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Supplementary materials 

SI-1: Finite Element Analysis 

To determine the stimulation parameters i.e. stimulation duration, MNPs concentration and 

injection volume, needed to reach the TRPV1 threshold of 42 °C, we used finite element 

modeling (FEM). Pennes’ bio-heat equation was used to account for the enriched blood 

perfusion within the adrenal gland tissue. The following equation was used in the model: 

[1]      ρACA
𝜕𝑇

𝜕𝑡
=KA∇

2
T+ ρbCbwb(T-Tb)+P 

A-adrenal tissue, b-blood properties, f -ferrofluid, P - power density of heat source 

Ferrofluid inside the adrenal gland tissue was modeled as a sphere with radius R. Ferrofluid is 

considered as a spherical heat source of constant power density P that is excited by the AMF. We 

calculated the temperature distribution in the tissue as function of the distance r and the 

temperature t. All the physical parameters used are in Table S1. P was calculated as: 

[2]      P=Vferrofluid ∙SLP∙ferrofluid ∙ρferrofluid 

where Vferrofluidis is the total volume of MNPs in the droplet, ρferrofluid is the density of ferrites 

(MNPs concentration) and SLP is the specific loss power for the MNPs in the examined AMF 

conditions of frequency ƒ = 515 kHz and amplitude H0 = 15 kA/m amplitude.  

A layer of fat surrounds the adrenal tissue and rapidly grows in young adult rats over time. We 

therefore included a fat layer surrounding the adrenal tissue, which can influence the heat 

distribution with the gland. The adrenal gland was modeled as an ellipsoid with dimensions of 

6×2.4×2.4 mm
3
 (with total volume of ~18 mm

3
 based on previous studies (41)). An additional fat 

layer of 1.5 mm thickness was examined and the following equations were used: 

[3]          ρACA
𝜕𝑇

𝜕𝑡
=KA∇

2
T+ ρbCbwb(T-Tb)+P    r {adrenal tissue}z 

    ΡFCF
𝜕𝑇

𝜕𝑡
=KA∇

2
T+ ρbCbwb(T-Tb)+P     r {fat tissue} 

Figure S3 is demonstrating the model geometry and main results. 

  



Table S1. Physical parameters used in the FEM modeling  

Parameter Value 

Blood density, ρb 1000 kg/m
3
 

Heat capacity blood, Cp,b 4180 J/(kg∙K) 

Blood perfusion rate, ωb 0.0064 s
-1

 

Arterial blood temperature, Tb 37 °C 

Initial and boundary temperature, T0 37 °C 

Heat capacity adrenal, Cp,A 3540 J/(kg∙K) 

Adrenal density, ρA 1020 kg/m
3
 

Adrenal thermal conductivity, kA 0.52 W/(m∙K) 

Heat capacity fat, Cp,F 2348 J/(kg∙K) 

Fat density, ρF 911 kg/m
3
 

Fat thermal conductivity, kF 0.21 W/(m∙K) 

 

SI-2: Standardization of adrenal gland images for the identification of injection locations 

To identify the location of NPs injection in the adrenal gland following the surgical procedure, 

we analyzed 12 adrenal glands post-surgery, each with 1–3 MNP injections. Adrenal glands were 

sliced (Materials and Methods) and mounted on glass slides. All slices were imaged using a 

confocal microscope (Olympus), generating a mosaic scan of the entire gland using the Fluoview 

FV100 software (Olympus). The slices from the different injected glands varied in their structure 

due to the orientation of the gland during slicing, variation in different rats’ gland structures and 

the gland extraction process post-perfusion. Therefore, an image analysis method was needed to 

automatically standardize the slices to be able to define the main substructures in each slice - 

medulla, zona glomerulosa (ZG), zona fasciculata (ZC) and zona reticularis (ZR). 



A script was developed in Mathematica software (Wolfram Research) to create a geometric 

transformation procedure to map the varying adrenal gland slices to ellipses with the same semi-

axes. The method differs from common image processing techniques in that it keeps the pixel 

values unchanged but rather modifies the pixels’ positions. This procedure is general and can be 

further used as a map between any two simply connected shapes, i.e. without any holes, in which 

rays from the centroid intersect the boundary once (the simplest case being two convex shapes). 

