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Abstract 

To understand the phenotypical and aberrant aspects of brain functions, circuital 

elements within the brain need to be perturbed and the effects correlated. 

However, the fast dynamics and the complex heterogeneity of neural systems make 

this challenging. In the past ten years, significant progress has been made in 

developing genetic tools to target neuron types, for stimulation and observation. 

Stimulating distinct cell types in the brain, by genetically expressing microbial 

opsins with guided patterned light has enabled gain and loss of function analyses 

of neuronal networks. Similarly, genetically expressing designer drug receptor in 

the cells, have yielded a remote, albeit a much slower methodology for neuronal 

manipulation. Magnetothermal neuromodulation technique takes inspiration 

from the need for a remote stimulation technique that can approach the time scales 

of optical stimulation, without the need for any physical tethers or implants. We 

used alternating magnetic fields as the signal, as it is minimally attenuated by the 

tissues. The signal is then transduced by superparamagnetic nanoparticles that 

undergo magnetic relaxation and lose internal energy as heat. These nanoparticles 

are delivered to the cell membrane, where they are targeted to the surface proteins. 

The cells are genetically made thermosensitive by overexpressing membrane ion 

channels, like TRPV1, Anoctamin1, and TREK1. Under alternating magnetic fields, 

the plasma membrane of the nanoparticle decorated cells heated, opening the ion 

channels and activating the cells. Core-shell nanoparticles with two inorganic 

constituents were used. We developed a model based optimization technique, to 

tune the composition ratio in nanoparticles, and maximize the heat generation. We 
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characterized the heat transfer from nanoparticles to their microenvironment, and 

showed the effect of geometry of nanoparticle arrangement. We also characterized 

hyperthermic properties of biosynthesized nanoparticles. To demonstrate remote 

Magnetothermal activation in behaving mice, we activated TRPV1 overexpressing 

neurons to initiate involuntary running, rotation around the body axis and freezing 

of gait in mice. We then magnetothermally suppressed neuronal activities by 

overexpressing Potassium efflux channel, TREK-1 or Chloride influx channel 

TMEM16A. This technique was used to silence dopaminergic neurons of the 

ventral tegmental area and alter mice's innate preference for dark over brightly lit 

spaces. The thesis lays the groundwork for magnetothermal neuromodulation and 

paves way for combining the same with other stimulation and feedback modalities, 

to create a unique feedback controlled, chronic, implant free neurostimulation 

toolkit, for and neuroscience discoveries with the potential for therapeutic use. 
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1 Introduction 

The last two decades have witnessed a meteoric rise in toolkit development for 

systems neuroscience research [1]. This has synergistically coincided with an 

enhanced interest in studying how neuronal networks control behaviors. In all 

such techniques, selected neuronal population are externally perturbed in a 

controlled fashion, and the effect is then observed. Conversely, perturbations of 

neuronal populations can be done to modify behaviors [1-6]. Neurons are 

genetically made sensitive to an external signal, like light or designer chemical 

drugs [7-16]. This genetic control allows for selection of neuronal types and 

subtypes to activate [17,18]. While light activation happens with a sub-millisecond 

latency, chemical activation might take even hours [19-23]. Light delivery, 

however generally requires a physical guide that has to be inserted into the brain, 

tethering the animal to the light source. 

The Pralle group had earlier shown that the energy in alternating magnetic fields, 

converted to heat can be used to drive neurons, eliciting behavioral changes in 

nematodes [24]. Since alternating magnetic fields freely penetrate brain tissues, 

no physical guides into the brain are needed [25,26]. Conversion of the energy in 

the magnetic field into heat is carried out by magnetic nanoparticles, which are 

targeted to the cell membranes [27,28]. Neurons can then be genetically modified 

to activate or silence with the membrane temperature rise [29,30]. The speed of 

stimulation depends on the speed of the temperature rise. Hence designing and 

synthesizing nanoparticles with maximal power loss is imperative. The magnetic 

field parameters constraints, as well as the colloidal stability maximization, 



impose limitations on nanoparticle properties [25,31,32]. Delivering nanoparticles 

to the cells, and maximization of membrane residence times also call for 

optimization of the surface chemistry of the particles. Developing optimization 

techniques, and incorporating surface chemistry methods, heat maximization at 

the cell membrane is achieved. Theoretical principles behind as well as 

characterization experiments on magnetic heating of lab- and bio-synthesized 

nanoparticles are explained in Chapters 2 through 5. 

Figure 1.1. Nanoparticles targeting proteins in the plasma membrane. 

Heat transfer through nanoscale soft-matter interfaces in aqueous environments 

is known to deviate from bulk approximations [33,34]. Unraveling the heat 

transfer mechanism at such scales will not only help local hyperthermia research 

but also demystify the mechanism of energy transfer across biomolecules. Using 

fluorescence thermometry temperature evolution in the microenvironment of the 

heating nanoparticles are studied. The observations from local temperature 
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evolution studies in isolated particles, as well as particles arranged m two 

dimensions are summarized in Chapter 6. 

Part A of this thesis integrates findings across these fields of research with novel 

discoveries, to set the groundwork for application to neuroscience research. While 

Part Bis dedicated to exploring the thermal response of activities of wild-type and 

thermosensitive ion-channel-expressing neurons. Studies in both cultured 

neurons and stimulation in behaving mice are included here. 

The effect of temperature changes on the activities of neurons is discussed in 

Chapter 7. By overexpressing heat sensitive membrane ion channels, wild type 

neurons can be made overly sensitive to temperature changes. The thermal 

opening ofTRPV1 ion channels causes Calcium influx in neurons and thus enables 

a gain of function control [29]. Similarly, anionic channels like Anoctamin1 causes 

a temperature dependent loss of function [35]. Overexpression of background 

Potassium channels TREK1 [36], however, induces thermal rate sensitivity in 

neurons. 

Delivery of transgene, encoding the desired ion channels is done via viral infection 

of the desired cell population. Heat sensitized cells can then be decorated with 

nanoparticles and activated or silenced by remote heating in alternating magnetic 

fields. This was achieved in rat hippocampal cultures, as well as in central nervous 

system neurons of behaving mice. Behavioral responses, triggered by both 

activation and silencing of specific cell types in the mouse brain confirmed remote 

magnetothermal activation or silencing of desired neuronal population. Chapters 
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8 through 11 deal with magnetothermal neural activation and silencing in-vitro 

and in-vivo. 

The steps of optimization of all the components involved the development of 

controlled magnetic hyperthermia for fast neuronal stimulation are discussed in 

this thesis. It lays the foundation for expanding the technique and combining with 

other modalities of probing and perturbation like optogenetics, chemogenetics and 

the fast-evolving field of sonogenetics [37]. 
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PartA 

Magnetic nanoparticle hyperthermia 
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2 Theory ofheat generation in magnetic 

hyperthermia 

Within each magnetic domain of ferromagnetic materials, spins are ordered even 

in the absence of a field, as long as the material is below its Curie temperature. The 

ordering causes spins to align (nearly) parallely, imparting significant magnetic 

moments to each domain. However, in its macroscopic form, such a material would 

have many such domains, each with a considerable moment. Since the direction of 

moments of individual domains does not necessarily line up with the moment of 

the other domains, the net magnetization remains insignificant, under thermal 

equilibrium, in the absence of magnetic fields. Per Frenkel and Dorfman's initial 

prediction [38], if a one could synthesize a particle of such ferromagnetic material 

under a certain critical size, the particle would constitute a single magnetic 

domain. Such particle will constitute ordered spin states and have an intrinsic 

unidirectional magnetic moment, in the absence of an external magnetic field. An 

assembly of such single domain particles, suspended in a medium or tethered to a 

biological membrane would be randomly orientated in the absence of an external 

field. Thus, the collective behavior of such particles mimics that of paramagnets; 

imparting no net magnetic moment in the absence of an external field, even though 

individual particles have considerable moments. This, so-called relaxation in 

magnetization (credited to Neel for its explanation) is facilitated by thermal 

fluctuations and has an associated time constant. With strong enough magnetic 

fields (H) and above certain temperatures however, the moments of these 
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individual particles can be all aligned in the same direction (the direction of the 

field). 

2.1 The linear response theory 

From a thermodynamics point of view, the work done by the magnetic field in 

aligning the moments results in a change in the internal energy and gets dissipated 

as heat. Under adiabatic conditions, 

dU = oW = H.dB (1) 

Where U is the internal energy of the system (nanoparticle suspension) and oW is 

the work done by the external field H. The induction generated is given by B = 

µ 0 ( H + M), where M is the magnetization. Since H and B are parallel, cyclic 

increase in internal energy is given by 

(2) 

Observing that H(t) = H0 cos(wt) and M(t) = H0 (x' cos(wt) + x"sin(wt)) , where 

x' and x" are the real and complex susceptibilities respectively one gets 

2rr/w 

11U = 2µ0H~x" f sin2 (wt) dt (3) 

0 

Defining the frequency of magnetic field operation as f = w /2rr one finds the 

expression for the volumetric power dissipation to be [39]: 

(4) 
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Magnetization reversal in magnetic nanoparticles can be brought about by the 

rotation of the magnetization vector or the rotation of the suspended particle in 

the viscous medium, itself. The effective relaxation time constant r is the result of 

both these processes working in tandem. The expression for r is given by 

1 1 1 
---+-- (5) 

r Tsrown TNeel 

Here, r Brown is related to the relaxation time constant of a sphere undergoing 

thermal oscillations in a viscous medium, when the Reynold's number is 

low [39,40]. 

(6) 

Where, rJ is the coefficient of viscosity of the suspens10n fluid, VH is the 

hydrodynamic volume of the nanoparticle, k the Boltzmann constant and T is the 

ambient temperature. 

Time constant, rNeel is associated with the magnetization reversal, arising out of 

the rotation of the magnetic moment of the domain within the crystal axis. A single 

domain ferromagnetic particle (within the critical radius, typically 15 nm for 

Fe30 4) always stays in a uniform magnetization state [41-43]. Such effectively 

monodomain particles have high magnetic moments µ8 • The magnetization vector 

prefers orienting along axes, governed by the anisotropy of the crystal, over others. 

Above a certain blocking temperature, Tb 1 the thermal activation energy k8 T is 

enough to offset the anisotropy energy barrier, associated moment reversal 

between the two stable orientations, called easy axes. The energy barrier is given 
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as E8 = KerfVM, where, VM is the volume of the magnetic mass of the particle and 

Kett is the effective anisotropic energy density of the material. The anisotropy 

results from spin orbit coupling and long-ranged dipole-dipole coupling of 

magnetic moments [43]. Neel argued that the time constant of such relaxation 

follows Arrhenius' activation lawTNeel = To exp(t:.E/k8 T). Defining To and /1£ per 

Rosensweig [39], one gets 

(7) 
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Figure 2.1. Simulation of the time constants plotted against changing the 

magnetic radius of the nanoparticles (Cobalt Ferrite core and a Manganese 

Ferrite shell). 

The effective relaxation time obtained from Neel and Brown time constants can be 

used to construct the relaxation equation: 

aM(t) 1 
a = -(M0 (t) - M(t)) (8)

t T 
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giving the relation of complex susceptibility with the equilibrium susceptibility, 

X = x' - ix" = Xo (9)
1 + iwr 

Combining (4) and (9) one gets 

_ 2rrfr2 (10)Pparticle - rrµoxoHof 1 + (2rrfr)2 VM 

As magnetization M refers to the vector sum of all such magnetic moments, 

maximum value from a collection of particles is achieved when their moments are 

all lined up. This corresponds to the so called case of saturation magnetization Ms, 

when the maximum magnetization of a collection of such particles is obtained. For 

all other (lower) values of magnetic field, the magnetization obtained from the 

same assembly of particles would be smaller, as the thermally induced randomness 

in moment orientations have not been overcome yet. At all temperatures and 

magnetic field strengths of biological significance, the relation between M and H 

follow the Langevin equation. Using this, Xo can be expanded as: 

Xo = _M_s (coth (-µo_M_s_H_V_M) - __k_T__) (11)
H kT µoMsHVM 

Here Xo represents the chord susceptibility, giving the lower bound of P. Using 

Equation 11 in Equation 10, pothe wer dissipated per particle can be calculated. 

It should be noted that only monodispersed particles have been considered here, 

as the focus has been on calculating the power dissipated by an individual particle. 

To calculate the SLP of nanoparticle suspensions domain magnetization, Md 

should be used in place of Ms in Equation (11), where Md = Ms/cf>, cf> being the 



volume fraction of the nanoparticles and polydispersity must also be taken into 

account [39]. Figure 2.2 shows a comparison between the calculated SLP values, 

using the above power equations and Fourier laws of heat transfer in a continuous 

medium, implemented though COMSOL 4.4. An exact match in heating rates, to 

the third decimal place is obtained. All magnetic parameters were previously 

obtained from characterization experiments. 
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Figure 2.2. (A) Temperature distribution around 13 nm core-shell (Cobalt 

ferrite -Manganese Ferrite) nanoparticle obtained from FEM simulation 

in COMSOL. The color bar shows temperature in Kelvin. (B) Overlap of 

simulated heating data (black) vs measured data in the same sample. 

2.2 Dynamic hysteretic loop calculations 

Using the macrospin approximation on single-domain magnetic nanoparticles, 

with uniaxial anisotropy, the energy, when exposed to the magnetic field is 

(12) 

where 0 is the angle Mmakes with the easy axis, while cp is the angle Fl makes with 

the easy axis. By introducing dimensionless parameters CJ= KeffV/k8 T ands= 
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µ0 M5 VHmaxl k8 T, magnetic energy can be normalized to the thermal 

energy E(0, cp)/k8 T = CJsin2 (0) - ( cos(0 - cp). Presumably, the energy valleys (or 

the stability points occur at 0 = 0, 1r. The probability density of magnetization 

orientation is given by the Boltzmann distribution. The magnetization is given by 

the integration over the distribution. 

