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Abstract 

Recent suggestions of nanoscale heat confinement on the surface of synthetic and biogenic 

magnetic nanoparticles during heating by radiofrequency alternating magnetic fields have 

generated intense interest due to the potential utility of this phenomenon for non-invasive control 

of biomolecular and cellular function. However, such confinement would represent a significant 

departure from classical heat transfer theory. Here we report an experimental investigation of 

nanoscale heat confinement on the surface of several types of iron oxide nanoparticles 

commonly used in biological research, using an all-optical method devoid of potential artifacts 

present in previous studies. By simultaneously measuring the fluorescence of distinct 

thermochromic dyes attached to the particle surface or dissolved in the surrounding fluid during 

radiofrequency magnetic stimulation, we found no measurable difference between the 

nanoparticle surface temperature and that of the surrounding fluid for three distinct nanoparticle 

types. Furthermore, the metalloprotein ferritin produced no temperature increase on the protein 

surface, nor in the surrounding fluid. Experiments mimicking the designs of previous studies 

revealed potential sources of artifacts. These findings inform the use of magnetic nanoparticle 

hyperthermia in engineered cellular and molecular systems. 

 

Statement of Significance 

This manuscript investigates the possibility of nanoscale heat confinement on the surface of iron 

oxide nanoparticles and the metalloprotein ferritin in a radiofrequency alternating magnetic field. 

Previous results suggesting such confinement have generated intense interest due to their 

implications for noninvasive control of cellular function in deep tissue, but have also drawn 

skepticism owing to their departure from the well-established theory of heat diffusion. In this 

study, we provide a definitive answer to whether any such confinement occurs.  

  



INTRODUCTION 1 

Radiofrequency heating of superparamagnetic iron oxide nanoparticles (SPIONs) is an 2 

established technique for the ablative treatment of diseases such as cancer and an emerging tool 3 

in basic biological research. In a typical application of this method, radiofrequency alternating 4 

magnetic fields (RF-AMF) are used to remotely heat a bolus of injected SPIONs in a tissue, 5 

raising the local temperature to a critical level to kill diseased cells or increase their sensitivity to 6 

chemotherapy or radiotherapy (1). As single-domain magnets, SPIONs can generate heat in 7 

response to RF-AMF stimulation via dissipative losses associated with rigid body rotation 8 

(Brownian relaxation) or internal magnetic realignment (Néel relaxation) (2-5).  Significant 9 

theoretical (6, 7) and computational (8, 9) work has been done to model the interplay of these 10 

relaxation mechanisms and their contribution to the heat generated by the particle. In an effort to 11 

use magnetic fields to control, rather than kill, specific cells, recent work has combined 12 

nanoparticle-based radiofrequency hyperthermia in the well-tolerated temperature range of 37–13 

42 ºC with the targeted expression of temperature-sensitive biomolecules such as the 14 

temperature-gated ion channel TRPV1 (10). This “magnetogenetic” approach enables RF-AMF 15 

to turn on calcium currents in cells, leading to activation of insulin secretion or neural circuit 16 

activity (11, 12).  17 

A key requirement for effective magnetogenetic manipulation is for the heat generated by 18 

SPIONs to be localized to the target cells and not appreciably affect surrounding tissue. 19 

However, the extent of this thermal confinement is matter of considerable debate. It is widely 20 

accepted that a small bolus of particles generates a millimeter-scale heat diffusion zone during 21 

RF-AMF, affecting cells within this region and not outside it. In addition, several studies have 22 

suggested that heat is preferentially confined to the nanoscale vicinity of individual magnetic 23 

nanoparticles during RF-AMF stimulation, resulting in a large steady-state temperature gradient 24 

at the surface of the nanoparticle (10, 13-15). Such nanoscale confinement would enable the 25 

actuation of thermal bioswitches attached to a SPION without significantly heating the rest of the 26 

cell. Further extending this concept, it has been proposed that genetically encoded magnetic 27 

nanoparticles such as ferritin, which produce insignificant bulk heating in response to RF-AMF 28 

due to their small magnetic coercivity, could nevertheless activate temperature-sensitive ion 29 



channels to which they are tethered due to the heat-concentrating effect of thermal confinement 30 

