

to use a parallel 𝐿𝐶 loop. 

In a parallel 𝐿𝐶 loop, electromagnetic energy is exchanged between a capacitor 

and an inductor at a resonance frequency 𝑓𝑟 = 1/(2𝜋√𝐿𝐶). The exchange of energy in the 

inductor generates an AMF. The capacitor is called the tuning capacitor as it sets the 

coil’s resonance frequency. Interactions between a coil and its surroundings will change 

the resonance frequency because the effective impedance and capacitance is different. 

AMF circuits are often built with variable capacitors to change the frequency as needed. 

A small coil will have a more consistent resonance frequency than a large coil because a 

small coil will interact less with the surroundings. 

3.3.1.3 Matching the 𝑳𝑪 loop 

The 𝐿𝐶 loop impedance will not generally be the required 50 Ω real impedance. If 

the impedance is not matched, no power, and hence no current, will flow through the 

AMF coil. A matching capacitor is placed in series with the 𝐿𝐶 loop so that the final 

impedance is 50 Ω. The overall circuit diagram is shown in Figure 19a. 

The required capacitance to match the 50 Ω is sensitive to the surrounding 

environment. Matching capacitors are also usually variable capacitors so one can adjust 

their capacitance as needed. A spectrum analyzer or RF Sweeper can be used to measure 

the impedance of the circuit and correctly match it to 50 Ω. A small coil will have a more 

consistent match as it interacts less with the surroundings. 
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3.3.1.4 Current generated by a parallel LC loop 

The max current in an LC loop on resonance can be calculated using 

𝐼0 = √
𝑃𝑞

𝐿𝑓𝑟𝜋
= √4𝑃𝑞𝑓𝑟𝐶 𝑒𝑞. 1 

where 𝑃 is the circuit’s input power, 𝑓𝑟 is the resonance frequency, 𝑞 is the quality factor 

(
𝑓𝑟

Δ𝑓𝑟
), Δ𝑓𝑟 is the full-width half-max of the resonance peak, 𝐿 is the coil inductance and 𝐶 

is the capacitance of the tuning capacitor. A derivation of eq. 1 is given in Appendix B. 

Efficient AMF coils maximize the current, and hence the magnetic field strength, 

per watt of input power. Eq. 1 shows that one should minimize the coil inductance and 

maximize the q-factor to maximize the current. Inductance depends on the coil’s 

geometry and increases with the area of the coil. The q-factor depends on the quality of 

the coil’s materials and connections. Interactions with surrounding materials act as poor 

connections that will reduce a coil’s q-factor. Making a coil as small as practically 

possible maximizes the current in the coil by reducing the inductance and unwanted 

interactions. 

3.3.1.5 Effects of coil geometry on the magnetic field 

Coil geometry can be used to maximize the magnetic field per unit current at the 

region of interest and minimize it away from the region of interest. Minimizing the field 

away from the region of interest is desirable because stray magnetic fields can create 

eddy currents in conductive materials. The magnetic fields from eddy currents oppose 
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the magnetic field from the AMF coil. To illustrate general trends, we will consider the 

specific cases of current flowing through a wire loop or sheet solenoid (a continuous 

conductive surface folded into a solenoid). The magnetic field along the axis of these 

structures is: 

𝐵𝐿𝑜𝑜𝑝 =
𝜇0𝐼𝑅

2

2(𝑧2 + 𝑅2)
3
2

𝑒𝑞. 2 

𝐵𝑆𝑜𝑙𝑒𝑛𝑜𝑖𝑑 =
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where 𝜇0 is the permeability of free space, 𝑅 is the coil/solenoid radius, 𝑧 is the 

displacement along the coil axis, and ℎ is the height of the solenoid.  

Figure 19b shows the magnetic field per unit current in loops of different radii. 

The small radius coils have the strongest magnetic field close the coil and the magnetic 

field falls off rapidly away from the coil. The larger radius coils have a more constant 

magnetic field along the loop axis. For FeRIC channel applications the small loop coil is 

best because the magnetic field should be maximized at the cells and minimized away 

from the cells. The same rational applies to the radius of a sheet solenoid. 

Figure 19c shows the magnetic field per unit current in solenoids of different 

heights. Note changing the solenoid height doesn’t change the total current flowing 

through the solenoid but spreads it out over a larger area. The microscope stage 

prevents the cells from sitting inside the solenoid, so the magnetic field strength is 
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measured relative to the solenoid edge. The shortest solenoid, essentially a wire loop, 

produces the strongest magnetic field at the solenoid edge. Figure 19d shows that the 

magnetic field decreases from the edge of the solenoid at the same rate for all solenoid 

heights. A short solenoid or wire loop is best for our application because it gives the 

strongest magnetic field.
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Figure 19: Circuit design and the magnetic field produced by an AMF coil as a function 

of geometry. a) The matched LC circuit used for AMF exposure. b) Predicted magnetic 

field strength as a function of coil radius. The smallest radius has the strongest 

magnetic field close to the coil and falls off quickly away from the coil. c) Predicted 

magnetic field strength as a function of height. The short solenoid, essentially a wire 

loop, has the strongest magnetic field. d) All the solenoids decrease equally fast along 

the axis away from the solenoid edge. The small loop coil is ideal because it has the 

highest magnetic field per unit current at the region of interest, and the field decreases 

most rapidly away from the coil.  

3.3.1.6 Summary of theoretical considerations 

A small loop magnetic coil is the best coil in theory for several reasons: 

• The frequency is more consistent between experiments, minimizing the risk 

of accidentally being off resonance. 

• The match and thus power delivered to the coil is more consistent. 
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• There is more current per unit power because the inductance is minimized. 

• The magnetic field is stronger at the region of interest and falls off more 

quickly away from the region of interest. 

3.3.2 Methods of coil construction and testing 

The theory in section 3.3.1 is tested by building the theoretical coils discussed, 

driving them with an alternating power source and measuring the magnetic field. The 

details of these processes are contained in this section. 

3.3.2.1 Coil construction 

Plastic mounts for the coils were 3D printed. Fixed and variable capacitors, a 

BNC connector (Mouser Electronics, Mansfield TX) and a copper wire loop or sheet 

solenoid were mounted to an etched circuit board as diagramed in Figure 19a. The q-

factor, resonance frequency, and circuit impedance were measured using a spectrum 

analyzer (Agilent Technologies, Bensenville IL). The impedance and resonance 

frequency were adjusted with variable capacitors to 50 Ω and 175 MHz. 

Four coils were built to match the coils described in the theoretical section, a wire 

loop and sheet solenoid with a large radius and a wire loop and sheet solenoid with a 

small radius. The q-factor without surrounding conductive materials was about 80 for 

all the coils. Equipment and guidance were provided by Duke’s Center for In vivo 

Microscopy (CIVM). 
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3.3.2.2 RF power generation 

RF power was produced using a signal generator (Agilent Technologies, 

Bensenville IL) and amplifier (Amplifier Research, Souderton PA). The output power 

was measured by directly attaching the amplifier output to an oscilloscope (Hewlett 

Packard, Palo Alto CA). Because the initial power level decreased over 30 minutes by 

about 15%, the amplifier was run for at least 30 minutes before calibrating the magnetic 

field strength. 

3.3.2.3 AMF coil positioning and field strength measurements 

The coils were mounted on a micromanipulator and suspended above the 

imaging plane of an inverted microscope. Once in position, the resonance frequency of 

the coil was measured using an RF Sweeper (Morris Instruments, Ottawa Canada) and 

capacitors were adjusted to match and tune the coil to 175 ± 1 MHz. The AMF strength 

was measured using a calibrated shielded probe (Beehive Electronics, Sebastopol CA).  

During imaging, the small radius coils sit in the dish 2.5 mm above the glass 

bottom surface and not in contact with any buffer fluid. The objective is another 1 mm 

below. Accordingly, the AMF strength was measured 2.5 mm and 3.5 mm away from 

the coil. The large radius coils surround the petri dish and can be moved within 1.5 mm 

of the dish surface, so measurements were made 1 mm closer. The magnetic field of each 

coil was also measured with and without the objective in place to determine how the 

metal casing surrounding the objective affects AMF strength. 
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Experiments that measured the AMF as a function of position used 0.5 W of 

power. To test consistency, the probe was taken out of position, off the 

micromanipulator, mounted back on the micromanipulator, and moved back into 

position between measurements. Experiments that measured the AMF as a function of 

power were measured 1.5 mm and 2.5 mm from the probe for large and small coils 

respectively and with the objective in place. 