Tr 

M = fo2 
M(cf>) sin cf> def> (13) 

For negligible Kett contribution, that is for CJ ➔ 0 one gets M = M5 L(s), where L(s) 

is the Langevin function, as described in the previous section. On the other hand, 

for very large anisotropy values, the magnetization directions are essentially 

quantized to be confined to the two valley directions. The magnetization reduces 

to a summation of the two directional values, giving M = M5 tanh(s) [44]. In other 

words, the equilibrium susceptibility XO evolves from XOLangevin to XOtanh. Carrey 

et. al. give a relation of phenomenological expression for calculating the 

equilibrium susceptibility from the Langevin limit [ 44] for easy axis orientation 

along the magnetic field. 

(14) 

In the T ➔ 0 limit, Stoner-Wolfrath model can be applied and thermal activation 

energy is completely neglected. Magnetization stays aligned to one of the minima. 

The maximum energy required to cause a magnetization reversal is given by the 

maximum area under the hysteresis loop. This is equal to A = 8Keff, 
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corresponding to cf> = 0. For random orientation, the area gets reduced to A = 

1.92Keff· 

It should be noted though, that thermal perturbation makes the orientation of 

magnetization along the easy axes probabilistic. Taylor expansion around the 

energy minima A and B gives M = M5 (CAPA + CaPa), where PA and Pa are the 

probabilities of orientation along each easy axis, while CA and Ca are the respective 

projections [ 45]. Irrespective of the anisotropy value and orientation, for low 

magnetic field strengths, magnetization is linear with magnetic fields. 

Carrey et. al derived [44] an expression for the thermal dependence of hysteresis 

loop areas. The analytical expressions are as follows 

(15) 

A(T) ~ 2 µ 0 Hc(T)M5 ... (random orientation) (16) 

Here the coercive field Hc(T) is given by [46] 

(17) 

Here r 0 is the same as that used in Equation 7, and the value is usually assumed 

to be 10-9 - 10-10s. For random orientations, the equation changes to 

(18) 

The parameters were obtained through curve fitting by Usov et. al. and revisited 

by Carrey et. al. [44,46,4 7]. Here, HK is the anisotropy field of the material. 
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2.3 Summary 

In summary, the linear response theory can be employed to calculate the hysteresis 

area when f = (µ 0 M5 VHmax/k8 T) < 1, and modified StonerWolfarth model based 

theories can be used for K < 0.7, for major hysteresis loops [44]. For other cases, 

the hysteresis area can be calculated by numerical models. Power loss modeling is 

the starting point in nanoparticle application, and can be used for obtaining model 

parameters for the desired heating effect under the application based limits of field 

conditions. 

Based on these models, many routes of synthesis can be taken, and many varieties 

of nanoparticles can be sampled. In the following chapters, we will see how fine

tuning the magnetic anisotropy can immensely enhance power loss, and how 

biosynthesis can solve some longstanding problems in hyperthermia applications. 

We will also touch upon the challenges and the peek into the futures of the same. 
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3 Thermometry techniques for magnetic 

hyperthermia 

Magnetic hyperthermia has received widespread interest in recent times, for its 

viability in a variety of targeted therapies, biomedical imaging, and cellular 

actuation, among others [48-51]. Central to all hyperthermia applications is the 

knowledge and control of transient temperature changes. The heating efficiency of 

nanoparticle suspensions (known as ferrofluids or simply magnetic fluids) is 

quantified by the Specific Loss in Power (SLP) (also known as Specific Absorption 

Rate, SAR). The expression for SLP is: 

SLP=--Cwater (dT)- (1) 
p dt 

Here, dT is the rate of change of temperature during magnetic heating of the 
dt 

nanoparticle suspension sample, Cwater is the specific heat capacity of the 

suspension medium and p the concentration of the inorganic contents of the 

nanoparticles. The most widely used unit of SLP is Watt.gram-1 • Another measure 

of heating efficiency is the Intrinsic Loss in Power (ILP), which estimates heating 

efficiency, independently of the magnetic field parameters. 

SLP 
(2)/LP= Hz[ 

With ILP, the heating efficiency measurements done under a wide range of field 

parameters become comparable [52,53]. This formula, however, intrinsically 
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assumes proportionality of SLP with the product H 2f. As we will see in the 

following chapter, this actually limits the range of validity of this relation. 

Accurate measurement of transient temperature changes requires real-time 

monitoring of the temperature of the magnetically heating solution. Eddy current 

heating rules out traditional thermocouples for such measurements. In the 

following sections, we will see how light can be used for thermometry, both for bulk 

as well as local nanoscale measurements. 

3.1 Alternating magnetic field generation 

Alternating magnetic field (AMF) is generated by water-cooled coils, driven by a 

7.5 kW power generator from MSI Automation, Kansas City, KS. The instrument 

is separated into two units, the power source (also the control unit) and the head 

stage, on which the hyperthermia coil is mounted. Circulating water cools all 

resistive elements in the system. A water interlock prevents the machine from 

running at insufficient water pressures. The head stage houses a transformer 

connected to a 1 nF capacitor bank. Flanges connecting the capacitor plates 

connect to the hyperthermia coils through Swagelok connectors. The coils are 

interchangeable, and custom coils with resonance frequency within a frequency of 

operation range can be installed. The achievable resonance frequency range is 150 

- 550 kHz through three attempt frequency settings, switchable through the device 

logic board. When operated near attempt frequencies, the device can be operated 

at maximum power, for uninterrupted timespans of 10 minutes. The power output 

can be easily tuned, however driving the machine off resonance can increase noise 

and affect the total obtainable power. Alternating fields are measured with a 
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magnetic field probe (Fluxtrol) connected to the oscilloscope. The probes have 

radial and axial field measurement capabilities, allowing for the measurement of 

the three-dimensional field vector components. 

3.2 Specific Loss in Power measurement 

For accurate SLP measurements, calorimetry in an adiabatic chamber is highly 

imperative [54]. This ensures accurate estimation and high reproducibility of the 

magnetothermal properties of the sample. Temperature is constantly monitored 

and logged during such experiments. A fiber optic temperature probe, with a 

sensor attached to the tip is used along with an analog to digital signal conditioner 

(Neoptix) driven by a computer program (through RS232). A typical setup used for 

SLP measurements with excellent reproducibility (<1% standard deviation) 

consists of a double-walled sealed glass chamber placed along the coil axis, with 

the fiber optic probe introduced through an insert at the top (Figure 3.1). 

1. Coil__.~ 
2. Outer wall 

__.~ LJ 3. Air gap 

5 4. Sample holder
11 

5. Fiber inlet 
10 

e 
6. Signal 

conditioner 
7. Camera 
8. Computer 

Readout 
9. Capacitor

2 
10. Transformer 
11. Power source 

Figure 3.1. Schematic diagram showing the elements of setup for SLP 

calorimetry. 
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200 µL or more volume of water sample had enough heat capacity to yield reliable 

results. The column of the sample in the sample holder extends to 1 cm in height, 

ensuring a field strength variation ofless than 2% along the sample, for most coils. 

Prior to all measurements, the samples are equilibrated with the environmental 

temperature, by waiting for the temperature to stay steady for at least five times 

the duration of heating. The adiabaticity achieved in the system is enough to allow 

only a minuscule heat loss to the environment, during the first-degree change in 

temperature. Hence, for SLP calculations, only this period is considered for 

calculating the temperature slopes (Equation 1). 

It should be noted that the rate of cooling to the environment is a function of the 

sample temperature (given the environment temperature is fixed). For small 

temperature changes during SLP measurements, subtraction of temperature 

specific cooling rates from the heating rate data can compensate for imperfections 

in adiabatic conditions within the setup [55]. This only becomes significant in 

samples with very low initial heating rates ( < 0.05 °C/s) heated with solenoid style 

hyperthermia coil. Under normal operating conditions, a solenoid coil heats at a 

rate of 0.005 °C/s. An alternative is using a Helmholtz configuration coil for 

calorimetry. The sample chamber can be introduced through the gap in the coil. 

3.3 Local temperature measurement 

Measuring local temperatures at the nanoparticle surface, or any nano- or micro

sized structures cannot be done using a thermometer working on one heat 

conduction principle. To circumvent this difficulty we utilized the fact that the 

fluorescence intensity of most fluorophores drops with increasing temperature, 
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and the change in fluorescence is linear with the change in temperature. Using 

simultaneous thermometry and photometry on externally heated dye suspensions 

(free or bound a protein/nanoparticle) we could record the change in fluorescence 

signal corresponding to the suspension temperature change. Once calibrated, the 

dyes can be used in various configurations, on cells or in suspensions and can serve 

as a targeted molecular temperature sensor. We also used fluorescence microscopy 

to measure the temperature near cell membranes. The measurements reveal a 

variety of heat dissipation characteristics, unique to local heating at the nanoscale. 

For photo-thermometry experiments, we used the setup, shown in the schematic 

diagram in Figure 3.2. Depending on the dye used, different fiber-coupled LED 

light sources were used (M405F1, M470F3, M505F1, M565F3, M625F2; 

THORLABS). The LEDs were driven via controllers (LEDD1B, thorlabs), 

connected to an external signal generator (BK Precision or Digidata 1440A). A list 

of optical filter sets used for different dyes in given in Table 3.1. 
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1. LED 
2. Objective lens 
3. Fiber coupler 
4. Filter cube 
5. Condenser lens 1 
6. Camera 
7. Photodiode 
8. Amplifier 
9. Readout 

2 
10. Fiber out 

Figure 3.2. Setup for fiber photometry. 

A patch cable guides the LED light to the input collimator. The collimated beam is 

then filtered, reflected from the dichroic mirror and coupled to a second fiber, via 

a focusing objective lens of matching numerical aperture (2ox, NA 0-4, Plan 

achromat, Olympus) mounted on a fiber launch system (MBT601D, Thorlabs). The 

fluorescence signal is filtered with an emission filter and focused on the 

sensor/detector by an aspheric condenser lens. 

The signal from the detector (Hamamatsu) was amplified (2oox), filtered (200Hz 

- 2ookHz), and read, using a lock-in amplifier (Perkin Elmer 7265 DSP). The lock

in frequency was 448 Hz, and a time constant of 10 ms, and a sensitivity of 5 mV 

was used. 
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Filter set 
Input 

Dye/Fluorophore LED Excitation Dichroic Emission 
collimator 

(nm) (nm) (nm) 

GFP M470F3 470/10 495 520/35 F671APC405 

Atta 448 M470F3 494/20 511 525/15 F671APC405 

Rhodamine 6G M565F3 549/12 560 572/15 F671APC405 

DyLight 550 M565F3 549/12 560 572/15 F671APC405 

Alexa Fluor 64 7 M625F2 650/13 660 680/22 F671APC405 

Table 3.1. Table of LED and optical filter set specifications for various 

dyes. 

3.3.1 Calibration offluorescent dyes 

We calibrated the temperature response of fluorescence intensities of various dyes. 

Dye suspensions were warmed and cooled alternately and thermometry and 

photometry were simultaneously done. Normalized fluorescence versus 

temperature data was line fitted. The slope gave the rate of fluorescence change 

with temperature, the calibration factor. Calibration was done on dye suspensions, 

or dyes on nanoparticles, which were suspended or attached to the cell membrane. 

For dyes on nanoparticles attached to cell membranes, fluorescence microscopy 

was used. 
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Figure 3.3. Simultaneous thermometry and photometry in dye solutions 

undergoing thermal cycles. A fiber optic thermometer measures the global 

temperature of the suspension, while the fluorescence measures the 

temperature of the dye molecules. (A, B) shows data from mGFP fused to 

human heavy chain ferritin, while (C, D) shows water dilution of 

Rhodamine 6G free dye, dissolved in ethanol. All measurements were done 

with a lock-in amplifier. 

Results of thermal calibration of dye fluorescence are listed in Table 3.2 
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Dye/Fluorophore Attachment (solvent) Calibration factor 

(%/°C) 

mGFP Ferritin (buffer pH 8) -1.019 ± 0.047 

Atta 448 Free (buffer, pH 7.3) -0.013 ± 0.045 

and on MNP /PMA/NA (water pH 5.7) 

Rhodamine 6G Free ( dissolved in ethanol, 0.412 ± 0.001 

diluted in water, pH 5.7) 

DyLight 550 Free (buffer, pH 7.3) -2.021 ± 0.029 

and on MNP/PMA/NA (water pH 5.7) 

Rhodamine 123 Free ( dissolved in ethanol, 1.21 ± 0.006 

diluted in water, pH 5.7) 

Fluorescein Free (dissolved in DMSO) -0.147 ± 0.042 

Table 3.2. Summary table of dye thermal calibration. All measurements 

were done with Lock-in amplifier, using the LED and filter set mentioned 

in Table 3.1. For multiple condition measurements on the same dye, the 

results were not significantly different. The positively varying dyes are 

listed in italics. 

3.3.2 Specific Loss in Power measurement by fluorescence thermometry 

We did calorimetry measurements akin to SLP measurements, and performed 

photometry on the heating suspension simultaneously. Since the nanoparticles 

had pre-calibrated dye molecules on them, the time evolution of the temperature 

on the particle surface could be reproduced using the dye signal. Measurements 
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showed that fluorescence thermometry could exactly reproduce calorimetric 

temperature measurements. We used this technique to study any gradient in 

temperature, away from the heating nanoparticles. Any gradient would show up as 

a discrepancy in bulk calorimetry and local photo-thermometry measurements. 

3.3.3 Decorating cells with nanoparticles 

Cell membrane can be decorated with functionalized nanoparticles in a variety of 

ways. We have employed enzymatically generated tags on transiently expressed 

membrane proteins and antibodies against overexpressed or endogenous 

membrane proteins. 