(11, 16).  31 

While millimeter-scale heat diffusion profiles are uncontroversial, the concept of 32 

nanoscale heat confinement near the surface of nanoparticles in aqueous suspension represents a 33 

significant departure from established heat transport theory (17).  In a classical analysis, the 34 

steady-state temperature profile emanating from a spherical source can be predicted by Fourier’s 35 

heat diffusion law (18): 36 
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Here Q is the heating power of the source, c is the thermal conductivity of the medium (0.64 W 37 

m-1K-1 for water), r is the distance from the center of the source, and Δ� is the temperature above 38 

an infinitely far location in the bath. This continuum analysis is consistent with experimental and 39 

computational studies of heat transport from laser-heated gold nanoparticles in fluid, whose 40 

ability to generate over 100 nW of heat per particle results in a measurable temperature 41 

difference between the nanoscale vicinity of the particle surface and the bulk fluid bath (18-21). 42 

However, when applied to SPIONS, which typically generate less than 30 fW of heat per particle 43 

under RF-AMF (22), Fourier’s law predicts a negligible temperature difference between the 44 

vicinity of a single particle and the bulk fluid (e.g., Δ�=373 nK for Q=30 fW and r=10 nm in 45 

water). Thus, although the concerted action of many SPIONS in a ferrofluid effectively heats the 46 

bulk fluid, Fourier theory does not predict a measurable temperature gradient emanating from the 47 

surface of individual particles.  When this analysis is extended to account for a finite thermal 48 

interface resistance at the particle surface, it also predicts a temperature discontinuity between 49 

the solid particle and the fluid, which is measurable for laser-heater gold nanoparticles (23). 50 

However, this effect would again have an exceedingly small magnitude for a 30 fW source, 51 

assuming an interface resistance in the range of previously characterized nanoparticle values (20, 52 

23).  53 

 Contradicting these predictions of Fourier’s law, several studies using optical 54 

thermometry at the surface of magnetic nanoparticles in RF-AMF have reported local heating of 55 

several K relative to the bulk (10, 13, 14). This literature is cited in magnetogenetics studies as a 56 

way to motivate and explain the biological results observed (11, 16). However, given the direct 57 



conflict between these results and classical theory, and the controversial reception of several 58 

recent works on magnetogenetics (17), a careful re-examination of the possibility of non-59 

classical heat confinement at the surface of SPIONs and ferritin, and the potential artifacts 60 

confounding previous studies, is greatly needed. 61 

To address this need, we introduce an experimental approach allowing us to measure the 62 

temperature at the surface of magnetic nanomaterials and in surrounding fluid during RF-AMF 63 

application using a simultaneous all-optical readout with 0.1 ºC sensitivity (Fig. 1a). Using this 64 

approach, we measure three different types of SPIONs representing a range of sizes, core 65 

compositions and surface chemistries, revealing no measurable difference in temperature 66 

between the particle surface and the bulk solution during RF-AMF heating. Meanwhile, ferritin 67 

fails to show any heat generation. These results suggest that nanomagnetic hyperthermia follows 68 

classical heat transfer theory. Additional experiments recapitulating previous measurement 69 

approaches reveal potential sources of artifacts that could be misinterpreted as non-classical 70 

thermal confinement. 71 

 72 

MATERIALS AND METHODS 73 

Probe Conjugation and Sample Preparation for Commercial Magnetic Nanoparticles. To 74 

precisely measure the temperature of the surface of our magnetite nanoparticle samples (Ocean 75 

Nanotech SHA-10 and SHA-20), we conjugated NHS-Dylight 550 (Thermo Scientific) to the 76 

amine groups on the magnetite nanoparticle surface in PBS buffer (Corning 21-040, comprising 77 

0.144 g/L KH2PO4, 9 g/L NaCl and 0.795 g/L anhydrous Na2HPO4 at pH 7.4 and 300 mOsm/kg 78 