3.3.2.4. Rhodamine B temperature measurements 

Temperature changes caused by AMF heating with the small radius loop coil 

were measured in a petri dish full of Rhodamine B dye. The dye intensity decreases with 

increased temperature, but the signal intensity was too variable over long periods of 

time for us to perform a precise calibration. The AMF was applied for 6 minutes and 

followed by a 10-minute period without an AMF to allow the dish to cool. This cycle 

was repeated 3 times. The fluorescence intensity showed a linear increase between 

cycles, so a linear correction was performed. Relative changes were inverted so that the 

signal increased with temperature, the three AMF periods were averaged, and a low 

pass filter was applied to reduce noise. 

3.3.3 Results of AMF coil testing 

The AMF field strength dependence varied with the coil’s position and input 

power in general agreement with theory. The small radius loop coil had the best 

performance and achieves an AMF of 72 μT (10 GHz A/m at 175 MHz) with about 0.65 
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W of input power. The background heating from the coil increases as a function of input 

power. 

3.3.3.1 Magnetic field strength at relevant positions 

The AMF strength at relevant positions is shown in Table 2. The small radius 

coils deliver a much stronger magnetic field to the dish surface than the larger coils. The 

fractional decrease in the magnetic field one mm below the coil was greater for the small 

radius coils as well. Between the small radius coils, the wire loop was stronger than the 

solenoid coil. All these observations match previously discussed theory. Moving the 

objective into position adversely affects the large radius coils more than the small radius 

coils. This is expected because the magnetic field falls off more rapidly for the small coils 

and there are less interactions with the objective casing. The resonance frequency of the 

small radius coils also does not shift as much as the large radius coils for the same 

reason.
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Table 2: Magnetic field measurements at locations relevant to AMF calcium imaging experiments. The measurements 

represent the mean and standard deviation of 5 measurements at 175 MHz with 0.5 W of power delivered to the coil. 

The assembly was taken apart and put back together between measurements to assess how reliably the field could be 

generated.



 

81 

3.3.3.2 Magnetic field strength as a function of input power 

The magnetic field strength as a function of input power is shown in Figure 20. 

The small radius loop coil has the highest magnetic field strength at any given power. 

Eqs. 3-5 predict that the magnetic field will increase linearly with the square root of 

power. This is observed up until about 1 W of power for each of the coils. Beyond 1 W 

the increase is sublinear. This is because coil heat changes the circuit impedance and 

moves the coil off resonance and match. Input power above 5 W made the coil too hot to 

touch and could damage the coil’s capacitors. 

 

Figure 20: Measured magnetic field strength of tested coils. The magnetic field strength 

increases with the square root of input power as predicted. The small loop coil has the 

highest magnetic field per input power. Above 1 W input power, circuit element 

heating reduces coil performance. Measurements were made using a commercial probe 

from Beehive Electronics. 
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The small radius loop coil achieves a magnetic field of 72 μT with 0.65 W of input 

power. This gives a 𝐻𝑓 value just under 10 GHz A/m, twice the reported value in the 

original FeRIC work (5 GHz A/m), a little more than the AMF used to heat synthetic 

nanoparticles in vivo (7.5 GHz A/m), and comparable to the AMF used to stimulate α-

GFP-TRPV1 (11 GHz A/m) (6, 10, 12). 

The large loop coils only achieve 13 μT with 5 W of power. This contradicts the 

original FeRIC experiments that reported a field strength of 32 μT using a large radius 

loop coil. The discrepancy is likely due to the method of measuring the magnetic field 

strength. For the original study, the magnetic field strength was calculated from 

measured currents without considering the negative impact of metal surroundings. This 

is less reliable than directly measuring the AMF strength with a calibrated probe as done 

in repeat work. 

3.3.3.3 Heat produced by the optimized coil 

Minimizing the input power is important because heat from the circuit will affect 

physiology and change properties of the calcium indicators and microscope optics. 

Relative temperature measurements using Rhodamine B and the small radius loop coil 

at different field strengths/input powers are shown in Figure 21. The time dynamics of 

the 10 GHz A/m experiments are used to address imaging artifacts in section 4.2.1.4. 
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Figure 21: Temperature measurements of Rhodamine B solution exposed to an AMF . 

The solution was exposed to three cycles of the same AMF protocol used in calcium 

imaging for four different input powers. The data was linear corrected for baseline 

drift. The 10 GHz A/m curve was averaged and filtered to measure the timing of 

temperature changes in the dish during an AMF calcium imaging experiment. 

3.4 Other factors that contributed to experimental inconsistency 

Even after improving the AMF circuitry, there was still significant variation 

between experiments. Ratiometric imaging with Fura-2 dye was used to identify and 
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address non-AMF factors that could account for the observed increases. This section 

justifies the use of Fura-2 over the previously used GCaMP6s and then discusses how 

cell health, the microscope lamp and ROI placement can account for the observed 

increases. Cell health in particular seems like a likely cause of the observed increases in 

the original AMF FeRIC channel experiments. 

3.4.1 Advantages of Fura-2 dye over GCaMP6s 

 Basic information about Fura-2 and GCaMP6s are given in section 2.1.3.2. The 

main advantage of Fura-2 is that the 340/380 ratio is an absolute measure of calcium 

concentration for a given buffer and imaging conditions. GCaMP6s changes its 

fluorescence intensity as calcium concentration increases, but the overall intensity 

depends on both the calcium and protein concentration. Hence, the GCaMP6s signal can 

only measure relative changes in intracellular calcium. The absolute measure of Fura-2 is 

useful both for improving consistency in the images and recognizing abnormal trends. 

Figure 22 illustrates the consistency of ratiometric imaging. Note that the both 

the GCaMP6s and the Fura-2 overlay images show heterogeneity within and between 

cells. The ratio image is much more uniform both within and between cells prior to 

agonist addition. The nucleus shows slightly lower intracellular calcium in HEK 293T 

cells, so when possible, this region should be avoided for ROI measurements. The 

uniformity extends across time as well. This is demonstrated in 48 AMF exposed 

TRPV1FeRIC experiments shown in Figure 30 in section 4.2.1.4.
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Figure 22: Examples of TRPV1FeRIC transfected cell images using GCaMP6s, the Fura-2 overlay or the Fura-2 ratio. 

Separate experiments were done for GCaMP6s and Fura-2 imaging. There is intensity heterogeneity between cells in 

the GCaMP6s and the Fura-2 overlay images but less so in the Fura-2 ratio image prior to agonist addition. Note the 

change in scale in GCaMP6s images following capsaicin addition and that most visible cells responded to capsaicin. 

The Fura-2 ratio is slightly lower in the nucleus but otherwise the uniformity extends across the cell. Following capsaicin 

addition, the ratio increases in cells expressing TRPV1FeRIC.  Overall the Fura-2 ratio has higher consistency within and 

between cells and can measure calcium changes in all cells, rather than only transfected cells.
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Fura-2 dye is also useful because all cells take up the dye and non-transfected 

controls can be observed within the same petri dish, whereas the co-transfection strategy 

results in very few cells that express GCaMP6s but not the transfected channel. 

3.4.2 Cell Health 

Cell death causes significant changes in intracellular calcium signaling (139). 

Figure 23 shows that petri dishes that increased during the AMF also showed signs of 

cell death such as blebbing and transient signaling (140, 141). The blebbing and transient 

signaling were also observed in repeat experiments and those done without an AMF. 

Suspecting that there was a potential contaminant, lab-prepared buffer was replaced 

with a commercial buffer (Live Cell Imaging Solution, Thermo Fisher A14291DJ). The 

original and commercial buffer had the same ingredients but differed in composition as 

shown in Table 3. Cell blebbing and transient signaling were dramatically reduced with 

the commercial buffer. The commercial buffer was used for all future experiments. 
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Figure 23: Blebbing and transient calcium signaling in original experiments. Top row: 

Cells are shown at the start of imaging and just prior to capsaicin addition following 7 

minutes of imaging. White arrows show increased blebbing at the end of imaging. 

Bottom row: Select cells with transient calcium signaling are shown with color-coded 

ROIs on the left and fluorescent intensity traces on the right. Note original experiments 

have lower image quality because a low NA air objective was used. 