The adrenal gland was first rotated such that its largest axis is oriented along the horizontal axis 

and binarized to create a convex mask. A non-uniform rational B-spline (NURBS) interpolation 

of the perimeter distance from the centroid (Fig. S6) was then performed from the binary mask. 

The geometric transformation was defined using the mapping: 

𝑓: (𝑟, 𝜃) ↦ (𝑅(𝜗)
𝑟

𝑝𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟(𝜗)
, 𝜃) 

Where, the polar coordinates are referenced with regards to the image centroid, perimeter(ϑ) is 

the NURBS interpolation function evaluated at angle ϑ, and R(ϑ) is the ellipse perimeter. The 

mapping ensures that the relative positions of the image features are preserved, even if their sizes 

are allowed to vary. Once all slices were standardized to the same ellipse size, four masks were 

defined with dimensions of each substructure. For each slice, the 4 masks were applied counting 

if there was injection in that substructure and calculating the area of injection in each 

substructure (Fig. S6).  

SI-3: Averaging the change in rat heart rate following the magnetothermal stimulation 

The rat heart rate (in beats per minute, bpm) was recorded before, during and after 

magnetothermal stimulation using a Physiosuite system (Kent Scientific) with an optical sensor 

affixed to the hindlimb. Rats were anesthetized using isoflurane and transferred to the AMF coil. 

Due to the anesthesia, large fluctuations in heart rate were observed following the start of the 

anesthesia. Therefore, we allowed for at least 10 minutes for heart rate to stabilize prior to 

applying the AMF stimulus. Moreover, due to the anesthesia a monotonic decrease in heart rate 

baseline (42) was observed throughout the entire experiment duration in the absence of stimuli. 

Rats were stimulated for 40 s and the heart rate was recorded for at least 3 min after the end of 

the stimulation epoch.  

In order to isolate the effects of the magnetothermal stimulation on the heart rate from the 



decreasing baseline we performed time series filtering. A moving average of 50 s was applied to 

smooth the raw data, followed by a baseline estimation using a statistics-sensitive nonlinear 

iterative peak clipping (SNIP) algorithm as shown by the red line in Figures S11A,D. The 

baseline was subsequently subtracted from the filtered trace to highlight the deviations from the 

baseline (Fig. S11B,E). For scale comparison, the same area is shaded in Figures S11A,D. As 

demonstrated in the examples in Figure S11, an increase in heart rate was observed in the case 

of MNP-injected rats and was not observed in the case of WNP-injected rats. To quantify the 

rapid changes in the rat’s heart rate during the AMF stimulation, we further performed a forward 

first-order finite difference to quantify the change in heart rate slope (Fig. S11C,F). In the case 

of rats injected with MNPs, a positive change in slope could be observed during and immediately 

after the AMF stimulation that was not identified in rats injected with WNPs (Main manuscript, 

Fig. 6F-I). 

SI-4: Calculation of the mechanical effect from MNPs exposed to AMF 

MNPs in an alternating magnetic field (AMF) are subject to a torque that can cause their physical 

rotation, which is termed Brownian relaxation, as opposed to a competing mechanism of 

magnetization reversal, Néel relaxation, in which the magnetic moment rotates independent of 

the MNP orientation, overcoming the magnetic anisotropy barrier (34). Both mechanisms lead to 

heat dissipation, and previous studies including our earlier work aimed at optimizing the 

hysteretic performance of MNPs in high frequency AMFs have concluded that Néel relaxation is 

the dominant mechanism for effective heat dissipation (24). If we nonetheless calculate the 

mechanical forces that could be produced by a single MNP, we find them to be quite negligible 

(43) in comparison to the force thresholds of mechanosensitive ion channels: 

Brownian relaxation: 

To know whether Brownian relaxation of the MNPs under AMFs might lead to forces induced 

on cells, we can compare the Brownian relaxation frequency(44) to the AMF frequency: 