H2O) with a particle concentration of 1 mg/ml and a 10-fold excess of Dylight 550 to amine 79 

groups on the particle surface. The reaction was allowed to proceed under mechanical agitation 80 

at room temperature for 10 hours. Next, the sample was dialyzed overnight against a 4000-fold 81 

volume excess of 10 mM Tris HCL (pH 8) to hydrolyze any unreacted NHS groups and separate 82 

the unbound dye from the nanoparticle solution. The sample was then dialyzed overnight against 83 

a 4000-fold volume excess of PBS and concentrated to the desired final solution using 10 kDa 84 

centrifugal filters (Amicon). Our fluid temperature probe, DY-521XL (Dyomics), was mixed 85 

into the ferrofluid solution at a sufficient concentration to balance the fluorescent intensities of 86 

the two dyes. Horse spleen ferritin (Sigma F4503) went through the identical preparation, with 87 



the exception that the labeling reaction ratio was 100 dye molecules per ferritin. Magnetite 88 

nanoparticle and ferritin iron concentrations were quantified using a total iron quantification kit 89 

(Pointe Scientific I7505) after digesting samples at 75°C in nitric acid for 4 hours. Ferritin 90 

protein concentration was quantified using a BCA protein assay (ThermoFisher 23225).  91 

Core-Shell Nanoparticle Synthesis and Characterization. We synthesized core cobalt ferrite 92 

nanoparticles by the thermal decomposition method. Cobalt(II) chloride (3.25 mmol), iron(III) 93 

acetylacetonate (5.00 mmol), oleylamine (91.2 mmol), oleic acid (31.6 mmol), and octyl ether 94 

(49.9 mmol) were mixed into a three-neck round-bottom flask under an Ar atmosphere. The 95 

reaction mixture was heated up to 300°C. After 1 hour, the resulting cobalt ferrite nanoparticles 96 

were isolated by centrifugation and washed with hexane and ethanol. 97 

Core-shell nanoparticles composed of a cobalt ferrite core and a manganese ferrite shell were 98 

then synthesized by the seed-mediated growth method. Cobalt ferrite nanoparticles (0.34 mmol), 99 

manganese(II) chloride (3.25 mmol), iron(III) acetylacetonate (5.00 mmol), oleylamine (60.8 100 

mmol), oleic acid (15.8 mmol), and trioctylamine (34.3 mmol) were added to a three-neck round 101 

bottom flask under an Ar atmosphere. The reaction mixture was heated to 350 oC and maintained 102 

for 1 hour. The core-shell nanoparticle was obtained by centrifugation and washing processes. 103 

(See Supplementary Fig. S5 for particle characterization.) 104 

As-synthesized core-shell nanoparticles were coated with a silica shell and conjugated with 105 

Dylight 550 using a previously reported method with minor modifications (24, 25). Amine-106 

functionalized core-shell nanoparticles were conjugated with NHS-Dylight 550 in DMSO with a 107 

particle concentration of 1 mg/ml and dye concentration of 0.1 mg/ml. The reaction was allowed 108 

to proceed in microtube mixer (Eppendorf) at 1,500 r.p.m. for 8 hours at room temperature. The 109 

products were purified on a MACS MS column (Milttenyi Biotec.) and eluted with DMSO. The 110 

sample was then reacted with 1 mg of succinic anhydride per 1 mg/ml of particle solution for an 111 

additional 8 hours at room temperature in vigorous shaking. The products were purified again on 112 

a MACS MS column and eluted with pure water. To make sure that there is no remaining free 113 

Dylight 550, the products were purified using dye removal columns (ThermoFisher 22858) three 114 

times. In each step, metal concentration of the core-shell nanoparticle was measured using 115 

inductively-coupled plasma optical emission spectroscopy. 116 



Fluorometry. We used a custom-built fiberoptic fluorometer to probe the fluorescent intensity 117 

of our optical thermometers. Excitatory light was provided by an OBIS 532-LS laser modulated 118 

with an 80 kHz sinusoidal signal. The laser light traveled through the outer ring of an optical 119 

fiber bundle whose end was housed in a custom PEEK fiber ferrule (Ocean Optics) that was 120 

mechanically coupled to our plastic sample holder. Magnetite particles and ferritin were 121 

suspended within this holder in PBS, while core-shell nanoparticles were suspended in pure 122 

water. Fluorescence from both dyes was collected via the central core in the fiber bundle. The 123 

collected fluorescence was coupled to air via a 10 mm 0.22 NA fiber optic collimator (Edmund 124 