 Original Buffer (mM) 
Thermo Fisher Live Cell 

Imaging Solution (mM) 

NaCl 145 140 

KCl 5 2.5 

MgCl2 1 1 

CaCl2 2.0 1.8 

HEPES 10 20 

Glucose 10 10 (Supplemented) 

pH 7.4 7.4 

Table 3: Formulation of lab-made buffer used in original experiments and the 

commercial buffer used in later experiments.



 

88 

Intracellular calcium levels changed significantly during imaging when 

contaminated buffer was used. To prevent contamination, the commercial buffer was 

kept at 4 C and supplemented with glucose only shortly before use. The buffer became 

contaminated if supplemented with glucose and stored at room temperature for 2-3 

days. The effects of contaminated buffer are illustrated in Figure 24. Only some of the 

cells were successfully transfected with TRPV1FeRIC, but all cells showed abnormal 

behavior. The cells had initially high Fura-2 ratios that decreased during the first 5 

minutes of imaging and then increased back to elevated levels over the course of thirty 

minutes. Significant blebbing was also observed indicating there was indeed cell death. 

This pattern was seen in a second petri dish done with contaminated buffer, but not in 

five additional petri dishes prepared and imaged in fresh buffer. With fresh buffer, HEK 

293T cells showed little variation in their Fura-2 ratio prior to capsaicin/GSK101 

addition. The distribution of Fura-2 ratios in healthy cells are discussed more fully in 

sections 4.2.1.2 and 4.2.2.2. 

If imaging was started at different time points, relative changes in the 

contaminated trace could match those observed in the original experiments. Combined 

with blebbing and transient signaling, it is likely that the observed increases in the 

original experiments can at least be partially attributed to poor cell health. 
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Figure 24: Effects of contaminated buffer on intracellular calcium. Cells were 

prepared and imaged in buffer that was left at room temperature for one week. 

Images are 340 (Blue)/380 (Green) overlays shown at the time points indicated on the 

top graph and white arrows mark areas of significant blebbing. The Fura-2 ratio starts 

high, decreases, and then increases again. This is not observed in cells imaged the 

same day in a petri dish with fresh buffer. Assuming the original experiments follow 

a similar pattern as the contaminated trace, the variation between experiments could 

be caused by starting at different time points along the contamination trace. Note the 

original experiments were imaged for only 300 seconds while the contamination trace 

was imaged for about 1900 seconds before agonist addition. 
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3.4.3 Microscope objective and light source 

The microscope light source is a potential source of biased measurements. The 

GCaMP6s experiments were done with one microscope with a mercury lamp while the 

Fura-2 experiments were done with another microscope using a xenon lamp. The lamp 

intensity over 90 minutes was measured by taking images every 5 seconds of a petri-

dish containing the fluorescent dye Rhodamine 110. During the first 15 minutes the 

lamp intensity increased significantly for both lamps. If experiments are done during the 

first 15 minutes, this would cause a measured increase in the GCaMP6s signal but not 

the Fura-2 signal. Even after the warm-up period, there is still lamp instability. This 

instability could be confused with subtle changes in intracellular calcium using 

GCaMP6s whereas a ratiometric indicator would be more stable. 

A different microscope was used for Fura-2 imaging because the original 

microscope did not have 340/380 filters. The newer microscope also had a better 

objective which improved image quality as seen in Figure 25. The original GCaMPs 

experiments were done with 40x air objective with a NA of 0.4 and Fura-2 experiments 

were done with a 20x oil objective with an NA of 0.6. While poor image quality does not 

inherently bias the results to be increasing, better image quality increases SNR and helps 

identify confounding factors. 
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Figure 25: Microscope lamp stabilities. A petri dish containing a solution of 5 𝛍M 

Rhodamine 110 was imaged after turning on the imaging lamps. The lamp changes 

significantly in intensity over 15 minutes of imaging and remains unstable after this 

time. These changes in lamp intensity will affect the single-wavelength signal from 

GCaMP6s more than the ratiometric signal from Fura-2. 

3.4.4 ROI selection 

Cell movement can affect measurements during long imaging experiments. ROIs 

should be placed such that changes in ROI intensity reflect changes in calcium levels and 

not cell movement. Because Fura-2 ratio images have higher intracellular consistency 

than GCaMP6s images, it is easier to place ROIs in Fura-2 ratio images. However, one 

should always visually confirm ROI changes to make sure they are not caused by cell 

movement. The method of ROI selection used in Fura-2 experiments is described in 

section 4.1.5.1.  
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4. Calcium imaging experiments 

Having addressed previous confounding factors such as unreliable AMF circuitry and 

petri dish dependent effects, Fura-2 calcium imaging experiments were done to 

determine if there is an increase in AMF-exposed cells expressing TRPV1FeRIC or 

TRPV4FeRIC. Cells were transiently transfected and then separated out into separate petri 

dishes for Fura-2 imaging experiments with a 175 MHz AMF. 48 AMF experiments were 

done with cells expressing FeRIC channels. Additionally, 7-9 experiments were done 

with the cells expressing WT channels or with cells expressing FeRIC channels but 

without AMF exposure. 

This section first details the methods used to prepare experiments as well as the protocol 

used during imaging and analysis. Then the results are given for each channel. Cells are 

sorted based on their agonist response as an indicator of channel expression. The Fura-2 

ratio shows a slight increase in both agonist sensitive and insensitive cells. Cells are 

further sorted by pre-agonist activity to further investigate the AMF effects. Both agonist 

sensitive and insensitive cells mostly fall within a normal distribution with the same 

mean, though there is a larger number of positive outlier cells in the agonist sensitive 

populations. Normally distributed agonist sensitive and insensitive cells have almost 

identical mean time traces. With high experimental resolution it is concluded that there 

is no subtle AMF dependent effect in normally behaving cells expressing FeRIC 

channels. Outlier cells are then examined, and no AMF dependent patterns are observed 
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in any sub-population of this group. Together, these observations lead us to conclude 

that a 175 MHz AMF does not differentially affect intracellular calcium levels in HEK 

293T cells expressing FeRIC channels. 

4.1 Experimental methods and design 

4.1.1 Molecular cloning 

TRPV1FeRIC/WT and TRPV4FeRIC/WT had previously been cloned into a plvx plasmid 

with an internal ribosomal entry site followed by mCherry. Plasmids were resequenced 

to confirm the correct channels were being used for these experiments. 

4.1.2 Cell culture 

HEK 293T cells grown in a 10 cm dish in DMEM supplemented with 10% FBS 

and 1% Penicillin-Streptomycin. When cells reached about 80% confluency they were 

transfected with the channel of interest using lipofectamine LTX. At least 16 hours later 

the cells were split into 35 mm dishes with 14 mm glass bottoms that had been coated 

with 10 μM laminin the previous day. After at least another 16 hours, cells were ready to 

be imaged. 

4.1.3 Calcium imaging preparation 

Cells were washed once with 1 mL of Live Cell Imaging Solution supplemented 

to 15 mM glucose (Thermo Fisher Scientific, Waltham MA). This HEPES buffer solution 

is advertised to keep cells healthy for up to four hours at ambient conditions. Cells were 

then loaded with 1.5 mL of 5 μM Fura-2 AM dye in imaging buffer for at least 30 
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minutes at room temperature. The cells were then washed three times with 1 mL of 

imaging solution with 5 minutes between washes. The cells then rested at least 30 

minutes before being imaged in 1.5 mL of imaging buffer. Cells were at ambient 

conditions for no more than 2 hours total before imaging. Calcium levels were stable 

during imaging and consistent between experiments suggesting the cells were in good 

health. 

Prior to the first experiment, the AMF coil was mounted and measured using the 

current probe at a distance 2.5 mm from the coil. The input power was adjusted so that 

𝐻𝑓 = 10 GHz A/m. Note this is about twice the field strength of previous experiments. 

The final input power was always close to 0.5 W consistent with previous 

measurements. Then an empty glass bottom dish was used to measure the 

micromanipulator position at which the coil was 2.5 mm above the bottom of the dish. 

Prior to each experiment, the AMF coil was placed at the correct position 2.5 mm 

from the bottom of the dish. The AMF coil was not in contact with the solution. The 

frequency was checked using the RF Sweeper and the input frequency was adjusted as 

needed. The resonance frequency was reliably within 1 MHz of the intended resonance 

frequency. Experiments were done at 175 MHz but also at 150 and 162.5 MHz to address 

the possibility that the drifting frequency was important to the original FeRIC response. 
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4.1.4 Image acquisition 

The dish volume was reduced to about 1 mL so that the coil could be brought as 

close as possible without touching the liquid. Touching the coil to the dish caused 

sustained calcium increases and cell death, perhaps due to the toxicity of copper (142). 