For the attachment via an enzymatically generated biotin-tag, the polymer 

encapsulated nanoparticles are functionalized with dye labeled neutravidin. HEK 

cell labeling, cells growing on 12-mm glass coverslip, 50% confluent were co

transfected with a plasmid, expressing Biotin acceptor peptide, AP-CFP-TM, and 

a plasmid encoding the BirA enzyme which attaches biotin to the AP ( [56]) (0,4 

µg each). Following transfection, 5 uM of Biotin was fed to growing cells. Twenty

four hours later the coverslips were transferred to the imaging chamber (ALA MS-

512DWPW) in 200 µl physiological salt solution (PSS, ingredients in mM: CaCl2 

2, NaCl 151, MgCl21, KCl 5, HEPES 10, and Glucose 10, pH 7.3). MNP conjugated 

with neutravidin-DL550 (0.5 mg/ml) were added (2 µl). After 5 min, the dish was 

perfused with PSS buffer to remove unbound particles. 

In the cases that nanoparticles were targeted to endogenous membrane proteins 

in the neuronal cell membrane, the encapsulated nanoparticles were 

functionalized with neutravidin and then biotinylated IgM antibody (433110, 
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Invitrogen). Neuronal cultures grown on 12 mm coverslip were loaded in an 

imaging chamber (ALA scientific) holding 200 µl of imaging buffer pH.7.34. 

Biotinylated antibody (2 µg/ml) was added, incubated for 10 min, before being 

washed off by perfusing with HEPES buffer pH 7.3. Neutravidin conjugated 

nanoparticles were then added at 10 µg/ml, and after 5 min the unbound 

nanoparticles were washed off. 

A BPolymer encapsulated 
~ nanoparticle tagged 
~ with fluorescent dye 

Tra ns-membrane anchored protein 
AP-CFP-TM 

~ Cell membrane GL-GPI-AntiGFP 

Neuron specific 

C D E 

Anti-NCAM (CD56) Anti-lgM 

Figure 3.4. Schemes of binding nanoparticles to the cellular membrane 

(A, B). The nanoparticles surfaces are first modified to incorporate 

reporter dye molecules as well as molecules showing an affinity for certain 

membrane proteins. (C, D) show schemes pertaining to the neuronal 

membrane. (E) Nanoparticle-loaded polymer micro discs enable platform 

based nanoparticle delivery to cells for long residence time. 
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Other schemes may be used for labeling different cell types. Nanoparticles may be 

also preloaded onto polymer micro platforms, before delivery to the cell 

membrane. Figure 3.4 summarizes various membrane nanoparticle decoration 

schemes. 

3.3.4 Fluorescence thermometry ofcell-membrane tagged nanoparticles 

N anoparticles attached to cell membranes were heated by a coil placed over the 

cover slip chamber and imaged using an inverted epifluorescence microscope 

(Zeiss Axio Observer Ai.om). For these measurements, nanoparticles with dye are 

immobilized on the cell membrane (Figure 3.4). 

The fluorophores were excited using an HBO 200 mercury short arc lamp or LED 

lights, coupled with appropriate filter sets (Table 3.1). The change in fluorescence 

intensity when normalized to the base intensity can be converted to temperature 

change data. 

Continuous videos were acquired with an exposure time of 100 ms at 2 x 2 binning 

and saved as a stack of uncompressed TIFF files. Uniblitz electronics VS14S2To 

shutter, driven by Uniblitz VCM-D1 driver was used to synchronize excitation light 

illumination with camera acquisition times via micromanager software. The 

alternating magnetic fields induce eddy currents in the metallic microscope 

objective, heating it up. The thermal expansion of the objective lens may cause 

optical distortions and focus changes. To correct these in real time, we used a fast , 

customized piezoelectric autofocus system (Motion X Corporation, 780 nm laser 

interferometer based). The autofocus laser beam was coupled in the optical path 

of the microscope by a dichroic mirror, focused through the objective lens onto the 
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coverslip bottom and reflected back into the interferometer (Figure 3.5). 

Therefore, it not only detects and corrects changes in separation between coverslip 

and objective lens but also internal optical changes. 

1. LED 
2. Optical filter cube 

: 5 3. Autofocus I.±~.....---------,e,I 

4. Objective 
5. Coi l 
6. Capacitor 
7. Transformer 
8. Power supply 

Camera 

Figure 3.5. Schematic showing setup for fluorescence microscopy for cell 

hyperthermia studies. Curved broken lines indicate field lines generated by 

the coil. 

The emission was collected with a 4ox NA o.75 Zeiss objective lens and recorded 

with an Andor NEO sCMOS camera controlled by micromanager software [57 ]. 

During image processing, care was taken to choose pixels with similar average 

intensity, as this also signifies the density of the nanoparticles in that region, and 

the heating rate is dependent on the nanoparticle density. Using a variety of 

anchoring mechanism, we attached nanoparticles to the membranes of the desired 

cells, for heating measurements. It is to be noted that temperature read this way is 

the temperature on the nanoparticle surface, and not the membrane itself. The 

27 



temperature of the membrane would be closest to the nanoparticle temperature, 

as the binding molecule gets shorter. 

3.3.5 Measuring nanoparticle heating in-vivo 

To locally heat brain cell membrane in live mice, we first stereotaxically (Stoelting 

Cat. # 51730) injected A2B5 antibody in the region of interest. The injection was 

followed by nanoparticle injection in the same spot. Each injection volume is kept 

under one microliter, and the injection speed in a constant ranging from 20 - 100 

nL/min (WPI, UltraMicroPump 3). A ferrule with a fiber glued in is then placed at 

the site of nanoparticle decoration. This serves as a port to which the photometry 

fiber can be connected repeatedly during experiments. For all experiments, the 

mice were anesthetized and placed within the hyperthermia coil. N anoparticles 

attached to neurons in the brain show heating for an average of four days. 

1.4 Summary 

We used both direct measurements and fluorescence measurements to measure 

the heating capacity of nanoparticles, as well as measure heating from the surface 

of nanoparticles. Using the fluorescence (thermometry and photometry) technique 

allowed us to measure transient heating in specific cells in the brain as well as on 

cells in-vitro. To ensure the scalability of measurement results, we confirmed that 

the dyes used, yielded similar temperature calibration results under the condition 

used for hyperthermia experiments. 
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4 Anisotropy optimization in nanoparticles, for 

heat maximization1 

Synthesis of magnetic nanoparticles (MNP) for hyperthermia based novel 

theranostic applications requires a predictive framework, setting the target 

properties. The possibility of tissue damage (by eddy current heating) limits the 

product of magnetic field frequency and strength limits [58]. Typically, the 

magnetic field frequency is kept below 1 MHz, and the field strength below 

2okA/m. To allow the MNPs to diffuse freely between cells, their hydrodynamic 

diameter after biocompatible coating should be below 30 nm, limiting their 

magnetic core to less than 20 nm. This leaves the MNP's saturation magnetization 

(Ms) and the effective magnetic anisotropy to maximize the specific loss power 

(SLP) [59]. 

Core-shell MNPs designed to merge the advantageous magnetic properties of soft 

and hard magnetic materials have shown excellent SLP values and promise 

tunability of the magnetic anisotropy [32,60,61]. Among them, manganese and 

cobalt substituted ferrites meet the physical requirements to build up exchange

coupled magnetic single domains, where the magnetic properties must be averaged 

over the entire particle volume [62,63]. Customizing this anisotropy to maximize 

the SLP requires a reliable and predictive theoretical framework. Hence, we 

developed a theory on how to integrate the magnetic properties of the bulk Mn-

1 This chapter is based on the publication Q. Zhang, I. Castellanos-rubio, R. Munshi, I. Orue, B. 

Pelaz, K. I. Gries, W. J. Parak, P. Pino, and A. Pralle, Chem. Mater. 27, 7380 (2015). 
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and Co-ferrites in one core-shell MNP and demonstrated its validity on a set of 

MNPs with diameters around 14 nm. This set includes pure Mn- and Co-ferrite 

MNPs and three core-shell assemblies: one with Co-ferrite core and Mn-ferrite 

shell (denoted as Co@Mn) and two with Mn-ferrite and Co-ferrite shell of varying 

thicknesses (Mn@Co and Mn@Co-TL /Thin Layer). 

4.1 Synthesis 

Core-shell ferrites were synthesized by adapting seed-growth methods of metal 

precursors (Fe, Co and/or Mn) [64]. Seeds, core-shell and single-phase magnetic 

nanoparticles (MNPs) were produced by thermal decomposition of metal 

precursors (i.e., iron(III) acetylacetonate, cobalt(II) acetylacetonate, 

manganese(II) acetylacetonate or manganese(II) chloride) in the presence of 1,2-

hexadecanediol, oleic acid and oleylamine, in high boiling point organic solvents 

(benzyl ether or dioctyl ether), following largely protocols for single-phase 

MNPs [59,65] or core-shell ferrite MNPs [32]. In order to produce colloids with 

the desired sizes and structure (single-phase or core-shell), we combined and 

adapted existing methods, except for the production of Mn ferrite MNPs with d ~ 

14 nm, which followed [59]. 

The MNPs were transferred to the aqueous phase by coating with an amphiphilic 

polymer (dodecyl-grafted-poly-(isobutylene-alt-maleic-anhydride / PMA), which 

confers colloidal stability in high ionic strength media [66], and provides 

carboxylic groups for further functionalization with other macromolecules. 
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4.2 Size and composition characterization 

Gel electrophoresis in an agarose gel (2% w/w) electrophoresis (100 V, 200 mA 

and 60 min) was used to inspect the monodispersity of the sample and to separate 

polymer-coated MNPs from empty polymer micelles following published 

procedures13. Sample images were acquired in a JEM-1230 transmission electron 

microscope and an ORIOUS SC1000 4008x2672 pixels CCD camera (Gatan UK, 

Abingdon Oxon, UK) (Figure 4.1A - E). In order to estimate the thickness of the 

PMA shell, we performed TEM with Uranyl acetate negative staining. Samples 

were prepared on carbon film 400 copper mesh grids purchased from Electron 

Microscopy Sciences (Hatfield, USA), which were treated with glow-discharge 

under air plasma for 20 s (2.0-10-1 atm and 35 mA). Dynamic Light Scattering 

(DLS) and s-potential of the as-synthesized MNPs (i.e., coated with aliphatic 

chains) and PMA-coated hydrophilic NPs were analyzed using a Zetasizer Nano

ZS, Malvern Instruments. The composition of the MNPs was analyzed by induction 

coupled plasma mass spectrometry (ICP-MS, Agilent 7500 Series). The diameter 

of the resulting inorganic MNPs (din) shows good monodispersity (~10%). Their 

hydrodynamic diameter (dh) measured by dynamic light scattering increased due 

to the polymer coating by 2.7 ± 0.7 nm, consistent with the shell thickness (d5 ) 

observed by negative staining (Figure 4.1F). 
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Figure 4.1. (A - E) TEM micrographs of PMA-coated MNPs, i.e., Mn, 

Co@Mn, Mn@Co-TL, Mn@Co and Co ferrites. (F) Negative staining TEM 

micrograph of Mn@Co-TL, which shows a 3 nm homogeneous coating 

around the MNPs. 

The chemical composition of Mn and Co ferrite phases calculated from ICP-MS 

data was found to be similar in all samples, about Mno.3Fe2.7O3 and Coo.5Fe2.5O3 

respectively. 

4.3 Magnetic characterization 

Magnetic characterization has been performed directly in colloidal suspensions (M 

vs H measurements at RT) and in samples obtained by drying the colloidal 

dispersion on semi-permeable filter paper (M vs H and M vs T measurements). 

Hysteresis loops at 5 K and 300 K to a maximum field of 6.5 T and the 

measurements of magnetization versus temperature (at 1 mT and 10 mT in the 

temperature range of 5-300 K) were done with a Quantum Design MPMS-7 SQUID 

magnetometer. Hysteresis loops at RT in colloidal samples were performed in a 

custom built VSM magnetometer up to a maximum field of 1.8 T with high low

field resolution. 
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Figure 4.2. Magnetization versus field measurements at low temperature 

and room temperature and for immobilized and freely rotating MNPs. 

The magnetization versus field measurements of the MNPs rich in Co ferrite (pure 

Co, Mn@Co and Mn@Co-TL) show significant hysteresis at room temperature 

(RT) in fixed, dried samples (Figure 4.2B). However, the same measurements 

obtained directly in colloidal suspension show no hysteresis (inset Figure 4.2B) , 

as then the Co ferrite rich NPs are free to orient themselves to a slowly varying 

external magnetic field. Thus, the magnetic response is almost a perfectly 

superparamagnetic behavior, because only the magnetostatic term (-m ·B, where 

m is the total magnetic moment) contributes to the total energy, at thermal 

equilibrium. This means that these M(H) curves in colloidal suspension are also 

described by a Langevin function and provide an easy way to estimate an effective 

magnetic size [39], which is also obviously true for the other intrinsically 

superparamagnetic samples (Mn and Co@Mn). The average magnetic diameter 

obtained this way are between 13 and 15 nm (dMvsH in Table 4.1). 
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Sample din±a« dcore±O a Co« Ms(RT)« Mr/Ms« µoHc« 

(nm) (nm) %vol (Am2 /kg) (5K) (5K) (T) 

Mn 13.9±1.9 13.9±1.9 0 90.5 0.47 0.026 

Co@Mn 12.9±1.4 6.7±1.0 14 87 0.75 0.505 

Mn@Co-TL 14.3±1.5 10.2±1.1 63 84 0.80 1.268 

Mn@Co 13.8±1.3 7.3±1.0 85 82 0.87 2.20 

Co 15.3±1.6 15.3±1.6 100 80 o.88 1.84 

Table 4.1. Size, composition, and magnetic properties of the core-shell 

samples. u Diameter of the inorganic MNP (core + shell) and of the 

inorganic core (dcore); Co ferrite volume fraction in the core-shell structure, 

saturation magnetization (Ms) at RT, reduced remanence (Mr/Ms) at 5°K 

and coercive field (µoHc ) at 5°K. 

The good agreement with the physical size of the inorganic part (din) proves that 

corthe e and shell act as an exchange-coupled MNP. Moreover, the saturation 

magnetization (M5 ) values obtained in powder samples are consistent with the 

average volume fraction of both pure ferrites, confirming the formation of core

shell particles (Table 4.1). 