Optics 88-180) and notch-filtered to eliminate the signal from the 532 nm laser. The resulting 125 

light was split using a long-pass dichroic mirror. The reflected leg was short-pass filtered at 600 126 

nm, and the transmitted leg was long-pass filtered at 650 nm. All filters and mirrors were from 127 

Thorlabs. The signal from each dye was focused onto a silicon photodiode (Thorlabs DET36A). 128 

Photodiode signals were amplified by lock-in amplifiers locked to the laser modulation 129 

frequency with 300 ms integration time. Resulting signals were digitized in a Molecular Devices 130 

Axon Digidata 1550 acquisition system and processed using Matlab.  131 

Electromagnet Construction and Characterization. We designed three distinct electromagnets 132 

for our study, corresponding to three frequency ranges: 400-648 kHz, 1-5 MHz, and 30-40 MHz. 133 

Adapted from previously published designs, our 400-648 kHz electromagnet produced a strong 134 

magnetic field in a 10 mm gap in a water-cooled Ferroxcube 3F3 toroid wound with litz wire 135 

(26). The toroid was placed in series with a high voltage mica capacitor (1-5 nF depending on 136 

desired resonance) forming a series RLC circuit. To impedance-match this circuit with a 50 ohm 137 

standard, we constructed a toroidal transformer out of a Ferroxcube 3F3 toroid and placed a 138 

variable ballast resistor (40-47 ohms) on the 50 ohm side of the transformer. AC signals were 139 

generated by a Stanford Research Systems SG380 signal generator and amplified by an 140 

Electronics and Innovation 1020L RF amplifier. Our 1-5 MHz system used the same signal 141 

generator and amplifier to drive a toroidal electromagnet with better high-frequency 142 

performance, but a lower saturation magnetization (Fair-Rite Ferrite 52) which was balanced by 143 

a single vacuum variable capacitor. Our 30-40 MHz electromagnet used 3 vacuum variable 144 

capacitors to tune and impedance-match an air-cored solenoid to a 50 ohm high frequency 145 

amplifier (MiniCircuits ZHL-3A-S+). The air-cored solenoid had a gap in the windings to insert 146 



our sample holder. All field strengths were measured using a custom-built magnetic search loop 147 

attached to a 100 MHz digital oscilloscope. Stimulus timing was controlled with Labview. 148 

Sample Calibration Chamber. Our custom-built temperature-controlled cuvette holder was 149 

composed of a copper block with a gap machined in the front to hold an optical glass cuvette 150 

(Fireflysci Type 507) and a fan-cooled thermoelectric plate on the back. The temperature of the 151 

fluid was monitored using an immersed fiberoptic phosphor temperature probe (Osensa PRB-152 

G20). Using a PID control system, the copper block temperature was stepped three times 153 

between a randomly permuted list of 5 temperatures. A five-minute settling time was allowed in 154 

between temperature changes. The fluorescence of both dyes was evaluated for thirty seconds 155 

after the settling time using the system described in the fluorometry section above.  156 

 157 

RESULTS 158 

Our temperature measurements made use of two spectrally separable, strongly thermochromic 159 

organic dyes to independently measure the temperature on the nanoparticle surface and in the 160 

surrounding bath (Fig. 1a). The surface probe, Dylight 550 NHS, was conjugated to the surface 161 

of nanoparticles via amine cross-linking, while the fluid probe, DY-521XL, was dissolved freely 162 

in the solution.  The two dyes were excited at the same time by a modulated 532 nm laser via the 163 

outer ring of an optical fiber bundle, and the resulting fluorescent signal was collected via a 164 

separate core of the same fiber bundle. The emitted light was split using a series of dichroic 165 

filters and mirrors to isolate the signal from the two fluorescent dyes, which was transduced to 166 

voltage by silicon photodiodes connected to analog lock-in amplifiers (Fig. 1b). The dyes were 167 

readily spectrally separated due to the large Stokes shift of DY-521XL, with channel crosstalk 168 

below 6% (Fig. 1c and Supplementary Fig. S1). Special care was taken to minimize free 169 