Imaging was done using a Leica DMi8 microscope. Brightfield and mCherry images 

were taken to observe cell attachment and channel expression. Then a time series was 

done alternating between 340 nm and 380 nm excitation with 300 ms exposure time. The 

time to take both images was 3.2 seconds and imaging was done for 16 minutes. A 

graphic summary of the protocol used during imaging is shown in Figure 26. Baseline 

measurements were done for the first four minutes of imaging followed by 6 minutes of 

AMF exposure at 175 MHz and 72 μT (10 GHz A/m). After the AMF exposure the coil 

was raised out of the dish. There were 4 more minutes of imaging to observe possible 

delayed effects. Finally, 0.5 mL of imaging buffer with 10 μM capsaicin/GSK101 was 

added to the petri dish via pipette and the agonist response was monitored for 2 

minutes. 

The addition of agonist response by pipette was chosen over perfusion because it 

gives a rapid response and only a binary confirmation of channel activity was desired 

for our experiments. Furthermore, the microscope space became very crowded with the 

perfusion equipment and AMF coil. This approach rapidly excited many cells expressing 

the channel marker but caused some secondary transient effects as well. Calcium waves 
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were observed that emanated from a single cell outward to surrounding cells regardless 

of mCherry expression. Transient effects only occurred in about 10% of all petri dishes 

imaged, and usually impacted only a small portion of cells in the field of view. 

 

Figure 26: Graphical summary of timing for FeRIC channel AMF experiments. 

4.1.5 Image analysis 

4.1.5.1 ROI selection 

The Fura-2 ratio was measured in all cells that could be uniquely resolved and 

were sufficiently stationary during imaging. Cells were excluded if they could not be 

labelled with an ROI that uniquely covered the cell through the entire experiment due to 

overlapping cells or excessive movement. Otherwise all cells had an ROI regardless of 

apparent health. The ROI was placed near the halfway time of the series to limit the 

effects of cell movement. The ROI was placed in the cytoplasm if possible and 

boundaries between the cytoplasm and nucleus were avoided as the nucleus has a 

slightly lower Fura-2 ratio than the cytoplasm. The Fura-2 ratio time trace of each ROI 
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was calculated with the background fluorescence subtracted using a region without 

cells. Traces that showed changes were observed at different images through the time 

series to ensure changes were seen throughout the cell and not due to cell movement. 

Data was exported from Leica imaging software and further analyzed in MatLab. 

4.1.5.2 Sorting cells based on agonist response 

Cells were sorted based on agonist response as an indicator of channel 

expression. Following agonist addition, cells that showed a sustained increase in their 

ratio of at least 0.05 for the remainder of imaging were sorted as agonist sensitive cells. 

Cells that were selected as agonist sensitive with this criterion almost always had visible 

mCherry expression. 

Cells whose ratio did not increase by more than 0.03 with agonist addition for 

the entire rest of imaging were sorted as agonist insensitive cells. It was rare for a cell 

expressing mCherry to be sorted as agonist insensitive and when it occurred the cell was 

often visibly dying. 

Finally, there was a portion of cells that either had small or transient responses 

with capsaicin addition. All cells that did not meet the criteria for agonist sensitive or 

insensitive cells were sorted as agonist questionable cells. These responses seemed to be 

caused by non-specific effects of the agonist, such as the previously described calcium 

waves. 
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4.1.5.3 Sorting based on behavior before agonist addition 

Previous in vitro calcium imaging would suggest that if there is an AMF response 

it is difficult to detect. There are two reasons why this may be. The first is that there is a 

very small average increase across many cells that cannot be easily detected. The second 

is that there is only a sub-population that responds to the AMF. To explore both 

possibilities, cells are sorted based on their pre-capsaicin behavior and AMF effects are 

explored among different groups within the distribution. 

The Fura-2 ratio of most cells in FeRIC experiments were normally distributed 

with a mean value of 0.25 prior to agonist addition (See Figures 28 and 40). ROIs whose 

ratio fell between 0.2 and 0.3 for all time points prior to agonist addition were sorted as 

normal ROIs and ROIs that fell outside this range were outlier ROIs. 

Outlier ROIs were further divided into three groups. Flat outliers whose baseline 

Fura-2 ratio was outside the 0.2-0.3 range at some point during imaging but fluctuated 

by less than ±0.05 during the pre-agonist period. Spiking outliers were defined by being 

between 0.2 and 0.3 most the time but exhibited spiking activity during imaging prior to 

agonist addition. Finally, other outliers are outliers that did not meet the flat or spiking 

criteria. 

4.2 Calcium imaging results 

The experimental results are outlined for TRPV1FeRIC and TPRV4Feric experiments. 

Differential effects of FeRIC and WT channel expression are observed. Analysis is done 
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to identify either subtle increases across most cells expressing FeRIC channels or a sub-

population that increases significantly. Aside from a few experimental artifacts that 

affect FeRIC and non-FeRIC cells equally, there is no AMF effect observed. 

4.2.1 TRPV1FeRIC results 

TRPV1FeRIC activity with AMF exposure was measured in 16 different petri dishes 

for each of the three frequencies tested (150, 162.5, 175 MHz) as well as 9 experiments 

without AMF exposure. 8 experiments were done with TRPV1WT exposed to an AMF at 

175 MHz. 

4.2.1.1 Results of TRPV1FeRIC AMF experiments based on capsaicin sensitivity 

The capsaicin response varied significantly from one cell to the next as would be 

expected with variable channel expression. Using the criteria described in the methods 

section, 3924/10130 (39%) cells in TRPV1FeRIC AMF experiments were capsaicin sensitive, 

5395/10130 (53%) were capsaicin insensitive, and 811/10130 (8%) were capsaicin 

questionable. 

The mean and standard error of these three groups is shown in Figure 27. The 

capsaicin positive cells have the highest average of the three groups even prior to 

agonist addition. Interestingly, there is a small but measurable increase in the Fura-2 

ratio across all cells imaged. This is addressed in section 4.2.1.4. 
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Figure 27: Mean and standard error of the Fura-2 ratio in all cells in TRPV1FeRIC AMF 

experiments sorted by capsaicin response. The cells were sorted into three groups, 

capsaicin sensitive, capsaicin insensitive, and capsaicin questionable as described in 

the text. Capsaicin sensitive and questionable cells had higher baseline levels. All three 

traces increased during AMF application. 
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4.2.1.2 Fura-2 ratio distribution of TRPV1FeRIC AMF experiments prior to capsaicin 

addition 

Figure 28 gives histograms that show the Fura-2 ratio distribution of cells in 

TRPV1FeRIC AMF experiments. The distributions are shown at time points directly before 

and after AMF application. The cells in both capsaicin sensitive and capsaicin insensitive 

groups are normally distributed with a mean ratio close to 0.25. The capsaicin positive 

distribution has a larger right tail which accounts for the its mean ratio being higher 

than capsaicin negative cells. 

Overall 95% of cells fell in this normal distribution. Among capsaicin sensitive 

cells 3924 (90%) cells were normal. Among capsaicin insensitive cells 5208/5395 (97%) 

cells were normal. Among capsaicin questionable cells 749/811 (92%) cells were normal. 
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Figure 28: Distribution of the Fura-2 ratio of cells in TRPV1FeRIC AMF experiments. A 

large majority of cells in the both the capsaicin sensitive and insensitive groups fell 

within the same normal distribution. Red lines represent normal fits to the ratio 

distribution between 0.2 and 0.3. The capsaicin sensitive cells show a slightly elevated 

right tail that accounts for their higher baseline average. The normal and outlier cells 

are separated in further analysis to determine if there is a distinct AMF FeRIC response 

across many cells, or if there is a subpopulation of FeRIC cells that respond to an AMF. 
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4.2.1.3 Comparison to the Fura-2 ratio distribution of TRPV1WT experiments 

Experiments were done with TRPV1WT as well to determine if there were 

differences in baseline calcium levels between the two channels and to control against 

any observed AMF effects. As previously mentioned, there was significant cell death 

among TRPV1WT cells. This was reflected in the capsaicin sensitivity. 196/2046 (10%) cells 

were capsaicin sensitive, 1682/2046 (82%) cells were capsaicin insensitive and 168/2046 

(8%) cells were capsaicin questionable. The histogram distribution of TRPV1WT capsaicin 

sensitive cells is also interesting because the normal distribution is similar to capsaicin 

insensitive cells from the lower side but the distribution in the upper half is truncated. 