4.4 Specific loss in power 

Specific Power Loss (SLP) measurements were performed using a custom build, 

water-cooled coil driven by a power supply from MSI Automation Inc. (Wichita, 

Kansas). The coil's mean radius was 2.4cm and had 6 turns. The sample 

temperature was recorded using a fiber optic temperature sensor (T1S-03-WNO

Bo5) and an analog to digital converter (ReFlex) from Neoptix (Quebec, Canada). 
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The sample holder was doubled walled glass, sealed with a plastic cap. Annular air 

gaps between the glass walls of the sample holder and between the sample holder 

and the coil ensured near adiabatic conditions for small temperature changes. The 

samples, water-based suspensions of each synthesized MNP, were subjected to 

magnetic field for 15 s and the temperature rise was simultaneously recorded. The 

mean magnetic flux density along the sample column (1 cm) was (22.4 kA/m) at 

412.5 kHz for all the samples. 

4.5 Modeling for anisotropy optimization 

The magnetic anisotropy in nanoscale materials composed of single magnetic 

domains is typically determined from the thermal dependence of the 

magnetization [67,68]. In the simplest approximation, the activation temperature 

(Tb1, blocking temperature) of the superparamagnetic state (SPM) becomes 

proportional to the energy barrier E8 between equivalent easy directions: 

(1) 

where k8 is the Boltzmann constant and To is the inverse of the so-called frequency 

of jump attempts, usually between 10-9 and 10-11 s, assuming an Arrhenius-type 

time relaxation, where Tm represents the time window of the experiment. The 

effective magnetic anisotropy, Keff, is defined by E8 = KerrV, with V being the 

particle volume and is affected by the shape of the MNP and by the magneto

crystalline anisotropy (Kc) of its material, including surface effects. Equation (1) 

allows estimating the effective anisotropy by measuring the magnetization versus 

temperature after cooling the sample in zero field (zero field cooling (ZFC)). At 
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temperatures close to the maximum of the ZFC, the term ln(Tm/T0) is typically 

approximated to 25 (assuming Tm= 100 sand To = 10-9 s). However, at any other 

temperature, some extrapolation and additional modeling concerning the thermal 

dependence of the anisotropy are needed [ 69, 70]. This is particularly critical in Co 

containing NPs, where the effective anisotropy determined at low temperature 

becomes useless for reliable predictions of SLP at room temperature, for instance. 
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Figure 4.3. (A) Experimental ZFC/FC measurements at 1 mT (circular 

markers) with the fit of the ZFC branch (solid line). (B) Kerr CT) obtained 

from the fit of the ZFC (solid line) and Keff*(T) from the statistical approach 

(square markers); the inset gives a closer look of the Mn curve. (C) 

Experimental thermal dependence of coercive field (µoH) (circular 

markers) and theoretical H(T) function (solid line) calculated by equation 

(5) and using the obtained Kerr CT). 

Often, there exists only one easy direction, either because the crystal has one axis 

with high symmetry, or because the shape anisotropy (proportional to µ0M§) 

dominates the system as MNP are rarely perfectly spherical and the magneto-
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crystalline anisotropy (Kc) is small [71], [72]. In those cases the anisotropy is called 

uniaxial (Kett= Ku). Examples are magnetite and soft magnetic materials, such as 

pure Mn-ferrite. However, in Co-ferrite the magneto-crystalline anisotropy (Kc) is 

positive, expected to be cubic and very large compare to Mn-ferrite, and Kett 

becomes Kc/4 [73]. As observed in the Figure 4.3C, hysteresis loops at 5K of Co 

rich core-shell MNPs show indeed quite large coercive fields (>1.5 T) and remnant 

magnetizations above 0.8M5 (Table 4.1), pointing to a predominantly magneto

crystalline cubic character in the Co richest MNPs [74]. 

The challenge in modeling the magnetic properties and the SLP of Co-/Mn-ferrite 

is how to account for the Co's phase contribution to the total anisotropy. We show 

here that in a core-shell geometry, contrary to mixed Co-/Mn-ferrite MNPs [75], 

the contribution of both phases can be weighted by volume to combine an effective 

anisotropy with minor corrections for interface effects between the two phases, and 

how a temperature description of Kett allows prediction of SLP data. 

In inverse spinel ferrites, Co2 + cations at octahedral or B sites contribute strongly 

to the cubic magneto-crystalline anisotropy because their ground state retains 

some orbital degeneracy and is embedded in a crystal field of reduced 

symmetry [76], due to the trigonal arrangement of the six next nearest cation 

neighbours at B sites. The theoretical basis of the anisotropy in Co containing 

ferrites dates back to the 1950s explaining many bulk material 

observations [77,78]. In short, the expression for Kc(T) calculated byTachiki [79] 

depends on three free parameters that measure the strength of the exchange field 
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(molecular field) (2µ0 µ8 He), the L-S coupling (a,1) and a crystal field perturbation 

(a), which accounts for the reduced symmetry originated by the presence of 

different cations in the octahedral sites. This perturbation (a), that reduces the 

anisotropy according to the ratio ~ a,1/a, acts as soon as octahedral B sites are 

occupied by different atomic species. For instance, it means that each Co 2 + ion 

contributes less to the anisotropy as the Co content increases in Co-substituted 

magnetite [80,81] or in chemically mixed ferrites [82]. Ultimately the model for 

the cubic anisotropy constant in pure Co-ferrite is a thermally activated process of 

the form: 

(2) 

where 'F and g are explicit functions of the L-S coupling, crystal field splitting 

and temperature (details in S.I) and Kc goes to zero in the limit T = oo. For Co 

ferrite rich samples we propose to weight contributions proportional to the phases' 

volume: Kerr CT) = (%Co) x Kc/4, where Kc is given by equation 2 with, for 

simplicity, only one type of neighbor configuration, due to Co 2 + and Fe3+, included. 

Under this approach, all the effects of the crystal field, including 

surfaces/boundaries effects and off-stoichiometry effects, are implicitly included 

in an effective crystal field parameter, a. Other contributions to the anisotropy due 

to Mn+2 , Fe+3 and shape are neglected. 

Testing the quantitative validity of this approach in MNPs is greatly facilitated if 

the theoretical Kerr(T) can be implemented in a simple framework as the non

interacting single domain theory [83]. Then, the magnetization versus 
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temperature (ZFC) can be fitted to an explicit function of temperature composed 

of two terms, corresponding to the thermally activated (first) and blocked MNPs 

(second) as follows: 

(vc(Keft,T) (MVH) f00 MH 
MZFc(T) = Jr Msl kT f(V)dV + Ms~ f(V)dV (3) 

0 B Vc(Keft,T) u,c 

where, L(x) is the Langevin function, and M and Ms represent respectively the 

domain and the saturation magnetizations and f(V , O"v) is the size distribution of 

the MNPs. The integrals are distinguished by the critical volume function Vc = 

Vc(Keff, T), which describes the volume fraction of thermally activated MNPs at a 

certain temperature [84]. Possible interparticle interactions are not taken into 

account because the average interparticle distance is large in the dilute aqueous 

colloidal suspensions used for the measurements (>50 nm). This assumption is 

supported by the insensitivity of ZFC/FC to the strength of the applied field (1 or 

10 mT) [85,86]. 
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Sample dMvsH±OMvsHu dZFc±OZFc« Ko« K1« Q« Keff_R'f'1 SLPca1_« SLPexpu 

(nm) (nm) (kJ/ m3) (kJ/ m3) (meV) (kJ/ m3) (W/g) (W/g) 

Mn 13.4±1.7 13.7±2.2 20 6 3.4 15 190±60 184±2 

Co@Mn 12.3±1.5 12.8±1.5 117 117 10.5 39 560±50 553±10 

2µoµBH e aJ a Keff_RT 

(meV) (meV) (meV) (kJ/ m3) 

Mn@Co-TL 14.4±1.4 14.1±1.6 30 12.8 17.6 53 340±50 291±1 

Mn@Co 13.5±4.3 13.8±1.6 30 13.0 17.1 85 320±40 302±15 

Co 15.6±3.4 15.0±1.9 50 13.1 21.0 95 280±30 316±9 

Table 4.2. Magnetic variables from the magnetization versus magnetic 

field curves (MvsH) and ZFC branch. Uncertainties are estimated from the 

experimental error of d;n, o, dh, Ms, and fixed to 3% for Keff.. SLP are 

calculated based on the magnetic parameters. 

The peak ZFC magnetization of the core-shell and pure Mn and Co ferrite MNPs 

(Figure 4.3A) shift to higher temperatures and sharpen with increasing Co-ferrite 

content. The superimposed black lines in Figure 4.3 represent fits using equation 

(3), whose outputs are the function Kerr(T), mean diameter (dZFc) and standard 

deviation (aZFc).; the latter are found to be consistent with TEM analysis in all cases 

(Table 4.2). For Co ferrite-rich MNPs (Mn@Co-TL, Mn@Co and pure Co) with 

µ0 M} « Kc(O), the fits use the Tachiki model (equation 2), extracting direct 

physical conclusions. The L-S coupling is similar in the three samples 

(a,1.~13 meV), which is expected as it is affected by the local symmetry around the 

Co+2 cations. The strengths of interactions described in equation (2), 

(µ8 He, a,l, a), are found to be similar in the two core-shell Co richest samples 
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Mn@Co-TL and Mn@Co, being that the resulting Kerr(T) is fully consistent with 

the known core/shell volume fraction (60 and 85 % respectively). This discards the 

existence of significant mixing of Mn and Co phases [75] and fits perfectly in the 

core-shell model, where the magnetic anisotropies are additive effect, mostly 

proportional to the Co ferrite volume fraction. The resulting exchange or molecular 

field of pure Co ferrite MNPs (µ8 He~S0meV) is comparable to that reported for 

bulk Co ferrite, while becoming smaller in Mn@Co-TL and Mn@Co ( ~30 meV). 

This reflects a weaker exchange interaction, which is expected in Mn ferrite 

containing MNPs due to the low Curie temperature of this material [87]. It also 

stresses that Kc(0 K) in pure Co ferrite MNPs is calculated as 1360 k] /m3
, which is 

30% lower than that of bulk CoxFe3-xO4 for x=l (1960 k] /m3 
, [77 ]). Such reduction 

can be likely related to off-stoichiometric effects: the Co content (x~0.5) of our Co 

ferrite phase lies within the range x=o to x=o.7, where the anisotropy is expected 

to grow very quickly [80,81] and is therefore highly sensitive to x. In Mn@Co-TL 

and Mn@Co, this is significantly smaller (~30 meV), reflecting a weaker the 

exchange interaction, which is a expected in Mn ferrite containing MNPs, due to 

the low Curie temperature of this material [87]. 

The Mn@Co and Mn@Co-TL core-shell MNPs show changes of the effective crystal 

field perturbation (a) relative to pure Co ferrite MNPs, which are likely caused by 

boundary/ surface effects considering that both shell interfaces are contributing. 

Therefore, the anisotropy at o Kincreases (Kc ~ 1600 k] /m3 in Mn@Co) and drops 

faster with temperature than in pure Co ferrite (Figure 4.3). 
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In pure Mn-ferrite MNPs, the shape anisotropy is expected to dominate over 

Kc(O K), µ0 M} /Kc(O) ~ 1.5 (Kc(O) ~ 22k]/m3 taking from [88]). For Co@Mn 

uniaxial and cubic anisotropies have to be considered because µ0 M} / Kc(O) ~ 0.15 

if Kc(O) is estimated from the average over relative volumes of Mn and Co. The 

Tachiki model (equation (2)) cannot be applied to these two systems and a more 

phenomenological approach has been used instead, similar to that proposed in 

bulk magnetite [89]. In this, the effective anisotropy decreases with temperature 

following a pure activation process in the form Kerr CT) = K0 - K1e-Q/ k8r, where Q 

represents the activation energy. Best fits yield Kerr(T) = 22 - 7. 5e-3l kBT in the 

Mn sample and Kerr(T) = 117 - 117e-io.s/ k8 T in Co@Mn. It means that in the 

latter the reduction of the anisotropy between o and 300 K is less than in the other 

core-shell ferrites ( ~66% versus 75%) and Kerr CT) tends to zero at high T, as in 

equation (2). 

As the real MNP size distribution is critical for the fit of the magnetic parameters, 

we also validated the modeling of the anisotropy by comparing the size distribution 

deduced from TEM (f'(V)) with that contained in the ZFC/FC (blocking 

temperature distribution, f(Tbi)). As explained by Yoon and Krishnan [84], the 

percentage of thermal activated MNPs at a certain temperature, obtained from 

f(Tb 1), must equal the percentage to those whose size is below a certain critical 

volume, Vc, calculated from f'(V). This determines numerically a critical volume 

function Vc: = Vc(T) that when inserted in equation (1), allows for the calculation of 

the effective anisotropy, say K;ff(T). This approach is especially useful if the 
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anisotropy reduction effect is strong, as in the three core-shell systems. As 

observed in (Figure 4.3 B), this estimation leads to K;11 values (shown as 

squared markers), almost overlapping with the functions Kerr(T) obtained from 

the fits of the ZFC branch. 