Dylight 550 in the solution and ascertain that the vast majority of the fluorescence measured for 170 

this dye was coming from the nanoparticle surface (Supplementary Table S1). 171 

Before applying RF-AMF, we calibrated the thermochromic response of each individual 172 

dye-labeled ferrofluid sample by measuring the fluorescence intensity of both dyes while varying 173 

the temperature using a custom-built temperature-controlled cuvette holder (Fig. 2a). The sample 174 

was cycled three times between a randomly permuted list of five temperatures. Bulk fluid 175 



temperature was monitored during this calibration procedure using a 450-µm diameter phosphor 176 

thermal probe. Both fluorophores showed a strong linear decrease in fluorescence over the 177 

experimental temperature range (Fig. 2, b-c).  178 

Our study of synthetic nanoparticle RF-AMF heating used three distinct magnetic 179 

nanoparticle compositions (Fig. 3a). First, we examined commercially available 12-nm 180 

magnetite nanoparticles (core radius: � = 5.98	��	� = 0.636	��, Supplementary Fig. S6), 181 

which are superparamagnetic and similar in core size to ferritin. Second, we measured the 182 

responses of commercial 20-nm iron oxide nanoparticles (core radius: � = 10.14	��	� =183 

1.073	�� , Supplementary Fig. S7). This core size is commonly used in radiofrequency 184 

hyperthermia owing to its significant specific loss power (22, 27). According to the 185 

manufacturer, both of these particle types are coated with a 4 nm-thick organic shell comprising 186 

a monolayer of oleic acid and a monolayer of amphiphilic polymer. Third, we examined the 187 

heating behavior of a ferrofluid containing custom-synthesized 15-nm core-shell nanoparticles 188 

(Supplementary Fig. S5), which have exceptionally high coercivity and heating ability (24). 189 

These nanoparticles were coated with a 3 nm-thick silica layer. All particles had surface amine 190 

groups enabling dye conjugation.  191 

After calibration, we measured the fluorescence of particle-bound and free dye in 192 

response to strong RF-AMF produced by a water-cooled gapped ferrite toroid wound with litz 193 

wire (Fig. 3b). This allowed us to apply fields of up to 27 kA/m at frequencies of 420 to 648 194 

kHz, within the range of common parameters in literature. Samples in shortened 5-mm silica 195 

tubes were placed inside a sample housing jacketed by constant airflow to minimize heat transfer 196 

from the toroid. We applied RF-AMF stimulation for 20 cycles of one-minute or thirty second 197 

duration, with 9 minutes of rest between cycles to allow the toroid to cool. Samples were tested 198 

at different concentrations to ensure sufficient heating of the fluid with small magnetite particles, 199 

while minimizing particle clustering for larger and more magnetic particles. We performed three 200 

trials for each sample with separate nanoparticle batches, and representative results for each 201 

particle type are shown in Fig. 3, c-e (additional trials shown in Supplementary Fig. S2). All 202 

three nanoparticle compositions generated significant heat due to RF-AMF. However, in each 203 

case, we observed no measurable difference between the temperature of the bulk fluid and the 204 

temperature of the nanoparticle surface throughout the experimental time course. This was true 205 



for all three particle types despite their different core sizes, shell materials and thickness, and 206 

concentration in the fluid. These results suggest that heat transfer from SPIONs follows classical 207 

theory. 208 

Having examined the possibility of nanoscale heat confinement at the surface of synthetic 209 

magnetic nanoparticles, we used the same nanoscale thermometry technique to investigate the 210 

heating ability of ferritin, which comprises a 2 nm-thick protein shell enclosing an 8 nm 211 

antiferromagnetic ferrihydrite core (Fig. 4a) (28). A disordered surface layer of the core gives 212 

rise to uncompensated magnetic spins, resulting in a small magnetic moment. Since these 213 

uncompensated spins are only weakly coupled, the Néel relaxation rate of the ferritin core is in 214 

the GHz range (29, 30), suggesting that this protein is not expected to experience dynamic 215 

hysteresis under RF-AMF at kHz and MHz frequencies. This has been confirmed by previous 216 

thermometry of bulk ferritin ferrofluids (31). Nevertheless, several studies have proposed ferritin 217 

heating under RF-AMF as a mechanism of thermal actuation in engineered cellular signaling 218 

pathways (11, 16) by invoking the possibility of surface thermal confinement, unmeasurable by 219 

bulk techniques. To investigate the possibility of heat confinement on the ferritin surface under 220 