𝑓𝐵𝑟𝑜𝑤𝑛 =
𝑘𝐵𝑇

8𝜋2𝜂𝑟𝐻
3 =

(1.38 × 10−23 J
K) 310𝐾 

8𝜋2(10−3𝑃𝑎 𝑠)(25 × 10−9𝑚)3
= 3.5 × 103 Hz 

Where 𝜂 is the dynamic viscosity of the extracellular environment and rH is the hydrodynamic 

radius. This frequency is 0.7% of the AMF frequency (515 kHz). If a 22-nm diameter MNP were 

to rotate by 0.7% of 360 degrees, the linear rotation distance would be 0.7% of the 



circumference, or 4.7 Å. We can also compute the energy that would be dissipated per cycle by 

this motion: 

Moment of an individual MNP: 

The average volume of a MNP used in this study is 

 𝑉 ≈
4

3
𝜋𝑟3 =

4

3
𝜋 × (11 × 10−9 𝑚)3 = 5.6 × 10−24 m

3
.  

The moment of a uniformly magnetized magnetite particle with that volume is: 

|μ⃑ | = V ∙ ρ ∙ M𝑠 = 5.6 × 10−24 𝑚3 (
5150 𝑘𝑔

𝑚3
) (

83 𝐴𝑚2

𝑘𝑔
) = 2.4 × 10−18 𝐴𝑚2 

Where 𝜌 = 5150 kg/m
3
 and 𝑀𝑠 = 83 Am

2
/kg are the density and saturation magnetization of 

magnetite. 

Torque: 

The torque on a magnetic dipole in a uniform magnetic field is given by(45): 

𝜏 = 𝜇 × �⃑� , 

where µ⃑  is the dipole moment and �⃑�  is magnetic field. 

Then the torque magnitude is: 

|𝜏 | = |𝜇 ||�⃑� | sin 𝜃�⃑⃑� −�⃑�  

The maximum torque occurs when the angle between the magnetic moment and the applied field 

(𝜃�⃑⃑� −�⃑� ) is 90 degrees, in which case: 

|𝜏 | = |𝜇 ||�⃑� | 

For magnetic field of 19 mT (15 kA/m applied in our experiments) and a uniformly magnetized 

MNP: 

|𝜏 | = 2.4 × 10−18 𝐴𝑚2 × 0.019 𝑇 = 4.6 × 10−20𝑁𝑚 

Work done by torque: 

𝑊 ≈ 𝜏∆𝜃 = (4.6 × 10−20𝑁𝑚 )(0.042 𝑟𝑎𝑑) = 1.9 × 10−21𝐽  

Which is about 0.5 kBT. This is much smaller than the ~40 kBT necessary to activate the 

mechanosensitive ion channel such as Piezo1(46). 

We could also consider aggregates of MNPs, which would have larger net moments and shape 

anisotropy that could lead to significant net torques. However, because the MNPs coated with 

PEG and form a stable ferrofluid they do not form permanent aggregates. 



 

Figure S1 | Immunostaining of SYN and CGRP co-localization with TRPV1 in adrenal 

gland medulla. A, SYN (red), TRPV1 (green). B, CGRP (green), TRPV1 (red). Scale bar = 40 

µm. Blue: DAPI. 

 

 

  

  



 

Figure S2 | Characterization of MNP properties and the response of a mixed adrenal 

culture to magnetothermal stimulation. A, Specific loss power (SLP) measured for MNPs at a 

frequency of 515 kHz and a range of amplitudes. B, Example of magnetization curves for MNPs 

before (blue) and after (red) 8 days of incubation in physiological conditions. C, calculated 

magnetization saturation of MNPs before and after incubation for 8 days in physiological 

conditions. Mean ± standard deviation. No significant difference was observed between the two 

groups (two-sided Student t-test, n=2). D, Biocompatibility alamarBlue assay. Percentage of live 



cells compared to day 0 baseline values. MNPs were mixed in the cell medium and cells were 

incubated for 7 days. The alamarBlue test was repeated on days 1, 2, 4 and 7. All were compared 

to the day 0 baseline (n=4). E, Proliferation rate of adrenal cell cultures over 7 days compared to 

cells that were incubated with and w/o MNPs (n=4). F, Live/dead assay of adrenal cells after one 

day in culture. Green – live cells, red – dead cells. Different morphologies of cells can be 

recognized in the mixed adrenal culture. G, Percentage of responding cells in each examined 

condition out of total cells examined (n=5–9coverslips). Error bars are mean ± standard deviation  