The analysis of the coercive field is a useful opportunity to examine the validity of 

magnetic anisotropy modeling. In the non-interacting Stoner-Wohlfarth theories, 

both properties are directly related: µ0 Hc(0K) = c(2Kerr(0K)/Ms), where Ms is the 

saturation magnetization and the pre-factor c depends on the type of anisotropy: 

it is equal to 0-48 for uniaxial and 1.3 for cubic anisotropy (or 0.32 x Kc = 0.32 x 

(4Keff)) [90-92]. When the thermal energy comes into play, determination of the 

coercive field for T -=I= 0 in a real poly-dispersed assembly of MNPs is challenging 

because it cannot be calculated as a simple superposition of the individual 

contributions. Following the approach of Nunes et al. [93], the problem can be 

addressed in a simplified form as a two phase system, where the relative fractions 

of SPM and blocked MNPs change with temperature. If the demagnetization curve 

is approximated by a straight line [94], the resultant coercive field is: 

(4) 

which is mainly determined by the coercive field of the blocked phase Hcb 1(T), 

being Xsp(T) the SPM susceptibility that vanishes at low temperatures and Mr(T) 

the remnant magnetization. The difficulty is further reduced by assuming that the 

thermal relaxation of magnetization causes the coercive field to decrease as [1 -
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(T /(Tb1)rY]. The exponent e is widely fixed to 0.5 in the literature but several 

calculations suggest instead that it tends to o.75-0.8 in monodisperse uniaxial 

randomly distributed MNPs [44,74]. In this way, Hcbl can be written as: 

(5) 

The thermal dependence of the coercive field is presented in Figure 3c ( circular 

markers) where solid lines correspond to the calculation by equations (4) and (5) 

by using the functions Kerr CT) of Figure 3b and leaving c and e as free parameters. 

The whole picture shows a good agreement to the experiment with c = 1.4 and e = 

0.85 for the Co ferrite rich samples (Co, Mn@Co-TL and Mn@Co), with c = 1.2 and 

e = 0.85 for Co@Mn and c = 0.48 and e = 0.75 for Mn ferrite. The value of c in the 

first group matches very well to the theoretical value of 1.32 for randomly oriented 

single domains with cubic anisotropy, while it is equal to the uniaxial case (0-48) 

in Mn ferrite. The coercive field of Co@Mn lies between pure uniaxial and cubic 

behaviors, as happens with the remnant magnetization. 

The previous analysis was motivated by the need for a theoretical framework to 

predict the performance of these core-shell MNPs as heat generators. The 

experimental determination of the SLP has been carried out in colloidal samples 

(PMA-coated MNPs) in aqueous suspension, where the power dissipation arises 

from the interaction of magnetization with both the lattice (internal) and the 

surrounding liquid molecules (external). 
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Figure 4.4. Simulation of SLP versus din by the quasi-linear approach 

(solid lines). The experimental SLP values are superimposed for 

comparison (circular markers, magnetic field of 412.5 kHz and 22-4 kA/m). 

The prevalent dissipation mechanism can be determined by estimating the 

characteristic relaxation times of pure internal processes (referred to as Neel 

relaxation, given by TN~ T0eKettV/k8T) and external (Brown relaxation, given by 

Ts ~ rrryd'f,j2ksT; where ri is the viscosity). The available set of values 

(Kerr, din, dh) in the five samples indicates that in the hard Co-ferrite MNPs 

(samples Mn@Co-TL, Mn@Co and Co) the Brown mechanism dominates: 

TN/Ts> 103 • It is just the opposite in the Mn sample (TN/Ts~ 2 x 10-3), while 

Co@Mn is between both limits (TN/Ts ~ 1). The contribution of the Brownian 

dissipation was tested experimentally by attaching proteins to the surface of Mn 

and Mn@Co samples to increase the hydrodynamic diameter dh. After the addition 

of albumin, the SLP of the Mn sample remains almost unchanged (from 184 W / g 
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to 196 W/g); on the contrary, the SLP of the Mn@Co sample is reduced from 302 

W/g to 78 W/g. 

Size, magnetization, and anisotropy constitute the basic elements for any SLP 

calculation regardless of the framework used. In our particular case there is no one 

approach fully compatible with the whole set of samples: for instance, the 

determination of the dynamical hysteresis loops, by resolving the Landau-Lifshitz

Gilbert equation that includes the thermal effects [95] encounters the difficulty of 

implementing the Brownian relaxation mechanism, predominant in our Co-rich 

NPs. This fact also prevents the use of simpler approximations as the Stoner

Wolhfart based models [44]), which are applicable to these high anisotropic NPs. 

On the other side, the linear response theory (LRT) could lead to strongly 

overestimate the absorption because the field used in the experiments is in general 

above the limit of the linear response regime. This limit is in practice determined 

by the ratio of the external field to the anisotropy field (H0 /HK); therefore, the non

linear effects might be stronger in the Mn sample as compared with the more 

anisotropic Co containing samples. With the aim of making a more reliable 

estimation of the power absorption, the initial susceptibility can be substituted by 

the so called chord susceptibility that depends on the amplitude of the applied 

external field H0 , following the approach of Rossenweig [39] Cxc = ML(x)/H0 ). 

This corrected Linear Response Theory ( c-LRT) works as a simplifying way to keep 

the amplitude of the response within more realistic limits, where the susceptibility 

is still a constant and the linear response equations are used for calculation. This 

model has been widely used [32] and proven to give a correct estimation for the 
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case where the applied field amplitude is small compared to the anisotropy 

field36,39 [96], especially considering the uncertainty of some key variables, such as 

the concentration of MNPs, polydispersity, diameter, and calculated effective 

anisotropies. In the particular case of Mn sample, where the Brownian mechanism 

is negligible, this approach (cLRT) can be contrasted with a more robust model 

based on the dynamical hysteresis loop calculation. The comparison of 

experimental and theoretical SLP indicates that the cLRT approach predicts 

accurately the heat generation capacity. Figure 4.4 presents the calculated SLP 

functions of mean diameter, obtained by fixing the effective anisotropies (at RT) 

to those calculated in the previous section for each sample and assuming a constant 

dispersity (taken from TEM data). The experimental SLP values ( 

Table 4.2) are represented by open circles, whose size is larger than the 

estimated experimental error (184 ± 2 W/g for Mn, 553 ± 10 W/g for Co@Mn, 290 

± 1 W/g for Mn@Co-TL, 302 ± 15 for Mn@Co and 280 ± 9 W/g for Co). In the Mn 

sample, the SLP deduced from the calculated hysteresis loop match with the 

simplest estimation made by cLRT within the uncertainty. The representation of 

Figure 4.4 provides an overview of which size approaches the best theoretical 

SLP, for this kind of core-shell NPs and at the specific excitation condition used, 

and shows how the magnetic anisotropy can be finely tuned to maximize the SLP 

at room temperature by adjusting the content of Co while keeping the size 

constant. The Co@Mn sample (15% of Co ferrite in the core) approaches the 

optimal anisotropy and size under the excitation used (412.5 kHz and 22-4 kA/m). 

The higher SLP reported by Lee [32] is largely a result of high field strength and 
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frequency (500 kHz and 37.3 kA/m). To enable comparing different experiments, 

Parnkh urst [ 97] suggested to normalize the SLP to the field strength and frequency 

to derive the Intrinsic Loss Power /LP= 103 * SLP (w)/(f * Hlc), which within the 
g 

validity of the linear response regime is a constant independent of the field 

parameters. The ILP of our 13-nm Co@Mn is 2.7 nHm2 /kg, while the one of Lee's 

15-nm Co@Mn is 3.0 nHm2 /kg [32]. They reported smaller size dispersivity than 

our samples (0.05 versus our 0.11), possibly due to their use of the solvent 

trioctylamine. Our simulations show that if our NP had a dispersity of 0.05, their 

SLP and ILP would rival the one shown by Lee et al. which more than accounts for 

the difference in SLP and ILP. 

4.6 Conclusion 

In summary, the model presented here allows for calculating the magnetic 

anisotropy of core-shell particles composed of Co ferrite in a whole range of 

temperatures quantitatively, which allows correct prediction of their SLP. This 

model relies on theories well established in bulk materials, and we have 

experimentally tested its power in predicting the thermal dependence of basic 

magnetic properties, such as the susceptibility and coercive field of randomly 

oriented single domains of small size dispersivity. We conclude that the anisotropy 

of these exchange-coupled core-shell MNPs is mostly determined by the relative 

fraction of Co ferrite, whose increase determines a gradual transition to systems 

with cubic magnetic anisotropy. The correct prediction of the magnetic properties 

of these MNPs enables designing core-shell MNPs with optimized heat generation 

for a particular complex biomedical application. 
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5 Biosynthesized nanoparticles for hyperthermia 

applications 

Biomineralization of Iron Oxide compounds occurs in a wide variety of organisms. 

The biosynthesized iron oxides of interest here are magnetosomes, produced in 

magnetotactic bacteria (MTB) and the iron oxide core within the Iron-storage 

protein, ferritin. The scope of utilizing biosynthesized materials, together with 

modern gene editing tools and drug delivery tools are fascinating. This can 

facilitate deep body cell-specific modulation with strong translational 

potential [98]. 

5.1 Magnetotactic bacteria and Magnetosomes 

MTB are aquatic prokaryotes that navigate using intracellular magnetic nanoparticle 

chains, that act as geomagnetic compass [99,100]. This form oflocomotion, guided by 

the magnetosome chain and facilitated by flagella is called magnetotaxis [101]. 

Magnetosomes are iron nanocrystals surrounded by a lipid bilayer membrane and 

generally lined up into chains, located in the cytoplasm, close to the cell [102]. Since they 

are formed under tight genetic control, magnetosomes have extremely high uniformity of 

shape size and crystal structure [103]. 

Several morphotypes of MTB identified include cocci, spirilla, bean-shaped, rod-shaped, 

ovoid vibrios, and more complex multicellular bacteria. MTB so far identified have been 

classified under the Alpha-, Gamma-, Delta-classes of Proteobacteria phylum and with 

the Nitrospirae phylum [104]. MTB are microaerophiles, or anaerobes or facultative 

anaerobes, meaning that growth and magnetite formation happen in minimum oxygen 

concentration. The most relevant MTB bio hyperthermia application belong to the genus 

Magnetospirillum, which is found in freshwater [101]. We have analyzed local heating 
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C 

properties of magnetosomes found in a strain of Magnetospirillum, called 

Magnetospirillum gryphiswaldense (MSR-1). 

Biosynthesis of magnetosomes takes place in three mam steps (i) invagination of 

cytoplasmic membrane, (ii) uptake of iron and (iii) nucleation and maturation of 

magnetite crystals. 

A 

magnetosome membrane ( 

interactive network of protei 

Figure 5.1. (A) TEM images of magnetosomes in MTB. (B) HRTEM 

unravels the crystalline structure of the Iron (III) Oxide core of 

magnetosomes. (C) Scheme of genetically controlled magnetosome 

biosynthesis in a bacterium. 

We will concentrate on magnetite cored magnetosomes found in MSR-1. Following 

early attempts at deciphering the crystal structure of isolated magnetosomes using 

electron diffraction were followed by high-resolution TEM (HRTEM), electron 
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tomography and other studies, further revealing the structure and atom 

distribution. The magnetite core of the magnetosome in strain MSR-1 was found 

to be of cuboctahedral habit with an average crystal size of 33 nm and a width to 

length factor of 0.91, which renders them practically 

equidimensional [99,105,106]. 

Sequencing has revealed that the genes encoding the mam proteins, responsible 

for magnetosome formation are generally in close proximity. Ten genes 

(mamABEIKLMOPQ) are conserved in all magnetite-producing MTB [106], 

producing about 30 proteins involved in magnetosome formation. Of these, 

proteins mamJ and mamK have been identified as being responsible for 

magnetosome arrangement into chain-line structures. 

5.1.1 Mutationfor the clustered organization, MSR-1-L1mamJ 

An acidic protein, containing 426 amino acids, MamJ is required for magnetosome 

chain formation. MamJ connects the magnetosome vesicles to cytoskeletal 

filaments [100]. Its deletion leads to a formation of magnetosome clusters [105]. 

M amJ has been found to interact with mamKvia domains located on mamJ C and 

Nterminals [107]. 
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Figure 5.2. Cluster formation in !)..mamJ mutants. (Left) TEM images and 

(right) epifluorescence and transmitted light microscopy images, showing 

GFP tag on magnetosome shell. 

5.1.2 Mutationfor chain length modification, MSR-1-L1mamK 

The mamK gene encodes a filamentous actin-like protein, and is believed to be 

involved in magnetosome chain positioning and segregation [108]. In MSR-1 

L1mamK results in shorter, fragmented, and off-center chains. 

A B 
Wild type MSR - lt.mamK 

Figure 5.3. Comparison between wild-type (A) and !)..mamK chains (B). 

Shorter and fragmented chains can be clearly seen in the mutant, !)..mamK. 
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5.2 Magnetic heating ofmagnetosomes: Theory 

Magnetosome ferrite cores are single-domain magnetic nanoparticles. The 

underlying mechanisms of heat generation under alternating magnetic fields 

(AMF) are two-fold. Energy loss from (1) hysteretic magnetization under AMFs, 

and/or relaxation losses and (ii) Brownian rotation in a viscous medium. The 

energy loss ratio between hysteretic and relaxation losses can be given as a function 

of the magnetic field amplitude H and fitting parameters h, r representing the 

hysteretic and the relaxation losses respectively (Equation (1)) [109]. 

hr 3Eh 
(1)

Eh+ Hr h3 + Hr2 

The corresponding SLP is given by Equation (2). 

(2) 

Linear response theory can be used for smaller magnetosome cores ( <35 nm) and 

for magnetic field strengths under 16kA/m [110]. SLP is given by Equation (3), 

which has been derived and explained in Chapter 2. 

_ 2 2rrfr 
(3)SLPLRT - rrµoxoHof 1 + (2rrfr)Z 

Magnetization vanes non-linearly with the magnetic field, for higher field 

strengths (>16 kA/m) and for larger particle sizes (>40 nm), so much so that the 

linear response theory cannot be used in this case. So a more general approach, the 

Landau-Lifshitz-Gilbert equation has to be used. For particles with high anisotropy 

energy than the thermal energy at room temperature, a thermal activation term 
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need not be incorporated in the equation. The overall heat loss can be predicted 

from AMF magnetometry, using the Equation (4) [111]. 

(4) 

Here, Mt is the instantaneous magnetization at time t, Ht is the instantaneous 

value of the magnetic field, varying sinusoidally, at a frequency f, and c is the 

concentration of magnetite in the suspension. 