RF-AMF stimulation, we conjugated Dylight 550-NHS to the surface amines of horse spleen 221 

ferritin, a widely studied model ferritin containing an average of 2600 iron atoms per core. We 222 

mixed the resulting ferrofluid with DY-521XL and calibrated the thermochromic response of 223 

both dyes as we did for synthetic nanoparticles. We then applied RF-AMF at three different 224 

frequencies spanning 425 kHz to 35.6 MHz, covering the field parameters used in previous 225 

reports of magnetogenetic control (10, 11, 16). At no frequency were we able to measure heating 226 

of the ferritin-containing solution, nor did we observe heat buildup on the protein surface (Fig. 4, 227 

b-d). Small background heating from the 425 kHz toroid, measured using a blank sample 228 

containing only DY 521-XL in PBS, was subtracted from the low-frequency study to try to 229 

detect any small heating contribution from the ferritin (Supplementary Fig. S4).  These results 230 

confirm that ferritin does not produce significant heating, either at the bulk scale, or at the 231 

nanoscale, under RF-AMF up to tens of MHz in frequency. 232 

While our data with synthetic magnetic nanoparticles and ferritin strongly suggest that 233 

heat transfer from magnetic nanoparticles under RF-AMF is consistent with classical heat 234 

transfer theory, several previous studies using optical thermometry have suggested otherwise 235 



(10, 13, 32). To uncover possible sources of this discrepancy, we examined two potential sources 236 

of artifacts. First, several previous studies measured particle surface temperature with a 237 

thermochromic dye while measuring the bulk temperature with a physical thermometer placed in 238 

the solution (13, 32). We reasoned that the combined effects of the finite thermal mass of such a 239 

thermometer, even for a small phosphor or semiconductor-based thermal probe, and the thermal 240 

connection between the thermometer and the air outside the solution would cause its temperature 241 

response to underestimate the heating of the surrounding fluid during RF-AMF application, 242 

resulting in an apparent thermal gradient between the background fluid and the nanoparticle 243 

surface. To test this hypothesis, we immersed a 450-µm diameter thermal probe in a ferrofluid 244 

containing 10 mg/ml of the 12-nm Dylight 550-labeled magnetite nanoparticles and free DY521-245 

XL dye (Fig. 5a). While the temperature response of the two dyes to RF-AMF matched within 246 

measurement error, the solid thermal probe temperature appeared to be lower (Fig. 5b). This 247 

artifact demonstrates the need for equivalency between the methods measuring the nanoparticle 248 

surface temperature and the surrounding fluid temperature. 249 

A second phenomenon reported in the literature involves a rapid, almost instantaneous, 250 

increase in the apparent particle surface temperature, followed by more gradual heating of the 251 

both the particle and the fluid (10, 13, 32). We hypothesized that this observation could be 252 

caused by particle clustering due to inter-particle attraction under an applied field, which has 253 

been predicted by previous computational work (33). Particle clustering increases the scattering 254 

of both excitatory illumination and emitted light, which would manifest as a dip in the measured 255 

fluorescence of thermochromic probes in our apparatus (Fig. 6a-c). Since the probes’ fluorescent 256 

output also decreases in response to increasing temperature, this dip in fluorescence could be 257 

misinterpreted as a jump in the temperature experienced by the dyes. To examine this effect, we 258 

applied a DC field which we predicted would cause clustering without heating the particles. We 259 

ran a DC current through our gapped toroid inductor to produce a DC field comparable to the 260 

peak field of our 440 kHz AC signal. In a suspension of 20-nm magnetite particles at a 261 

concentration of 1 mg/ml, the measured fluorescence dropped immediately after the DC field 262 