Perhaps once a baseline calcium concentration threshold is exceeded, cells 

overexpressing TRPV1WT do not survive. AMF exposure did not produce any effects 

different than the general AMF increase also seen in TRPV1FeRIC.  

The differential expression of TRPV1WT is important because it demonstrates that 

TRPV1FeRIC is an inherently different channel. TRPV1WT was tested for AMF effects but 

none were observed other than the small increase previously mentioned and to be 

addressed in 4.2.1.4. 
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Figure 29: Distribution of the Fura-2 ratio in capsaicin sensitive and capsaicin 

insensitive cells in TRPV1WT AMF experiments. The distribution of the Fura-2 ratio of 

capsaicin insensitive cells is the same normal distribution observed in TRPV1FeRIC 

experiments, but the capsaicin sensitive Fura-2 ratio distribution is asymmetric with 

less cells on the upper half and with more outliers. This shows that TRPV1FeRIC and 

TRPV1WT are different channels with differential effects on baseline intracellular 

calcium levels. 
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4.2.1.4 Results of normally distributed cells in TRPV1FeRIC AMF experiments 

The exclusion of outliers increases experimental resolution, so the normally 

distributed population is examined to determine if there is a small increase in calcium 

concentration across many cells. Differences were explored between capsaicin positive 

and capsaicin negative cells. The low number of capsaicin questionable cells excluded 

them from this analysis. 

Consistency of normally distributed cells in TRPV1FeRIC AMF experiments 

As discussed in section 3.4, the use of commercial buffer and Fura-2 significantly 

improved consistency from one experiment to the next. Figure 30 shows the mean and 

standard error of all the normally distributed cells grouped by petri dish. One can 

visually confirm that measurements between petri dishes are similar. In some 

experiments there is a sharp increase at 600 seconds. This is the time that the coil was 

lifted out of the dish exposing the cells to any background light in the room. 
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Figure 30: Mean and standard error of Fura-2 ratios of cells within the same petri dish 

in TRPV1FeRIC AMF experiments. There are differences in the baseline ratio between 

dishes, but the trend is consistent. Data can be reasonably combined across multiple 

dishes to assess AMF effects. 

It is still best practice to avoid over-representation of a single experiment. Images 

across petri dishes had varying cell densities and transfection efficiencies. If all cells 

were used, petri dishes with high densities and transfection efficiencies would be over-

represented. To account for this a random number generator selected 25 normally 

distributed capsaicin sensitive cells and 25 normally distributed capsaicin insensitive 

cells from each petri dish. 25 was close to the sample size for dishes with the lowest 

density/transfection. 

Effects of frequency variation 

The original FeRIC experiments were done with coils whose resonance frequency 

varied between 150-175 MHz between experiments. To address the possibility that this 

frequency change was important to a magnetogenetic effect, experiments were done at 
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150, 162.5 and 175 MHz. The first two rows of Figure 31 show that the three frequencies 

behave similarly in the capsaicin sensitive and capsaicin insensitive groups though 

baseline values vary. The difference between the capsaicin sensitivity groups is shown in 

the last row of Figure 31. Though capsaicin positive cells in the 150 MHz group have a 

slightly higher baseline, no statistically significant increases are observed between the 

three groups during AMF application. Results from different frequencies were pooled 

for further analysis. 
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Figure 31: Mean and standard error of the Fura-2 ratio among normal cells in TRPV1FeRIC 

AMF experiments as a function of frequency. There were baseline differences between 

the different frequencies but none of the frequencies tested showed a statistical 

difference between capsaicin sensitive and insensitive cells at any point prior to 

agonist addition. No increase was observed in cells not exposed to an AMF confirming 

that the increase was indeed related to AMF exposure. Average time trace and statistical 

power of detection 
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The Fura-2 ratio mean and standard error of all normally distributed cells from 

TRPV1FeRIC AMF experiments are shown in Figure 32. There is not any statistically 

significant difference between the capsaicin sensitive and insensitive groups during 

AMF exposure. Given a false positive rate of 𝛼 = 0.05, statistical power of 𝛽 = 0.99, and 

a sample size of 1,200 cells, we can detect a treatment effect of  
𝜇1−𝜇2

𝜎
= 0.18. Expressed as 

a ratio our experiments could resolve ratio differences as low as 0.003. 
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Figure 32: Mean and standard error of the Fura-2 ratio from normal cells in AMF 

exposed TRPV1FeRIC experiments. There is a clear AMF increase in both capsaicin 

sensitive and capsaicin insensitive cells. There is no statistically significant difference 

between the two groups at any time prior to adding capsaicin. 

Cause of the ratio increase in all AMF exposed cells. 

There is clear AMF-dependent increase in the Fura-2 ratio observed across all 

cells. Scaled together, the Fura-2 ratio matches the temperature changes from the 
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Rhodamine B temperature measurements of Figure 21. This suggests that temperature 

could be the underlying cause of the ratio increase. 

 

Figure 33: Observed Fura-2 increases correlate with measured temperature. The same 

plot in Figure 32 is shown with scaled temperature measurements from Figure 21. This 

suggests that temperature is the cause of the AMF related Fura-2 ratio increase seen 

across all cells. 

One possibility is that the observed ratio changes come from the temperature-

dependence of the disassociation constant between Fura-2 and Ca2+. AMF experiments 

were done using a 100 nM free Ca2+ Ca/EGTA solution from a Fura-2 calibration kit 

(Thermo Fisher Scientific, Waltham MA). There was significant photobleaching but also 

a clear AMF dependent increase in the Fura-2 ratio as shown in Figure 34. Note, there is 

a change in free calcium due to the temperature dependence of Ca/EGTA binding as 

well. A monotonically decreasing bi-exponential correction was applied using data 

points prior to the AMF and 4 minutes after the AMF. The corrected trace shows similar 

changes to those observed during the AMF FeRIC experiments. These changes were not 
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observed in zero free Ca2+ solution. This demonstrates that the observed ratio changes 

likely result from the temperature dependence of Fura-2 calcium binding and not subtle 

channel activity. 

 

Figure 34: Effects of AMF exposure on a Fura-2 calibration solution. The solution 

contained Fura-2 in 100 nM or zero free Ca2+ solution. The measured ratios were 

different and showed significant photobleaching that could be corrected using a bi-

exponential fit. Once corrected, it is clear the AMF affects the Fura-2 ratio for the 100 

nM solution but not the Ca2+ free solution. This supports the hypothesis that the 

observed changes are caused by temperature-dependent shifts of the Fura-2 Kd. 
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4.2.1.5 Results of outlier cells in TRPV1FeRIC AMF experiments 

There are 656/10130 (6.5%) outlier cells (capsaicin questionable cells included). If 

there is a sub-population of cells that responds to an AMF, it will be found among these 

cells. Figure 35 shows the number of cells that meet the outlier criteria (Ratio outside 0.2-

0.3) as a function of time for different capsaicin groups. There is a slight increase in the 

percentage of outlier cells during AMF that can likely be attributed to the cells that were 

just below the 0.3 cutoff and were raised above the cutoff by the previously discussed 

AMF effect seen in all cells. 

 

Figure 35: Percentage of outlier cells in TRPV1FeRIC AMF experiments sorted by 

capsaicin response. The number of outliers increases only slightly with AMF 

application which can be accounted for by the AMF increase seen in all cells. 

Flat Outliers 

There were 508/656 (77%) flat outlier cells. These cells were sorted by their 

minimum or maximum ratio prior to capsaicin addition. The four groups were: 

1) 𝑅𝑚𝑖𝑛 < 0.2, 2) 0.3 < 𝑅𝑚𝑎𝑥 < 0.4, 3) 0.4 < 𝑅𝑚𝑎𝑥 < 0.5, 4) 𝑅𝑚𝑎𝑥 < 0.5 
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Within each band, the mean and standard error was plotted for capsaicin sensitive, 

insensitive, and questionable cells. Some of the bands had few or no cells of a given 

capsaicin response. Only the 0.3-0.4 group clearly showed the AMF dependent increase 

seen in the normal cells. This may be due to the higher numbers (369/508 flat outliers) in 

this group compared to the others. 
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Figure 36: Mean and standard error of the Fura-2 ratio from flat outlier cells in 

TRPV1FeRIC AMF experiments . The flat outliers were sorted by baseline ratio.  