Heating magnetosome chains in AMF is different than heating isolated particles, 

and a chain length dependence of the net magnetic anisotropy comes into play. For 

a simple linear configuration, and coherent magnetization reversal under AMF, the 

moments of neighboring particles can be taken to be parallel to the chain 

anisotropy axis. An expression for the free energy of such a chain incorporates the 

modified net anisotropy term. In CGS, the free energy is given by Equation (5). 

(5) 

Here, N is the chain length, Vp the mean volume of the inorganic core of the 

particle, dp-p the distance between the particle centers and Di the demagnetization 

factors in the directions indicated [112]. Branquinho et. al posit that due to an 

increment in the net anisotropy energy with longer chains (hard), the 

hyperthermic properties should be diminished in the low field regime [no]. 

However, the temperature change was found to be larger for longer chains. This 

was attributed to the greater magnetite content of the longer chains. 
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We show otherwise in the following section, with the field parameters of interest 

for fast hyperthermia, most relevant to neuromodulation. For this, we read the 

local temperature rise from fluorescent molecular thermometers, embedded in the 

magnetosome membrane. Recordings from AMF heating of magnetosome chains 

in fixed bacteria showed that the average rate of local temperature rise in longer 

chains was higher than the shorter ones. It should be noted that in bacteria the 

chains are tethered to cytoskeletal structures, which may hinder Brownian rotation 

of the nanoparticles. Also, with longer chains, polydispersity might play a bigger 

role in determining the average heating rate. 

5.3 Magnetic heating ofmagnetosomes: Results 

As a generous gift from Dr. Dirk Schuler (LMU, Germany), we received fixed 

samples of MSR-1-mamC-~mamJ-gjp, MSR-1-mamC-~mamK-gjp, and MSR-1-mamC

gjp MTB. Fluorescent protein gfp, expressed in the magnetosome membrane, 

acted as markers and local temperature reporters. In addition, we also received 

purified magnetosome samples, in suspension. Purified magnetosomes from 

cultured MSR-1 mamC-gfp MTB were heated in 22.5 kA/m AMF at 425 kHz. The 

measured SAR of mutant#l was found to be 709.57 ± 59.86 W /g, while the SAR of 

mutant #2 was 443.29 ± 41.86 W/g (Figure 5.4). 

55 



-- - MSR-1 mamc#1 
- MSR-1 mamc #2 

2.5 
u 

0- 2.0 
Q.).... 
::::,-ro 1.5 .... 
Q.) 
a. 1.0E 
~ 
<] 0.5 

0.0 
0 100 

Time (s) 

Figure 5.4. mean ± sem plots of AMF heating of magnetosome from strain 

MSR-1 mamC-gjp. Two variants, with different inorganic core sizes are 

shown here (#1 = 35 nm, #2 = 18 nm). The iron concentration in solution 

was 1mg/ml in both cases (n = 5 each). 

Mame protein is tightly associated with the magnetosome membrane, and the 

encoder gene mamC has been shown to control the size of the magnetite 

crystals [100]. Although a consensus on whether the size control is achieved at the 

structural or genetic level is not there. As mentioned in the preceding section, 

deletion of the mamK gene causes the magnetosome chains to get fragmented, 

while the deletion of mamJ results in clustered magnetosomes, within the bacteria 

cytoplasm. We sought to find the local temperature, on the magnetosome surface. 

For this, we performed fluorescence thermometry experiments to measure heating 

of magnetosome structures within the bacterial cell. Calibration of the gfp 

fluorophore (also done in fixed bacteria) is shown in Figure 5.5.A. 
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Figure 5.5. (A) Calibration curve of normalized change in fluorescence of 

magnetosome gfp with changing temperature. (B) Local temperature 

evolution in cytosolic magnetosome structures within MSR-1-mamC

LlmamJ-gfp, MSR-1-mamC-LlmamK-gfp and MSR-1-mamC-gfp bacteria. 

Heating was a result of ten second long 22.5 kA/m 425 kHz AMF exposures. 

The heating rate in L1mamJ, L1mamK and wild type MSR-1-mamC magnetosomes 

were 0.12 ± 0.01 °C/s, 0,40 ± 0.04 °C/s and 0.58 ± 0.09 °C/s, respectively (Figure 

5.5B). For these experiments, Sodium-azide fixed bacteria cells were allowed to 

settle on glass cover slip, covered with PBS solution. The cells were then imaged 

for the epifluorescence signal of gfp. Since, gfp was present only in the bi-lipid layer 

of the magnetosomes, which were 2-3 nm in thickness, the temperature recorded 

by gfp can be treated as the surface temperature of the magnetosomes. 
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5.4 Magnetic heating ofmagnetosomes: Summary 

The local thermometry showed the average temperature rise along the entire chain. 

Hence, the seen effect is a combination of contributions from the particles lying at 

various positions of the chain. While the agglomerated magnetosomes in L1mamJ 

show linear temperature rise throughout the heating period (10s), the chains show 

rapid heating, followed by a slower heating phase, while the field is still on. The 

longer chains in the wild-type clearly show fast heating for a longer duration than 

the L1mamK mutant. 

Thus, magnetosomes are great candidates for hyperthermia applications and 

studies have shown effective hyperthermia treatment in mouse tumors and breast 

cancer cells [101,113]. Translational fusion of a red binding camelid antibody 

protein fragment to mamC protein of the magnetosome was a step forward in 

enhancing the biological applicability [114]. Recently, steps have been taken steps 

towards synthesizing doped core magnetosomes in MTB [115] and artificial 

chains [116]. However, mass culturing of MTB bacteria and subsequent 

purification of magnetosomes have posed a steep challenge. One way of 

overcoming that is to synthesize magnetosome particles in-vivo within the target 

cells. Recently, a Scottish group published a successful expression of magnetosome 

like nanoparticles in human mesenchymal stem cells via transfection with mms6 

gene [117]. A bacterial gene, mms6 is known to regulate crystal morphology during 

the biomineralization process [118]. The viability of this development is still under 

speculation and it remains to be seen if the work could be reproduced to tuned in 

the future. 
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5.5 Mammalian iron storage protein: Ferritin 

Mammalian ferritin is a spherical cage protein composed of 24 subunits, enclosing 

a core composed of iron oxide. Up to 4500 iron atoms can be sequestered in a 6-8 

nm core in the form of ferric oxyhydroxide particles. The function of the protein is 

to provide cells with a high-mobility, bio-compatible form of iron storage [119]. 

The high stability of the ferritin cage (80 - 100 °C, and pH 3-10) makes the low

cost mass scale production a feasible option for such particles [120]. The apo form 

of ferritin is a natural monodisperse spherical shell that allows the mineralization 

of a variety of inorganic nanoparticles, with excellent homogeneity. 
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Figure 5.6. (A) Magnetization as a function of the external field at 37 °C per particle, 

comparing horse spleen ferritin to the exchange coupled core-shell MNPs used in our 

work. (B) Magnetic dipole-dipole interaction energy as a function of the center-center 

separation between horse spleen ferritin (HoSF) particles and core-shell (CoFe@MnFe) 

particles. (C) Comparison of SLPs of core-shell MNPs and horse spleen ferritin particles 

at various frequencies. 

Ferritin particles have been described as a model superparamagnet [121]. Notable 

hyperthermia of magnetite nanoparticles, under 8 nm requires very high 
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frequencies [24,27]. To illustrate the magnetic and hyperthermic properties of 

horse spleen ferritin (HoSF), we compared the same with synthesized core-shell 

(CoFe@MnFe) nanoparticles Figure 5.6. Calculations for HoSF were done 

assuming a core magnetic moment of 34oµB [122]. 

Magnetic anisotropy of ferritin core particles is a function of the core volume and 

the bulk and surface contribution can be calculated per Fe3+ ions, following Frankel 

et. al [119]. But the limited core diameter limits options for hyperthermia 

applications. To avoid this, one route is to make the particles anisotropically 

"hard", by doping Co(II) ions in ferrite crystals [120]. The power loss in ferrite 

crystals (doped or otherwise) follows Equation (3). 

5.6 Magnetic heating offerritin: Results 

We received mEGFP fused to the n-terminus of human heavy chain ferritin 

(mEGFP::HCF) prepared per [120,123] from Dr. Monzel, Dahan Group/Unite 

Physico-Chimie/Institut Curie, Paris, France. The ferritin particles had a 7 nm core 

with 5% Cobalt doping and were suspended in a buffer solution (NaCl 160 mM, 

HEPES 2omM, pH 8.o). 
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Figure 5.7. (A) Comparison of concentration-dependent global 

(suspension) and local (nanoparticle surface) temperature changes in 

magnetically heated 5% Co doped HCF samples (30 kA/m, 413 kHz). The 

local temperature has been obtained from the fluorescence signal of gfp in 

the ferritin cage. (B) SLP values calculated from the global temperature 

rates. 

In Figure 5.7 the results of magnetic heating of ferritin samples are summarized. 

For the experiments, 50 µL of sample dilutions were heated by 30 kA/m, 413 kHz 

magnetic field. Simultaneous temperature logging by a fiber optic thermometer 

(Neoplex) was done with optic fiber photometry of gfp fluorescence. Excitation 

light (LED 470 nm, ex filter 470/10 nm, die 495nm) was illuminated with a square 

wave (0V/5V) via a signal generator at a frequency of 447 Hz. Low OH 600 µm 

core/high OH 400 µm core optic fibers were used. The emission light (em filter 

525/30 nm) was incident on a Hamamatsu photo-detector, and the signal was 

thereafter amplified by a custom amplifier (2oox, bandpass filter: 2 - 200 kHz) 

and detected via a lock-in amplifier (Lakeshore) driven by a custom LabVIEW 

program through a GPIB PCI-e interface. 
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The heating rate varies non-linearly with ferritin concentration and at the same 

time, the local and global temperatures were found to be consistent, for all data 

points. When fitted with a power law, the global temperature varied with the 

concentration by a power of 1.54, while the local temperature rate varied as 1.4ih 

power of the concentration. SLP measurements were also taken on HCF without 

any doping as well as HCF with 10% Co doping, giving 3.6 W/g and 3.0 W/g 

respectively at 19 kA/m and 380 kHz AMF. 

5.7 Magnetic heating offerritin: Summary 

Our results show that ferritin doping with Co can increase the SLP by an order. 

However optimal doping amount is absolutely crucial. Although for particles of 

sizes relevant to ferritin, Mhz frequencies are deemed to be more conducive for 

optimal hyperthermia results [24], we are yet to put that to test. Other application 

of ferritin particles have also been reported, which go beyond cellular process 

manipulation through hyperthermia [26,123-125]. However, the feasibility of 

single nanoparticle manipulation of ion channel residues has been highly 

controversial but lucrative (Figure 5.6) [126]. Nevertheless, with the possibility 

of congenital expression and core composition manipulation (differential iron 

loading/Co, Zn doping) ferritins provide an excellent bio-compatible alternative 

for nanoparticle-mediated cellular process control through hyperthermia or 

magnetophoresis, with mass production capabilities. Another advantage of ferritin 

lies in its extremely high mobility, both intracellular and across tissues. Recently, 

a Chinese group published results claiming that human heavy-chain ferritin 

crossed the blood-brain barrier, via specific targeting to trans-ferritin 

62 



receptor [127]. These can be considered a breakthrough advancements in enabling 

nanoparticles and drug delivery to the brain tissues, for the treatment of tumor 

cells etc. 

In conclusion, magnetosomes and ferritins are exciting mediators for 

hyperthermia, not only due to the green synthesis possibility with bio

mineralization but also due to high biocompatibility and exciting delivery and 

expression options. The future surely is promising for biosynthesized and 

biomimetic nanoparticles. 
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6 Heat transfer in nanoparticle hyperthermia 

In magnetic hyperthermia, the heat sources are nanoscopic metal oxide particles, 

covered in a polymer/protein/bi-lipid layer for solubilization. In the presence of a 

magnetic field, these sources heat and the heat gets transferred through the 

medium to the desired body. Nanoscale heat transfer has been observed to differ 

from that predicted by classical laws [128-131]. Experiments have shown that 

near-field radiative heat transfers, at separations in the nanometer range, are 

orders higher than that predicted by Plank's blackbody radiation law [132,133]. 

Conductance across the solid-liquid interface is thought to be dependent on 

surface wetting and plays an important part in heat dissipation from heating 

nanoparticles in ferrofluids [134]. Also, the ballistic heat transfer mechanism is 

thought to be behind the failure of Fourier law based heat transfer equations to 

explain the observed results [135]. 

Using fluorescence thermometry, we monitored transient temperature changes 

around heating nanoparticles, distributed in various arrangements. We show 

significant temperature rise in single layered two-dimensional nanoparticle sheets, 

as well as in dispersed chains, and the temperature rise was confined within a few 

microns of the source. 

6.1 Temperature profile around an isolated heating 

nanoparticle 

For typical small-sized nanoparticles, power loss per nanoparticle can be described 

by the equation introduced in Chapter 2. 
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The magnetic parameters can be obtained through characterization measurements 

and after accounting for polydispersity, very accurate predictions can be made 

(Chapter 3). Using the magnetic parameters of Cobalt Ferrite - Manganese 

Ferrite core-shell nanoparticles (Chapter 3) the power generated per 13.5 nm 

nanoparticle in 22.5 kA/m, 412.5 kHz field was 3.35 x 10-15 w. 

First, we attempted to solve the Fourier heat transfer equation, m spherical 

coordinates (with radial symmetry) using the heat transfer module within 

COMSOL Multiphysics 4-4. 

(2) 

We used the single particle in a box model, with the particle coordinates making a 

sphere, surrounded by water filling a box, whose dimensions are determined by 

the unit cell size, for a specified volume fraction of the nanoparticle suspension. 