was applied and recovered after the field was turned off (Fig. 6b). This effect would be even 263 

more pronounced at higher ferrofluid concentrations, where field-induced clustering would be 264 

more evident. In our experiments, the fluorescence of both dyes is affected similarly because our 265 

optical measurement is orthogonal to the magnetic field direction, such that the expected linear 266 



chain assembly of the magnetic particles (34, 35) does not preferentially shield the particle-267 

bound dye from the light path (Fig. 6c). While both dyes in our system were affected similarly, 268 

previous studies comparing the response of a surface dye to an immersed thermometer would 269 

again arrive at the erroneous conclusion that there is a thermal gradient between the nanoparticle 270 

surface and the surrounding fluid.  271 

Taken together, our results show that for suspensions of several commonly used synthetic 272 

magnetic nanoparticles there is no significant difference between the surface temperature of the 273 

nanoparticle and the temperature of the surrounding fluid during RF-AMF stimulation. These 274 

findings are consistent with classical heat transfer theory and experiments conducted with other 275 

nanomaterials (36, 37), while contradicting several previous experimental results with SPIONs 276 

and demonstrating two potential sources of artifacts in optical temperature measurement. Several 277 

questions regarding the nanoscale phenomena involved in magnetic nanoparticles’ response to 278 

RF-AMF remain unanswered. For example, our results do not directly address the temperature of 279 

the interior of the solid nanoparticle, as in some previous studies (14). A much higher interfacial 280 

thermal resistance than measured for other nanoparticles (20, 23, 38) could produce a measurable 281 

difference in the interior temperature relative to surrounding fluid. In addition, given that the 282 

temporal resolution of our technique is substantially below the RF frequency applied to the 283 

sample, we would be unable to detect oscillating or transient thermal gradients, as might arise 284 

due to magnetocaloric effects (39, 40). Additionally, our study does not directly contradict, nor 285 

provides an explanation for, the preferential cleavage of thermolabile covalent bonds seen at the 286 

surface of magnetic nanoparticles under RF-AMF stimulation, as documented in several well-287 

controlled studies (22, 41). It is possible that such cleaveage is due to non-classical, non-288 

equilibrium, or non-thermal effects. 289 

We believe our thermochromic dye readout corresponds closely to the scenario of 290 

nanoparticles or ferritin attached to temperature-sensitive ion channels. While particles bound to 291 

a protein on the cell membrane experience a more crowded and heterogenous environment than 292 

tested in our aqueous suspensions, the physics of megnetic hyperthermia are not expected to 293 

change. This is especially true for the Néel-dominated relaxation of ferritin and other small 294 

magnetic nanoparticles, which is unaffected by viscosity and rotational restriction. Thus, our 295 

experiments’ inability to support the heat confinement mechanisms proposed to underlie the 296 



activation of several magntogenetic constructs suggests that a re-examination of the mechanisms 297 

put forward in these reports may be warranted. Meanwhile, millimeter-scale heating of tissues by 298 

concentrated synthetic SPIONs remains a viable approach to magnetogenetic actuation consistent 299 

with Fourier’s law (12, 15). In addition, potential mechanical coupling between nanoparticle 300 

rotation or displacement and directly tethered mechanosensative ion channels remains to be 301 

evaluated in future studies. 302 
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FIGURES AND FIGURE CAPTIONS 

 

FIGURE 1. Nanoscale thermometry during magnetic nanoparticle hyperthermia. (a) Diagram of 

experimental setup, involving the simultaneous optical measurement of the temperature of the 

nanoparticle surface and surrounding fluid during radiofrequency alternating magnetic field (RF-

AMF) application using thermochromic dyes as nanoscale temperature probes. (b) Diagram of 

optical path, in which both dyes are excited using a modulated 532 nm laser, and the emitted 

fluorescent signal is spectrally separated to independently evaluate the fluorescence of each dye 

on a silicon photodiode. The photodiode voltage is demodulated and amplified using an analog 

lock-in amplifier. (c) Independently measuring the fluorescence of unmixed Dylight 550-labeled 

nanoparticles and DY-521XL shows that our system can discriminate between these dyes with 

less than 6% crosstalk. (See Supplementary Fig. S1 for the spectra of Dylight 550-labeled 

nanoparticles and DY-521XL.)  