Row 1: 𝑹𝒎𝒊𝒏 < 0.2 Row 2: 0.3 < 𝑹𝒎𝒂𝒙 < 0.4 

Row 3: 0.4 < 𝑹𝒎𝒂𝒙 < 0.5Row 4: 𝑹𝒎𝒂𝒙 < 0.5 
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Spiking Outliers 

There were only 28 spiking outlier cells. They are shown in Figure 37. Most of the 

spiking events were calcium waves that initiated with a single cell and spread outward 

to all cells regardless of channel marker expression or capsaicin response. Spiking 

activity does not seem to be related to the AMF. Most the cells that showed transient 

spiking were capsaicin insensitive. One possible explanation of that phenomena is that 

spiking led to longer responses in capsaicin sensitive cells. 

 

Figure 37: Transient spiking in AMF TRPV1FeRIC experiments. There is not an obvious 

relation with AMF timing. Spiking seems more common in capsaicin insensitive cells. 

Other Outliers 

There were 120 outlier cells that did not fit in any of the analyzed groups. They 

were sorted by their difference in the mean Fura-2 ratio during AMF exposure from the 
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mean ratio prior to AMF exposure. Of these, 38 cells had an increase in their mean Fura-

2 ratio during the AMF. They are all shown in Figure 38. There is little correlation with 

AMF timing. 

 

Figure 38: Other outliers whose mean Fura-2 ratio increased during TRPV1FeRIC AMF 

experiments. Individual ROI traces are shown. Numbers show the ranking of mean 

Fura-2 ratio increases during the AMF, 1 being the highest. There is no evident 

correlation with these cells and AMF application. 

4.2.1.6 Summary of TRPV1FeRIC results 

Cells from 48 different petri dishes transfected with TRPV1FeRIC were analyzed for 

subtle AMF effects across many cells, or a sub-population of cells with an AMF effect. It 
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is observed that the TRPV1FeRIC baseline calcium distribution is different than the 

TRPV1WT baseline calcium distribution, supporting that FeRIC channels have distinct 

properties from WT channels. There were no differential AMF effects in normally 

distributed cells or outlier cells expressing TRPV1FeRIC. There was an AMF dependent 

increase in the Fura-2 ratio that likely comes from the temperature dependence of Fura-2 

calcium binding. This leads us to conclude that an AMF at the tested frequencies does 

not affect TRPV1FeRIC channel activity in cultured HEK 293T cells. 

4.2.2 TRPV4FeRIC results 

The same approach applied to TRPV1FeRIC is applied to TRPV4FeRIC. 48 total 

experiments were done with an AMF at 150, 162.5, and 175 MHz. 7 experiments were 

done with TRPV4WT as well. 

4.2.2.1 Results of TRPV4FeRIC AMF experiments based on capsaicin sensitivity 

Cells were sorted based on their GSK101 response as an indicator of TRPV4FeRIC 

expression. There were 3644/14501 (15%) GSK101 sensitive cells, 9244/14501 (74%) 

GSK101 insensitive cells, and 1613/14501 (11%) GSK101 questionable cells. The high 

number of total and GSK insensitive cells compared to capsaicin insensitive cells in 

TRPV1FeRIC is probably due to variance in plating density and transfection efficiency. The 

higher number of GSK101 questionable cells reflects that the GSK101 response in 

TRPV4FeRIC cells was smaller and slower than the capsaicin response in TRPV1FeRIC as 

discussed in section 2.2.5 The supposed temperature dependent AMF increase doesn’t 
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decrease as quickly in the TRPV4FeRIC experiments as it did for the TRPV1FeRIC 

experiments. This is not likely related to the TRPV4FeRIC channel as this was observed in 

both GSK101 sensitive and insensitive cells. 

 

Figure 39: Mean and standard error of the Fura-2 ratio in all cells in TRPV4FeRIC AMF 

experiments. The cells were sorted into three groups, GSK101 sensitive, GSK101 

insensitive, and GSK101 questionable. There is an AMF dependent increase in 

TRPV4FeRIC experiments, but it does not decrease as quickly as it does in the TRPV1FeRIC 

experiments. 
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4.2.2.2 Fura-2 ratio distribution of TRPV4FeRIC AMF experiments prior to GSK101 

addition  

Histograms show normal distributions in both GSK101 sensitive and insensitive 

cells. 13337/14501 (92%) cells were normally distributed among which 3306/3644 (90%) 

GSK101 sensitive cells were normally distributed, 8665/9244 (94%) GSK insensitive cells 

were normally distributed and 1366/1613 (85%) GSK questionable cells were normally 

distributed. The outlier cells are much closer to the normal distribution, which explains 

why the standard error is so much smaller in Figure 39 compared to Figure 27. 
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Figure 40: Distribution of the Fura-2 ratio of cells in TRPV4FeRIC AMF experiments. Red 

lines represent normal fits to the ratio distribution between 0.2 and 0.3.  Both 

distributions are normal with GSK101 sensitive cells having a slightly elevated tail like 

TRPV1FeRIC capsaicin sensitive cells. 

4.2.2.3 Comparison to the ratio distribution of TRPV4WT experiments 

The TRPV4WT distribution of GSK101 sensitive cells was much different than 

TRPV4FeRIC. Among TRPV4WT experiments, there were 272/1110 (25 %) cells that were 

GSK101 sensitive, 766/1100 (69 %) cells that were GSK101 insensitive, and 72/1110 (6%) 
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cells that were GSK101 questionable. The Fura-2 ratio distribution of TRPV4WT GSK101 

sensitive cells is completely different from the GSK insensitive cells as seen in Figure 42. 

It is also worth repeating that the GSK101 response was much weaker in TRPV4FeRIC cells 

than in TRPV4WT cells as seen in Figure 3. There were no notable differences in the 

TRPV4WT AMF response. 

 

Figure 41: Distribution of the Fura-2 ratio of cells in AMF exposed TRPV4WT 

experiments. Red lines represent normal fits to the ratio distribution between 0.2 and 

0.3. The distribution in GSK 101 sensitive cells is completely different than the 

distribution of GSK101 sensitive cells in TRPV4FeRIC. 

4.2.2.4 Results of normally distributed cells in TRPV4FeRIC AMF experiments 

There were no frequency dependent effects, and the pooled experiments are 

shown in Figure 42. The average Fura-2 ratio continues to increase after the AMF is 

turned off, though this effect was not observed in all experiments. 
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Figure 42:  Mean and standard error of the Fura-2 ratio from normal cells in AMF 

exposed TRPV4FeRIC experiments. There is no statistically significant difference 

between GSK101 sensitive and GSK101 insensitive cells. The AMF dependent increase 

in all cells continues past the AMF for TRPV4FeRIC experiments. 

The increase observed after the AMF is interesting but is not consistently seen in 

all experiments. Further experiments would have to be done to determine if this increase 

is related to the AMF or just an experimental artifact. Regardless, no differential effects 

are observed between GSK101 sensitivity groups.  
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4.2.2.5 Results of outlier cells in TRPV4FeRIC AMF experiments 

The percentage of outliers in TRPV4FeRIC AMF experiments as a function of time 

is shown in Figure 43. More detailed analysis of the outliers was done as with TRPV1FeRIC 

but there are no notable observations. 

 

Figure 43: Percentage of outlier cells in TRPV4FeRIC AMF experiments sorted by 

frequency response. The number of outliers increased during the AMF and persisted 

after the AMF, especially in the GSK101 insensitive cells. 

4.2.2.6 Summary of TRPV4FeRIC results 

Cells of 48 petri dishes transfected with TRPV4FeRIC were exposed to an AMF and 

imaged. There were large differences in the baseline calcium distribution between 

TRPV4FeRIC and TRPV4WT, demonstrating once again that FeRIC channel expression has 

different effects than expression of WT counterparts. There is no AMF dependent effect 

observed in the normally distributed cells or in the outlier cells. This leads us to 

conclude that like TRPV1FeRIC, an AMF at the tested frequencies does not affect 

TRPV4FeRIC channel activity in cultured HEK 293T cells.
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5. Conclusions 

In an open letter on magnetogenetics, Polina Anikeeva and Alan Jasanoff from 

MIT challenge the field to critically re-examine previously reported magnetogenetic 

effects (143). The dissertation attempts to meet this call for in vitro studies of TRPV1FeRIC 

and TRPV4FeRIC.  By revisiting the original experiments, it was found that the GCaMP6s 

signal increases were concentrated in a few petri dishes. There were signs of poor cell 

health in those petri dishes and the co-transfection of FeRIC channels and GCaMP6s 

prevented one from observing changes in cells not expressing FeRIC channels. Hence, it 

was unclear if the observed increases were specific to FeRIC channels or even caused by 

the AMF. New experiments used a better AMF circuit, healthier cells and Fura-2 calcium 

indicator. These factors provided the necessary controls within the same petri dish and 

increased the experimental consistency. Careful analysis was done to address the 

possibility that there is a subtle increase across all FeRIC-expressing cells, or a sub-

population that increased significantly. Contrary to previous findings, the results show 

that a 175 MHz AMF produces no effect on intracellular calcium in cells expressing 

FeRIC channels. 