For example, for 2.2 mg/ml of 13.5 nm nanoparticle, the volume fraction is 4.38 x 

10-4 with a box side of 143.26 nm. For a single particle simulation, an open 

boundary condition was selected at the box boundaries, meaning that the heat flux 

can freely flow across the domain walls depending on the exterior interior 

temperature difference. For nanoparticle suspensions, however, reflective 

boundaries were used instead. Tetragonal meshing was used with adaptive mesh 

refinement, to capture the temperature profile around the nanoparticles in great 

detail. The temperature rise is found to be negligible (Figure 6.1), indicating that 
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no significant boundary temperature rise can be seen through classical Fourier 

heat transfer. 
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Figure 6.1. (A) Color map showing temperature distribution around the 

heating nanoparticle (in nanoKelvins). The red line passing through the 

center is the profile along which temperature distribution is shown in (B). 

This observation is in contrast to the experimental findings of Pellegrino et. 

al. [136]. They bound fluoresceinamine via the thermolabile azo-linker (2,2'

azobis[N-(2-carboxyethyl)-2-methylpropionamidine]), which was then attached 

to the nanoparticle surface, functionalized with spacer PEG molecules ( of different 

MW; 500, 1500, 8000 Da). They quantified the amount of fluoresceinamine 

released during an experiment as a measure for the temperature reached. Their 

experiment showed >40 °C steady state temperature rise was reached at distances 

< 0.5 nm and> 5 °C temperature change at <2 nm from the nanoparticle surface 

(13.5 kA/m, 335 kHz, duration = 60 mins). This was partially corroborated by 

another work [137], which measured, in-situ the temperatures inside the heating 

nanoparticles. While the nanoparticle temperature rose by 42 °C, the bath 
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temperature only changed by 19 °C (5.0 kA/m, 375 kHz, duration = 300 mins). 

This steep gradient is in sharp contrast with the Fourier law based simulation 

results. Pointing that out, the authors [136] have indicated towards a power 

mismatch of six orders of magnitude. This is similar to what we have noticed in 

COMSOL based Fourier law simulations. 

This discrepancy can be attributed to the more ballistic of heat transfer at the 

nanoscale [135,138-140], as well as the ordered layering of water around the 

functionalization layer, modifying the surface conductance drastically [141,142]. 

6.1.1 Non-Fourier heat transfer 

Following the treatment of Chen [139], Boltzmann transport equation applied to 

the heat carriers (phonons) generated within the medium due to the heat 

dissipating nanoparticle yields: 

di 1 - µ 2 aJ I - /0µ-+--- --- (3)
dr r aµ A 

Here, I and/0 are the total and equilibrium carrier intensities, r the radial distance, 

µ the direction cosine and A the frequency independent carrier mean free path. The 

above equation can be employed to solve for the total heat flux and hence the 

temperature at the nanoparticle medium boundary. Results vary significantly from 

Fourier law when r =.:. < 1. In other words, when the characteristic length becomes 
A 

significantly smaller than the mean free path of the carriers in the host medium. Although, 

the concept of conductivity, as in bulk medium, while using Fourier laws break down, a 

comparison can still be drawn and an approximate conductivity keff can be approximated. 
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3r/4
keff = k-1-+_3_r_/_4 (4) 

Here, r = r / A where r is the nanoparticle radius and A is the frequency independent 

phonon mean free path of the medium. To explain the six order magnitude discrepancy 

noticed by Pellegrino et. al. [136] the conductivity modification, following Equation 4 

would require a mean free path of water in millimeters. For incompressible fluids at 

atmospheric pressure that is impossible! Hence there must be an anomalous modification 

at the interface to cause a temperature build-up, resulting in the reported steep 

temperature profiles around heating nanoparticles. 

6.1.2 Nanoparticle-water interface resistance 

Amorphous polymers have thermal conductivities in the range of (0.1 - 0.5 

W/mK), lower than that of water (0.58 W/mK). The theoretical understanding of 

thermal transport across polymer molecules like PEG is limited, however, it is 

understood that heat transfer is different between propagation along covalently 

bound chains and across chains where weaker Van der Waal's or Coulombic forces 

are more important [140]. Also, phonon multi-reflections within the nanoparticle, 

due to the nanoparticle surface, bath mismatch has been argued to contribute to 

the high resistivity at the surface [134]. Thermal conductance at the solid-water 

interface also greatly varies with the hydrophilicity of the surface, for example, 

hydrophilic interfaces have a thermal conductance of 100-180 MW/m2 K, 

compared to 50-60 MW/m2 K for hydrophobic interfaces [143]. Another 

phenomenon thought to be present near the solid-water interface arises from the 

nonbonded interactions (Van der Waals and Coulombic), modifying the hydrogen 
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bonded structure of bulk water. A gradual progression from a modified structure 

to the bulk structure is then expected away from the interface [141]. 

6.1.3 Summary andfuture work 

Future steps towards empirical corroboration of the above assertions should 

include both simulation and experimental strategies. It is clear from earlier 

findings [24,136,137,144] that the nanoparticle water interface has elevated 

temperature compared to the bath, during heating. This can be attributed to the 

failure of bulk heat transport characteristics and the material property 

modifications at the nanoparticle water interface. To address these issues a top

down approach would be to monitor the time-dependent temperature change 

around a heating nanoparticles. For this, fluorescence thermometry can serve as 

the ideal molecular probe. 

Using fluorophores attached to different PEG spacers on sparsely suspended 

monodisperse nanoparticles, fiber photometry can reveal the transient 

temperature changes near the nanoparticles in-situ. Also, fixed fluorescent probes 

at specific distances from two-dimensionally arranged homogenously distributed 

nanoparticles give temperature profile around a heating sheet. Numerical 

simulation for fitting the experimental data can be used to obtain an empirical 

expression for the conductivity change around the nanoparticle water interface. 

In the following sections, various results of local heating measurements are 

presented. The experiments were done with an aim of characterizing various 

nanoparticle samples for magnetothermal neuromodulation applications. 
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6.2 Heat transfer from nanoparticles in aqueous solutions 

Suspended nanoparticles undergo Brownian motion, with a time-averaged 

separation between neighboring nanoparticles that depends on the volume 

fraction of the nanoparticles. This average separation r can be used to define an 

expression for dipole energy of two magnetic nanoparticles (monodomain) whose 

polarity have been aligned parallel by the external magnetic field 

µo z
U(r) = --(µ) (5)

4rrr3 

Here, µ0 is the permeability of free space. Dipole momentµ = M · VM is the product 

of the magnetization (field dependent) and the mean magnetic volume of the 

nanoparticle, for monodomain particles. When U(r) « k8 T (Equation 5) the 

nanoparticles can be assumed to be truly isolated. In addition to the magnetic 

interaction, Van der Waal's force, electrostatic and steric interaction at the 

functionalization layer also plays an important role in aggregation or its 

prevention [145]. When the minima of the sum of all these potentials are deeper 

than k 8 T aggregation occurs. For thin shells, the magnetostatic attraction between 

the magnetic inorganic cores are the dominant attractive force, while for thicker 

shells Van der Waal's interaction between the shells can be a dominant factor. For 

electrostatic repulsion, then to be truly effective the suspension medium should be 

nonionic, to prevent the screening of surface charges. 

6.2.1 Hyperthermia in isolated vs interacting nanoparticles 

Under strong dipole interactions, the magnetic relaxation time constant gets 

affected. The effective anisotropy gets modified and size dispersion increases, 
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affecting the optimal heating capacity [no]. Under very high local magnetic field 

values, the linear response theory does not hold and numerical solution to the 

generalized Landau-Lifshitz equation is instead needed. In general, dipole 

interactions decrease heating efficiency, however, the true relation can deviate 

from this generalization and is dependent on the net anisotropy and a 

mathematical damping factor, due to spin-lattice or spin-spin interaction, in the 

presence of strong anisotropy fields under dipole interactions [60,110]. 

We measured heating in suspended Cobalt Ferrite - Manganese Ferrite core-shell 

nanoparticles at varying concentrations in water (pH 6.5). The total inorganic core 

diameter of the nanoparticles was 13.8 ± 1.3 nm and the polymer coating layer was 

2.7 ± 0.7 nm in thickness. Under field strengths of 5.0 kA/m at 570 kHz frequency, 

the heating scaled linearly with concentration (indicating a constant SLP) until 

around 15 mg/ml, after which the heating sharply decreased with increasing 

concentration. Converting concentration values to inter-particle separation, we 

found that the heating rate transition from increasing to decreasing occurs at 

around 80 nm Figure 6.2. Dipole interaction energy, calculated following 

Equation 5 at 70 nm particle separation is~ 7.5 x 10-23 
], which is lower than 

the thermal energy at room temperature by two orders. Hence the reduction in the 

heating rate, and hence the SLP can be attributed to nanocluster formation during 

AMF application [146]. It is to note that the size of clusters of interacting particles 

which are not excited by the external field anymore is a function of the field's 

strength and that the 5.0 kA/m used in these experiments was at the low end of 

fields used in our experiments. 
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Contrary results were observed in monodisperse 5% Cobalt-doped Magnetite cores 

within human heavy chain ferritin sample suspended in 160 mM NaCl, 20 mM 

HEPES buffered solution (pH 8.o). Under AMF of 30 kA/m, 413 kHz, both bath 

temperature change, and the local temperature change were monitored. For local 

temperature change monitoring, we photometrically recorded fluorescence 

changes from eGFP embedded within the ferritin cage. The inorganic core 

diameter was about 7 nm while the protein encapsulation was about 2 nm thick. 
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Figure 6.2. (A) Temperature rise rates in suspensions of C0Fe2O4 -

MnFe2O4 core-shell MNPs at various concentrations. The broken red line 

indicates a linear fit. A sharp decline in heating rate is observed past 15 

mg/ml (AMF in all cases 5.0 kA/m at 570 kHz). (B) The rate of temperature 

rise plotted as a function of interparticle spacing. The red fit curve shows 

power law fitting with a power of -3.0. 

Local temperature coincided well with global temperature at all times. In this case, 

a positive change in heating rate was observed with higher concentration Figure 

6.3. The deviation of temperature rate's linear dependence with concentration 
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occurs at 10 mg/ml, which translates to about 45 nm inter-particle separation. It 

should be noted that while determining the SLP of a sample temperature change 

rate from only the linear regime should be considered. 

Hence, depending on magnetic and coating properties, interparticle interaction 

can affect the heating rates in nanoparticle suspension in a positive or negative 

way. The solvent also plays a big part in determining possible aggregation with 

increasing concentrations. These factors and consequences should be kept in mind 

during high nanoparticle density in-vivo hyperthermia. 
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Figure 6.3. (A) Bulk temperature changes (black) in the magnetically 

heated 5% Cobalt doped human heavy chain ferritin (HCF) sample is 

captured by protein shell-embedded eGFP molecule fluorescence changes 

(red, mean ± sem, n = 3). (B) Rate of change of temperature during (the 

first 0.5 °C temperature change) of magnetically (30 kA/m, 413 kHz) 

heated 5% Cobalt doped HCF plotted versus concentration. 

6.3 Heat transfer in 2-dimensional nanoparticle arrangements 

Studying heat transfer from nanoparticles arranged within a two-dimensional 

sheet is important for the primary reason that this geometrical confinement brings 

a plethora of subcellular specificity options in the targeting of nanoparticles or 
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carrier platforms in nanoparticle-based therapeutic applications. Nanoparticles 

can be delivered directly to the target cells or via loaded delivery platforms (Figure 

6.4). 

... 
Figure 6.4. Targeting nanoparticles confined to 2-dimensional 

arrangements to the cell membrane for theranostic applications. (A) 

Scheme of targeting nanoparticles directly to the membrane. (B) Targeting 

fluorescent nanoparticle loaded polymer micro discs (red) to the neuronal 

cell membrane. Scale bar is 10 µm long. 

6.3.1 Delivery mechanisms for 2-dimensionally arranged nanoparticles 

Few schemes of attaching nanoparticles to the plasma membrane are shown in 

Figure 3.4, Chapter 3. Generally, both an amide bond (COOH/NH2) and a 

biotin-avidin bond is involved between the solubilization layer of the nanoparticle 

and the membrane ligand. The density of nanoparticles on the surface is a function 

of the available binding sites on the membrane as well as the steric factor. While 

the residence time of the nanoparticle is determined by the cellular uptake 
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mechanism of the nanoparticles, which is in turn dependent on the shape, size as 

well as the surface modification of the nanoparticles [ 147-150]. On the other hand, 

nanoparticles delivered through a structured platform carries a nanoparticle 

arrangement with a predetermined area density and can have greatly extended 

residence times [151,152]. However, a major challenge in such application has been 

the lack of mass-producibility. 

6.3.2 Thermometry of2-dimensional nanoparticle arrangements 

Two-dimensional arrangements of nanoparticles heat like a sheet heat source, with 

the heat flux dependent on the area density of nanoparticles. Under Fourier law 

assumption of heat transfer (with a modified thermal conductivity of water) the 

temperature rise at the source varies as -2.0 power of the inter-particle separation 

(for a uniformly distributed arrangement) [24,27 ]. In experiments, like in 

simulations, heating was found to be well confined to the vicinity of the 

membrane [24,27 ]. 
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Figure 6.5. (A, B) Panels show nanoparticle ( + Neutravidin/Alexa Fluor 

647) labeling of the plasma membrane of RBL and PtK2 cells respectively. 

(C) Shows polymer microdiscs (backpacks, red) bound to the plasma 

membrane of HEK293 cells. Scale bar is 10 µm long. (D) Temperature rise 

seen on HEK293 cell membrane (mean ± sem), decorated with core-shell 

Cobalt Ferrite - Manganese Ferrite nanoparticles, under AMF (300 kA/m, 

420 kHz, 7 s). (E) Temperature rise (left axis), corresponding to normalized 

fluorescence change (right axis), recorded from Alexa fluor 647 on the 

microdiscs. Sample x had an average interparticle separation of 95.4 nm, 

while for sample o it was 154.3 nm. The microdiscs were placed on cell 

membrane and heated with AMF (300 kA/m, 420 kHz, 5 s). (F) Fiber 

photothermometric temperature measurement of magnetothermal heating 

of cell membrane-bound Cobalt Ferrite - Manganese Ferrite nanoparticles 

in the mouse cortex. Anesthetized mouse was placed in 29 kA/m, 400 kHz 

AMF for the measurement. 
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This is particularly important as it enhances the specificity of stimulation confining 

the effect to the targeted cells, without any effect spillover to neighboring tissues. 