  



 

FIGURE 2. Thermochromic calibration of particle-bound and free dye. (a) Diagram of 

calibration setup. For each individual ferrofluid sample, a calibration was obtained by monitoring 

the change in fluorescence intensity of each dye in response to temperature cycling in a custom 

temperature-controlled cuvette holder. (b) Representative calibration curves from a ferrofluid 

containing Dylight 550-labeled 12-nm iron oxide nanoparticles and free DY-521XL solution. 

Fluorescence at five temperatures were measured three times in a randomly permuted sweep. 

Points represent the average of each measurement. Error bars represent ± SEM, and are not 

shown if smaller than the plotted symbols. 

  



 

FIGURE 3. Synthetic nanoparticle ferrofluids show no measurable difference between the 

temperature on the surface of the nanoparticle and in the solution. (a) Diagram of the structure of 

three nanoparticle types tested with RF-AMF heating. (b) Diagram of hyperthermia apparatus, 

which generates a concentrated magnetic field in a gapped toroid wound with litz wire, acting as 

the inductor in a series-resonant RLC circuit. The fluorescence is measured with a fiberoptic 

fluorometer with lock-in amplification. (c-e) Surface and fluid temperatures measured for each 

nanoparticle type during RF-AMF application. Mean and SEM temperature for particle surface 

(red) and surrounding fluid (blue) are plotted for each sample, with frequency and field 

parameters specified above the plot. RF-AMF application period is denoted by grey shading. 

Each trace denotes the mean ± S.E.M. of 20 runs of RF-AMF stimulation. Cooling seen before 

RF-AMF stimulus results from cooling of the toroid between stimuli. (See Supplementary Fig. 

S3.)  

  



 

FIGURE 4. Ferritin shows no measurable heating in response to RF-AMF stimulation. (a) 

Diagram of the structure of ferritin, comprising a 2 nm-thick protein shell encapsulating a 6-8 nm 

ferrihydrite core. (b-d) Surface (red) and fluid (blue) temperature monitored for ferritin during 

RF-AMF application for three frequency regimes, as labeled in the figure. Each trace denotes the 

mean ± S.E.M. of 20 runs of RF-AMF stimulation. The RF-AMF application period is denoted 

by grey shading. A small (<.2 degrees C) temperature variation from the 440 kHz toroid was 

measured using a PBS blank and subtracted from (b) (see Supplementary Fig. S4).   

  



 

FIGURE 5. Artifactual measurement of enhanced surface heating due to the use of a solid 

thermal probe. (a) Diagram of experimental setup for measuring ferrofluid heating under RF-

AMF that includes a solid thermal probe measurement of fluid temperature in addition to 

measurements of the particle surface and fluid using thermochromic dyes. (b) Temperature 

measured by our solid thermal probe(green) and thermochromic measurements of temperature at 

the particle surface (red) and in the fluid (blue). Each trace denotes the mean ± S.E.M. of 20 runs 

of RF-AMF stimulation.  

  



 

FIGURE 6. Artifact in optical thermometry due to nanoparticle clustering under applied field. (a) 

Diagram of superparamagnetic nanoparticle clustering without an applied magnetic field (left), 

with an applied DC field (middle) and with an applied AC field (right). Under both applied field 

conditions, the particles are expected to cluster into chains, with heating occurring under the AC 

field. Clustering is expected to increase with the particle concentration and with the strength of 

the applied field, H0. In our optical setup, particle clustering is expected to diminish the 

measured fluorescence of both particle-bound and dissolved dyes. (b) Fluorescence of Dylight 

550 bound to the surface of 20 nm nanoparticles during the application of a 25 kA/m DC field 

(stimulus period indicated with grey shading). Trace denotes the mean ± S.E.M. of 10 runs of 

RF-AMF stimulation.  (c) Apparent temperature jump due to the decreased fluorescence of the 

thermochromic dyes at the particle surface (red) and in the fluid (blue). Bars denote mean ± 

S.E.M. of 10 runs of RF-AMF stimulation.   
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