While this dissertation may be limited in scope, it serves as an essential building 

block for understanding FeRIC channels. The lack of an AMF effect in vitro is countered 

by a clear effect in vivo. Though the underlying mechanism is unknown, an AMF 

produced heart defects at a high rate in chicks with neural crest cells expressing FeRIC 
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channels. The differential effects in vivo and in vitro may arise from one of three potential 

scenarios: Ferritin bound to FeRIC channels has enhanced magnetic properties in vivo 

allowing an AMF to generate nanoparticle heat or forces that exceed background 

thermal energy; The magnetic field alters radical pairs found in ferritin which leads to 

downstream signaling in vivo but not in vitro; Finally, the time varying electrical fields or 

background heat from inductive heating or circuit components may initiate signaling 

pathways in the in vivo model that are not present in vitro. Each of these scenarios is 

discussed below. 

As shown in the experimental work in section 3.2, ferritin nanoparticles are too 

magnetically weak to produce the heat or force necessary to open an ion channel in vitro 

but enhanced magnetic nanoparticles could produce the necessary heat or force (6, 26, 

68). Both magnetosome formation and lysosomal enhancement of ferritin nanoparticles 

rely on encasing nanoparticles in lipid vesicles. Perhaps the localization of ferritin to the 

plasma membrane in vivo initiates a process by which ferritin is encapsulated and 

somehow magnetically enhanced. Such magnetic nanoparticles could be detected by 

histology or SQUID interferometers (66, 67). 

Another possibility is that the magnetic field does not produce substantial heat 

or force but causes transitions from singlet to triplet radical pairs (144). Radical iron 

chemistry in ferritin could provide the radical pairs necessary for this transition. This 

magnetic-field dependent chemistry has been proposed as a method for guiding 
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migratory birds with earth’s magnetic field (145). There is no established mechanism by 

which triplet radical pairs could regulate migration patterns, but the necessary 

components may be conserved in avian but not mammalian cells. 

Another possibility is that the presence of an AMF generates effects in vivo, but 

accompanying physical phenomena are the driving factors. An AMF necessarily creates 

an alternating electric field. Recent work on shark electroreception has shown that low-

threshold voltage-gated calcium channels can detect even faint electrical activity from 

outside sources (146). Perhaps an AMF triggers differential effects in signaling proteins 

found in vivo but not in vitro and the downstream effects are different in cells expressing 

FeRIC channels rather than cells expressing WT or no exogenous channels. The 

background heat from AMF circuitry could also have differential in vivo effects in FeRIC 

expressing cells. 

Regardless the physical mechanism, the biological underpinnings are also unclear. The 

in vivo chick embryo study was the first to establish a direct link between calcium 

signaling and neural crest defects, though circumstantial evidence from other causes of 

neural crest defects, such as increased homocysteine, fetal alcohol syndrome and 

Timothy syndrome, support this claim (10, 147-149). It also may be that the AMF-

induced neural crest defects are not caused by calcium signaling. The primary known 

teratogen for neural crest defects is retinoic acid (150). Retinoic acid can form radical 

compounds and perhaps lipid-bound ferritin, a magnetic field or both affect radical 
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species formation. As previously mentioned, a magnetic field can affect the radical 

singlet to triplet distribution which may be relevant to the observed neural crest defects. 

Interactions between retinoic acid radicals can affect biological processes, but a direct 

relation to neural crest defects is unclear (151, 152). 

The theoretical uncertainty requires further experimental evidence at multiple 

biological levels: the channel, in cell culture, and in simple and complex animal models. 

On the channel level, electrophysiology should be done on all the ferritin-based 

magnetogenetic channels to compare their properties to WT TRPV1 or TRPV4 channels. 

The limited observations made in this dissertation suggest that there are significant 

differences between the ferritin-bound and WT channels and these differences could be 

key in understanding responses to magnetic stimuli. It could be that there is a general 

magnetogenetic effect across all cells but cells expressing FeRIC ion channels respond 

differentially. 

There should also be efforts to continue developing magnetogenetic ion 

channels. The cellular methods for enhancing ferritin’s magnetic properties are 

promising and perhaps there is a way to link these events to a single genetic strategy (66, 

136). Other strategies unrelated to ferritin could prove fruitful as well. 

Research should be continued in cells and animals at all levels of complexity. 

HEK 293T cells are routinely used for ion channel studies because they are relatively 

minimal systems, yet perhaps there is something missing in this minimal system that is 
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necessary for FeRIC or other magnetogenetic channels to function. Exploring more 

complex cell types or simple animals like C. elegans could provide context clues about 

where ferritin-based magnetogenetic ion channels can be used. A minimal system would 

provide a platform for which one could observe and study magnetogenetic effects and 

optimize channel responses. 

Although the development of a minimal system for a magnetogenetic response 

would increase confidence, identifying the molecular mechanisms involved would be 

difficult. Just as magnetosomes cannot be replicated outside magnetotactic bacteria, the 

required elements for magnetogenetic channel effects may not be easily transferable (3). 

If this is the case, more experiments in complex animals are necessary to help define 

when magnetogenetic channels can be used and when they can’t.  

Though considerable challenges remain, the promise of magnetogenetics is 

bolstered by the evidence that animals use the Earth’s weak magnetic field to travel 

across the world. This unexplained yet readily observed phenomena suggests that 

magnetogenetic modulation of biological processes is possible. The mechanism, 

however, remains elusive.
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Appendix A: Detailed description of RF circuit elements 
and impedance matching 

Maxwell’s equations dictate that all electromagnetic phenomena propagate as 

waves, but at lower frequencies, wave properties can be ignored with minimal 

consequences. As frequency increases, the wave properties of voltage and current 

cannot be ignored and one must account for circuit impedance. 

Mathematically, an RF circuit’s current (𝐼) and voltage (𝑉) are conveniently 

expressed as complex exponentials. 

𝐼(𝑥, 𝑡) = 𝑅𝑒(𝐼0𝑒
𝑖(𝑘𝑥−𝜔𝑡+𝜙𝐼)) 𝑒𝑞. 4 

𝑉(𝑥, 𝑡) = 𝑅𝑒(𝑉0𝑒
𝑖(𝑘𝑥−𝜔𝑡+𝜙𝑉)) 𝑒𝑞. 5 

 

𝐼0 and 𝑉0 are the max values of the current and voltage respectively. 𝜔 is the 

angular frequency of the signal or 2𝜋 times the frequency 𝑓. 𝑘 =
𝑠

𝜔
, where 𝑠 is the speed 

of the wave, which depends on the wire. For reference, 𝑠 ≈
2

3
 the speed of light in a 

copper coaxial cable. 𝜙𝐼/𝑉  is a phase constant giving the relative position of the wave 

peak. Note that 𝑉 and 𝐼 have the same frequency and wavenumber but can have 

different phase constants. The impedance (𝑍) of a circuit is 𝑉/𝐼. As both 𝑉 and 𝐼 are 

complex, 𝑍 is also generally complex and the impedance phase represents the 

lag/advance of the voltage relative to the current. 
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The amount of energy stored in an inductor depends its geometry, the magnetic 

susceptibility of the surroundings, and the amount of current flowing through the 

inductor. Inductance is defined as the magnetic flux per unit current and depends only 

on the circuit geometry and magnetic susceptibility of the surroundings. By Faraday’s 

law we know that an alternating magnetic flux produces a voltage of 𝑉 =-
𝑑Φ

𝑑𝑡
 , where Φ 

is the magnetic flux. Using eq. 4, the instantaneous voltage across the inductor for a 

given frequency is 𝑉 = −𝐿
𝑑𝐼

𝑑𝑡
= 𝑖𝜔𝐿𝐼. The impedance is 𝑍𝑖𝑛𝑑𝑢𝑐𝑡𝑜𝑟=

𝑉

𝐼
= 𝑖𝜔𝐿. The imaginary 

factor 𝑖 indicates that the voltage is ahead of the current by a quarter cycle because 𝑖 =

𝑒𝑖𝜋/2 by Euler’s formula. 