H, Normalized Fluo-4 fluorescent intensity for 140 examined cells versus time in response to 

DMSO addition to the cell media. I, Average fluorescence change ΔF normalized to the average 

fluorescence F0 during first 20 s (ΔF/F0) of cells responding to DMSO. Solid line = mean, shaded 

area = standard error of the mean (s.e.m.). J,K,L, Nanoparticle internalization into adrenal cells: 

MNPs labeled with Rhodamine (Rh) were incubated for 24 hours with adrenal cells. G,H, 

confocal images of adrenal cells labeled with Fluo-4 (green) and MNPs labeled with Rh (Rh-

MNP, red). K, higher magnification confocal image of cells and MNPs. Only 11.6 ±3.1% (mean 

± standard deviation) of total examined cells demonstrated labeled MNP internalization, 

suggesting that PEGylation resulted in minimal cell internalization in the conditions used in 

those experiments. L, Plate reader measurement of cells incubated with Rhodamine labeled 

MNPs, demonstrating non-significant change between the three examined groups: MNPs 

incubated with cells, Rh labeled MNPs incubi ted with cells and Rh-labeled MNPs incubated on 

Matrigel coverslips without cells.  

 

  



 

Figure S3 | Finite element model of heat distribution within adrenal gland during 

magnetothermal stimulation. A, Model geometry and dimensions with two MNP injection 

locations and adrenal gland surrounded by fat layer. B, Heat distribution map after 40 s of AMF 

stimulation inside adrenal gland injected with 0.8 µl MNPs (40 mg/ml) in two locations. 

Comparison of thermal distribution in adrenal glands without and with the surrounding 1.5 mm 

thick fat layer. Scale bar = 1 mm C, Temperature profile during 40 s AMF stimulation for 

adrenal glands injected with 1 µl /0.8 µl / 0.5 µl of MNPs in 1–3 locations respectively, w/ and 

w/o fat layer. D, Maximum temperature achieved in the gland after 40 s of AMF for 1–3 

injections w/ and w/o fat layer. Comparison between 1, 2, and 3 injection sites. E, Heat 

distribution during 40 s AMF stimulation in adrenal gland injected with MNPs (40 mg/ml) in 2 

locations. Scale bar = 1 mm 

 

 



Figure S4 | Summary of surgical procedure for injecting MNPs directly into the rat’s left 

adrenal gland. A, Skin and muscle incising on the rat’s back. Adrenal gland is identified and 

exposed. B, After stabilization of the adrenal gland using a sterile Q-tip, an injection of 1 µl 

MNPs is performed via a microsyringe held in a stereotactic manipulator and inserted into the 

gland tissue. C, An image of adrenal gland immediately following injection, demonstrating two 

injection sites. D, Following the injection, muscle and skin are sutured and rats are allowed to 

recover for at least one week before AMF stimulation. (Photo Credit: Dekel Rosenfeld, 

Massachusetts Institute of Technology). 

 

 

 

 

 

 

  



 

Figure S5 | Adrenal gland injected with MNPs and extracted from the rat 1-6 months 

following surgery. A, Micrograph of the entire adrenal gland immediately after extraction form 

the rat, 6 months post-injection, showing the locations of injections. No significant damage in the 

adrenal tissue was observed. B, Bright field image (10× magnification) of adrenal slice with 

MNPs 6 months post-injection. Adrenal gland was placed in 4% PFA overnight and sliced at 40 

µm thickness. The MNPs could be observed inside the tissue even at 6 months after the injection 

surgery. Scale bar = 200 µm. C, H&E examples of adrenal slices of adrenal glands injected with 

MNPs and sliced 1-2 months post-injection. 1-3 injections sites with different sizes are observed. 

Minimal damage was observed in the tissue and the area surrounding the injection site. No 

immune response was observed from the presence of the biochemically inert iron oxide 

nanoparticles. Scale bar = 1 mm D, Higher magnification of adrenal gland slices stained for 

H&E demonstrating the injection sites of MNPs and the surrounding tissue. Scale bar= 200 µm. 