The amount of energy stored in a capacitor depends on the geometry of the 

capacitor, insulating material, and total charge on the capacitor. The capacitance of a 

capacitor gives the charge (𝑄) per volt, i.e. 𝑄/𝐶 = 𝑉. With flowing current, the total 

accumulated charge 𝑄 = ∫ 𝐼𝑑𝑡. Therefore, using eq. 4, the instantaneous voltage across 

the capacitor is 𝑉 =
1

𝐶
∫ 𝐼𝑑𝑡 =

−𝑖

𝐶𝜔
𝐼. The impedance is 𝑍𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑜𝑟 =

𝑉

𝐼
=

−𝑖

𝐶𝜔
. The imaginary 

factor −𝑖 indicates that the voltage lags the current by a quarter cycle. 

The impedance of a resistor is frequency independent and is just the direct 

current (DC) resistance value 𝑅. The impedance is always real and there is no phase shift 

due to a resistor. 

The overall circuit impedance can be reasonably estimated using a lumped 

circuit model, that is by adding circuit elements in series or parallel as done in DC circuit 
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analysis. For example, a resistor, inductor and capacitor in series will have a net 

impedance of  𝑍 = 𝑅 + 𝑖(𝜔𝐿 − 1/𝐶𝜔). This circuit will have minimal impedance at 𝜔 =

1/√𝐿𝐶 and 𝑉 and 𝐼 will be in phase. The lumped circuit model will fail however as the 

size of the circuit becomes comparable to the wavelength of the voltage/current. All 

circuit elements, even straight wire, inherently have inductance, resistance, and 

capacitance, that will unavoidably alter the total impedance. Practically speaking, it is 

necessary to measure the impedance of a circuit using a spectrum analyzer. 

Impedance mismatches can be derived from the voltage and current at the 

interface between a transmission line of characteristic impedance 𝑍0 and a load of 

impedance 𝑍𝐿. The wave equation admits forward and backward solutions, so the most 

general form of the voltage along the transmission line is 𝑉𝑡𝑜𝑡(𝑥, 𝑡) = 𝑉𝑖𝑒
𝑖(𝑘𝑥−𝜔𝑡) +

𝑉𝑟𝑒
𝑖(−𝑘𝑥−𝜔𝑡), where 𝑉𝑖 and 𝑉𝑟 are complex constants for the incident and reflected 

voltages respectively. The current along the transmission line is, 𝐼𝑡𝑜𝑡(𝑥, 𝑡) = 𝐼𝑖𝑒
𝑖(𝑘𝑥−𝜔𝑡) −

𝐼𝑟𝑒
𝑖(−𝑘𝑥−𝜔𝑡), with the change in sign for 𝐼𝑟 due to the change in current direction. We can 

arbitrarily set 𝑥 = 0 to be the interface of the transmission line and the load. 

The boundary conditions at the load determine the magnitude of the reflection 

coefficient. Continuity of voltage dictates that 𝑉𝐿 = 𝑉𝑡𝑜𝑡(0, 𝑡) = (𝑉𝑖 + 𝑉𝑟)𝑒
−𝑖𝜔𝑡. 

Conservation of charge dictates that 𝐼𝐿 = (𝐼𝑖 − 𝐼𝑟)𝑒
−𝑖𝜔𝑡. By definition, 

𝑉𝐿

𝐼𝐿
= 𝑍𝐿 =

𝑉𝑖+𝑉𝑟

𝐼𝑖−𝐼𝑟
=

𝑉𝑖+𝑉𝑟

𝑉𝑖−𝑉𝑟
𝑍0. This leads to a reflection coefficient of Γ =

𝑉𝑟

𝑉𝑖
=
𝑍𝐿−𝑍0

𝑍𝐿+𝑍0
, and a transmission 

coefficient of 1 − Γ =
2𝑍𝐿

𝑍𝐿+𝑍0
. When 𝑍0 = 𝑍𝐿, Γ = 0,  the RF circuit is matched, and the 
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voltage and current continue through the circuit without reflection. This gives maximal 

power transfer to the load. 
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Appendix B: Derivation of the current in a parallel 𝑳𝑪 

loop. 

In an ideal LC circuit, energy is exchanged without losses between the capacitor 

and inductor. This means that the power, 𝑅𝑒(𝑉) ⋅ 𝑅𝑒(𝐼), flowing through the capacitor 

and inductor must always have equal and opposite magnitudes. Positive power means 

energy is flowing into the inductor/capacitor and negative power means energy is 

flowing out. The power in a capacitor for a given of a maximum current 𝐼0 oscillating at 

𝑓 = 𝜔/2𝜋 is 𝑃𝐶 = 𝑅𝑒 (−
𝑖

𝐶𝜔
𝐼0𝑒

−𝑖𝜔𝑡)𝑅𝑒(𝐼0𝑒
−𝑖𝜔𝑡) = −

𝐼0
2

𝐶𝜔
sin(𝜔𝑡) cos(𝜔𝑡) = −

𝐼0
2

2𝐶𝜔
sin(2𝜔𝑡). 

The power in the inductor is 𝑃𝐿 = 𝑅𝑒(𝑖𝐼0𝜔𝐿𝑒
−𝑖𝜔𝑡)𝑅𝑒(𝐼0𝑒

−𝜔𝑡) = 𝐼0
2𝐿𝜔 sin(𝜔𝑡) cos(𝜔𝑡) =

𝐼0
2

2
𝐿𝜔 sin(2ωt). The signs are opposite as required but the magnitude can only be equal if 

𝐿𝜔 =
1

𝐶𝜔
. Lossless exchange between a given capacitor and inductor can only occur at 

the resonance frequency 𝑓𝑟 =
𝜔𝑟

2𝜋
=

1

2𝜋√𝐿𝐶
. The energy (𝐸) stored in the inductor/capacitor 

can be found by integrating the power of either component with time. Integrating the 

power in the inductor we find that 𝐸 = −
𝐼0
2𝐿

4
cos(2𝜔𝑟𝑡) + 𝐴, where A is an integration 

constant. The energy is at a minimum of zero when there is no current in the inductor so 

𝐴 =
𝐼0
2𝐿

4
 and 𝐸 =

𝐼0
2𝐿

4
(1 − cos(2𝜔𝑟𝑡)) giving a maximum energy of 𝐸 =

1

2
𝐿𝐼0
2. 

If a parallel LC circuit is driven by an alternating voltage, the lumped circuit has an 

impedance of 𝑍 = (
−𝑖

𝜔𝐿
− 𝑖𝜔𝐶)

−1
. At the resonance frequency, the impedance is infinite 

because no current leaves the parallel LC loop. An ideal parallel LC circuit will take all 
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the energy from the power supply and indefinitely store it in the loop between the 

capacitor and inductor. 

A real parallel LC-circuit will always have resistive losses. There are many 

sources of resistance that can be collectively grouped in a single term 𝑅. The input 

power required to overcome resistive losses is 𝑃. The circuit’s q-factor is defined as 𝑞 =

𝜔𝑟
𝐸𝑛𝑒𝑟𝑔𝑦 𝑖𝑛 𝐿𝐶 𝑙𝑜𝑜𝑝

𝑃
= 𝜔𝑟

𝐿

2
𝐼0
2

𝑃
. Resistance broadens the resonance peak from a single 

frequency to a spectrum whose peak is still located at 𝑓𝑟 =
1

2𝜋√𝐿𝐶
, but whose width 

depends on 𝑅. In the limit where 𝑅 is small compared to 𝐿/𝐶, which is almost always 

practically the case, 𝑞 =
𝑓𝑟

Δ𝑓𝑟𝐹𝑊𝐻𝑀
. The resonance spectrum can easily be measured using a 

spectrum analyzer. 

Using the definition of 𝑞 in terms of the energy to power ratio, the current can be 

written as 𝐼0 = √
2𝑞𝑃

𝐿𝜔𝑟
, and substituting 𝜔𝑟 = 2𝜋𝑓𝑟 and 𝐿 =

1

𝐶𝜔𝑟
2, one arrives at eq. 1.
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