(Photo Credit: Dekel Rosenfeld, Massachusetts Institute of Technology). 



 

 

 

Figure S6 | Standardization process of adrenal gland slices for conversion to an ellipse with 

certain dimension for injection location examination. A, Examples of adrenal gland slices 

(out of n=12 examined slices) and their mapping onto generalized ellipse (SI-2). Left column- 

raw images. Right column – result of mapping. B, The principal of the statistics-sensitive 

nonlinear iterative peak clipping (SNIP) algorithm. C, Four masks were used to define the 4 

substructures of the adrenal gland for consistent definition of the injection location within the 

gland. D, Percent of injection sites out of total examined location sites over 12 examined adrenal 

gland slices with 1–3 injection sites in each. E, total area covered by the MNPs in each 

substructure as quantified in 12 examined adrenal glands. 

 

 

  



 

 

Figure S7 | Magnetothermal stimulation setup and system characterization. A, Components 

of the in vivo AMF stimulation setup. The circuit for the AMF coil is presented. The rat is placed 

within the coil during experiments. B, Temperature increase under AMF stimulation in extracted 

adrenal gland injected with three locations of MNPs (40 mg/ml), as measured with an infrared 

camera during the stimulation. The adrenal gland is located at the anticipated position of the rat 

adrenal gland in vivo. The experiment was conducted at room temperature and the temperature 

measured was largely from the adrenal gland surface. C, Temperature profile of the adrenal 

gland surface during the magnetothermal stimulation described in B. D, Measurement of AMF 

amplitude over 5 locations inside the coil driven with parameters similar to those described in the 

materials and methods. Locations on the middle axis of the coil are presented and the AMF 

amplitude was measured using a custom-designed pickup coil with a known geometry. (Photo 

Credit: Dekel Rosenfeld, Massachusetts Institute of Technology). 

 

 

 



 

 

Figure S8 | c-Fos immunostaining following magnetothermal stimulation. A, A mosaic of an 

entire slice of an adrenal gland injected with MNPs in two locations (white squares). Green 

represents c-Fos; blue represents DAPI. B, C, A close-up view of the tissue encompassed by one 



of the white squares in A demonstrates an increased c-fos expression (white arrows) in the area 

surrounding the MNPs injections. Scale bar = 300 µm. Mosaic scan was acquired with 20X oil 

immersion objective (NA=0.85) and processed using the FV1000 software (Olympus). D-G, 

Chronic implantation and stimulation of adrenal gland following MNPs injection. (D-F) A 

mosaic of an entire slice of an adrenal gland injected with MNPs after repeated stimulations (3-5 

stimulations) over a period of up to two months. On the last stimulation, rat was perfused and 

adrenal gland were immunostained for the expression of c-Fos.   Green represents c-Fos; blue 

represents DAPI. Scale bar 200 µm. No significant damage in the adrenal tissue was observed 

even after repeated magnetothermal stimulations. G, A close-up view of the tissue encompassed 

by the white square in c demonstrates an increased c-fos expression in the area surrounding the 

MNPs injections. Scale bar 50 µm. 

  



 

Figure S9 | Heart rate measurement A, B, Heart rate measurements in a naive rat. Response to 

systemic drug injection. Rats were injected with (A) Epinephrine alone or (B) epinephrine 



followed by the beta-blocker labetalol. Heart rate was continuously measured using a Physiosuite 

equipped with an optical sensor affixed to the rat hindlimb. Heart rate increase could be observed 

immediately following epinephrine injection and a decrease was observed in response to the 

labetalol injection. C-H, Heart rate measurement and analysis following magnetothermal 

stimulation. A rat injected with MNPs (A,E,G) compared to a rat injected with WNPs (D,F,H). 

C, D, Heart rate values before, during and after AMF stimulation (marked ON). The blue curve 

represents the actual values and red curve represents the baseline estimation curve (SI-3). E, F, 

The change from baseline curve after baseline subtraction. G, H, Calculation of the heart rate 

slope before, during and after AMF stimulation, demonstrating a positive increase in the slope in 

the case of MNPs (G) not observed in the case of WNPs (H).   
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