The confinement, on the other hand, makes temperature measurement extremely 

challenging. For this we used dye-tagged nanoparticles attached to cells, often 

expressing membrane fluorescent proteins. Using epifluorescence microscopy we 

could monitor the temperature around the nanoparticles and the cell membrane 

(Method described in Chapter 3). The same technique was used to measure 

heating of nanoparticle-loaded polymer microdiscs. Heating of membrane-bound 

nanoparticles in-vivo were measured with in-vivo photometry (Figure 6.5). 

Biotinylated A2B5 antibodies and Neutravidin/Dylight-550 coated nanoparticles 

were sequentially microinjected stereotaxically two hours prior to the 

measurement. Repeated measurements revealed a steep decline in heating rate 

starting the fifth day after nanoparticle delivery. Although in-vivo fiber 

photometry does not provide cellular level precision, an overview of the average 

heating rate on the cells can be obtained. Other imaging modalities must be used 

to determine targeting and heating with cellular precision. 

6.3.3 Scaling in 2-Dimensional nanoparticle heating 

Unlike suspended nanoparticles, the heating rate scales with the two-dimensional 

area density of the nanoparticles. Fluorescence imaging on two-dimensionally 

arranged nanoparticles on the cell membrane gave the heating rates. The starting 

intensity of each recording was normalized to the brightest pixels on the cells. The 

brightest pixels were given assumed to have originated from the most densely 

packed nanoparticles. Since the highest density of nanoparticle packing is when 
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the particles physically touch, 25 nm was assumed to be that separation (inorganic 

core diameter + 2 x (polymer shell + functionalization layer thickness). 

Neutravidin/Dylight-550 labeled Cobalt Ferrite - Manganese Ferrite 

nanoparticles were targeted to biotin incubated AP-CFP-TM/BirA expressing 

HEK293 cell membrane. Fluorescence thermometry was done on membrane

bound nanoparticles heating under 30 kA/m 420 kHz AMF. The heating rates 

obtained (Figure 6.5 D) were plotted versus the calculated densities of 

nanoparticles on the membrane, and fitted with a line (Figure 6.6A). The same 

data was also plotted with the calculated interparticle separation (1/nanoparticle 

density)C-1/ 2 ). The fitting curve was a power law curve with a power of -2.0. 

Magnetite nanoparticles arranged with different area density in a 2-dimensional 

arrangement inside polymer micro discs were also heated and imaged via Alexa 

Fluor 647 fluorescence. Linear scaling of the heating rate with nanoparticle area 

density and hence power law (power = -2.0) scaling with interparticle separation 

was observed. 

Extremely fast cooling times in 2-dimensional arrangement heating was a sharp 

distinction from suspension heating, which reveals the cooling mechanism of 

membrane-bound nanoparticles. 

6.4 Summary 

Local temperature measurement experiments reveal that heat transfer at the 

nanoscale deviates markedly from bulk heat transfer laws. While Fourier law based 

simulations retrieve well experimentally determined SLP values from single 

particle power dissipation values, it fails to predict the temperature profile around 
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each particle, without medium thermal conductivity adjustment. The local heating 

profile can, however, be found using fluorescence thermometry. Experiments to be 

conducted in the near future in this direction includes suspension 

photothermometry of monodisperse Magnetite nanoparticles in suspension. The 

nanoparticles are encapsulated in a PMA shell, functionalized with PEG linkers of 

varying lengths with a dye molecule attached to the end. The average radius of 

gyration of the PEG molecules, from the molecular weight, gives the mean distance 

of the dye from the nanoparticle surface. Thus, using PEG of varying lengths a 

temperature profile around the heating nanoparticle can be obtained. 

In the case of 2-dimensionally distributed nanoparticles no bulk heating of the 

sample is observed, only the vicinity of the sheet heats. This observation is not 

captured by Fourier law based simulations. However, reducing the medium 

conductivity by an order of six did produce results close to experiments. 2-

dimensional heat dissipation experiments were done with temperature read from 

the surface of the individual nanoparticles, as well as from a layer about 25 

nanometers away from the nanoparticle sheet (micro disc studies). Considerable 

heating was observed in both cases. This was also confirmed by temperature read 

out from CFP heating on the membrane (nanoparticles were about 10 nm away, 

results not shown here). However, in an earlier study nanoparticle membrane 

heating was found to not change the temperature in the Golgi bodies [24]. From 

these, it can be concluded that the nanoparticles bound to the membrane heat the 

vicinity of the plasma membrane but not the intracellular organelles. Hence, any 
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proteins, ion channels within the lipid bilayer of the plasma membrane will heat 

from the heating of the decorated nanoparticles. 
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Figure 6.6. (A) Plot of Cobalt Ferrite - Manganese Ferrite nanoparticle 

heating rate, decorated on HEK293 cell membrane, plotted against 

nanoparticle area density. (B) Heating rates in the plot (A) is plotted versus 

interparticle separation (black). Red markers indicate simulation results, 

using Fourier heat transfer laws (COMSOL). Both fitting lines are obtained 

using power law (power= -2.0). AMF was 30 kA/m, 420 kHz in all cases. 

(C) Heating in Magnetite nanoparticle loaded polymer microdiscs. The 

broken line shows line fit. (D) Temperature rates vary as -2.0 power of 

interparticle separation. 
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In the following part, we shall see how the heat energy dissipated from the 

nanoparticles can be used for changing the protein dynamics of ion channels and 

trigger a cascading signaling pathway in neuronal networks. With the application 

of magnetic fields, the collective functioning of complex networks and hence the 

behavior of mice can be modulated, leading of alteration of innate preferences and 

memory formations. 
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PartB 

Magnetothermal neuronal modulation 
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7 Thermal modulation ofneuronal activities 

Nervous systems are designed for communications among interconnected cells, 

organized into intricately interconnected circuits, which shape consciousness, 

behavior, cognition action, and emotion [153]. Brain-wide communications occur 

at long-range and short-range circuit levels, intercellular (synaptic) level via 

neurotransmitters, and the intracellular level, via ions and messenger proteins. 

Selective perturbation of neuronal activities can provide insight into the functional 

aspects of various elements within a circuit in the brain. At the same time, dynamic 

probing techniques of varying degree of temporal and spatial precision are being 

developed to inquire into the population level and even cellular level activities 

within the brain [154]. 

We developed tools to thermally perturb the activities of cells. For localized 

temperature elevation in-vivo, we acutely delivered magnetic nanoparticles. Under 

alternating magnetic fields, these nanoparticles heated, activating the target cells. 

Such magnetothermal perturbation can alter cell population dynamics, starting 

within a few seconds of application and can be used to both trigger and neutralize 

intracellular signaling. We utilized this to evoke motor activities in lab mice e.g. 

running and turning in loops as well as alter their innate preference for the dark. 

These can complement and extend the growing toolkit of neuronal modulation 

techniques, and can potentially be of translational value. 

7.1 The neuronal Action Potential 

Action potentials are short-lived electrical pulses, characterized by a rapid rise 

(depolarization) and the subsequent fall (repolarization and hyperpolarization) in 
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the trans-cell membrane voltage. Action potentials are the bases of intracellular 

communication in neurons and the information to be conveyed is encoded in the 

frequency and pattern of the fired Action Potential spikes [155-157]. The rough 

anatomy of an Action Potential (AP) spike is given in Figure 7.3 A. A sudden 

stimulus leads to the rapid rise of the membrane potential, opening Na+-channels, 

leading to a large influx of Na+ ions, causing depolarization. Although, Na+

channel kinetics vary amongst cell types and even within a cell, both the activation 

and the inactivation time constants (beyond zero millivolt) of Na+-channels are 

generally extremely rapid (hundreds of microseconds). Repolarization occurs with 

N a+-channel inactivation and the voltage-dependent opening of K +-channels, 

causing a large efflux of K + ions. This phase is briefly followed by 

hyperpolarization, which is characterized by K+ ion efflux and subsequent K+

channel inactivation. After this, the membrane voltage returns back to the resting 

state. 

Calcium currents make a limited contribution during the rising phase of the Action 

Potential and is only activated near the peak. The largest Ca2 + currents flow during 

the falling phase and are instrumental in opening calcium-dependent potassium 

channels. 

The shape of action potentials varies considerably among neuronal types, and is 

dependent on the membrane ion channel expression. The firing pattern and 

frequency, however, are more relevant to communication among neurons than the 

shape of an individual action potential. Firing patterns include spontaneous 

pattern, observed in the absence of a significant stimulus, bursting pattern, 
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consisting of rapid firing with short inter-spike intervals and adaptation, with a 

slow cessation of firing during a maintained stimulus [157 ]. 
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Figure 7.1. An action potential (blue) is triggered when the membrane of 

the neuron is depolarized past the VthreshoJa. (1) Voltage-gated Na+-channels 

open, causing a positive rise, quickly followed by the opening of voltage

gated K+-channels, which then repolarize (2) the cell. The voltage then 

further decreases beyond the resting potential, to reach the hyperpolarized 

state. With increasing temperature, the K+-channels become faster and 

catch up with the Na+-channels leading to thermal block (red). 

7.2 Temperature effects on Action Potential spiking 

Temperature determines the internal energies of the biological macromolecules, 

thereby affecting the physiology at the subcellular to the organism level. 

Thermosensation is one of the most ancient sensory processes. The basis of 

thermosensation lies in the ability of certain ion-channels to be able to conduct 

ionic current in a highly temperature-dependent manner. The degree of the 

86 



temperature dependence of a channel's conductance is given by the Q10 factor. 

Depending on the ionic selectivity the ion channels can act as excitatory or 

inhibitory [158]. 

The dimensionless factor Q10 gives the change in the reaction rate upon a 10-degree 

rise in temperature. With the current through an ion channel at a temperature T 

given by Ir, Q10 can be represented as 

(1) 

While, most ion channels typically have a Q10 between 1 and 3, highly 

thermosensitive channels display a Q10 greater than 7 (or much lower than 1, for 

cold sensitive channels). For example, the transient receptor potential cation 

channel subfamilyV member 1 (TrpV1) is strongly activated upon heating and has 

a Q10 =18 [159] and TMEM16A/ Anoctamin1 has a Q10 =19.4 [35]. Two-pore 

background potassium channel TREK-1 has a Q10 =5-7 [160]. Fast change in the 

kinetics of these ion conducting channels with temperature affects action potential 

shape and rates [161-165]. 

Cell-specific experiments have shown that temperature affects resting 

potentials [165] nonlinearly and also the amplitude and width (FWHM) of the 

action potentials. Optically detected spontaneously fired action potentials varied 

greatly between 30 °C and at the physiological temperature. Membrane voltage 

imaging was done using BeRST dye [166 ]. The steady reduction in peak amplitudes 

and FWHM were observed in rat hippocampal neurons with increasing 

temperature from 30 to 37 °C (Figure 7.2). These observations are analogous to 
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that predicted in the Hodgkin-Huxley model [164]. Temperature affects the 

Hodgkin-Huxley model through the Nernst equilibrium potential and the rate 

constants. The Nernst equilibrium potential equation describes the thermo

electro-chemical potential, whose gradient forces ion flow through membrane 

structures in relation to the concentration gradient, electric potential, and 

temperature. 
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Figure 7.2. Optical readout of the action potential in rat hippocampal 

neurons, using voltage-sensitive dye, BeRST. Shorter amplitude and 

FWHM are clearly visible at (A) 37 °C compared to (B) 30 °C. 

An increase in temperature increases the N ernst equilibrium potential for Na+ and 

decreases the Nernst equilibrium potential for K+, which lowers the resting 

potential. The activation and inactivation factors of Na+ and K + channels change 

nonlinearly with temperature, thereby affecting the Na+ and K+ conductances. The 

interrelations of these rate constants are directly responsible for a thermal block, 

disrupting action potential generation at higher temperatures Figure 7.1 B [164]. 
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However, overexpress10n of specific ion channels can alter the net ionic 

conductance and hence alter the temperature sensitivity of the wild-type cells. In 

Figure 7.3 changes in action potential firing rates in hippocampal neurons are 

shown at various steady-state temperatures, as a result of ion channel 

overexpression. Overexpression of TRPV1 increases net Ca2 + influx at higher 

temperatures, thereby increasing firing rate massively (blue). Similarly, 

overexpression of Cl- conducting channel TMEM16A/ Anoctamin1 increases the 

net Cl- conductance at higher temperatures, resulting in suppression of action 

potentials (red). 
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Figure 7.3 Temperature sensitive cation-channels, e.g. TRPV1, (causing 

Ca2 + influx) and anion-channels, e.g. TMEM16A/Anoctamin1 (causing Cl

influx) respectively increase and decrease the Vrest as a function of their 

thermal activation, rendering the neurons thermosensitive. Data indicate 

mean± sem, and for fitting Hill equation is used (dotted lines). 
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Thus overexpression of ion channels with high Q10 can be a useful tool to render 

neurons thermosensitive and can be used to activate or suppress neuronal 

population selectively. Thermal modulation of neurons has been achieved mostly 

via infrared irradiation of the target neurons [36,167,168] or 

magnetothermally [24-27,169]. 

7.3 Magnetothermal modulation ofneuronal activities 

Alternating magnetic fields (AMFs) in the low radio frequency regime (10 kHz-10 

MHz) penetrate into arbitrarily deep regions of the brain, interacting minimally 

with biological tissues. On the other hand, magnetic nanoparticles (MNPs) 

exposed to AMF dissipate heat and thus can thus trigger heat-sensitive ion 

channels. To utilize this, we functionalized magnetic nanoparticles for bio

conjugation to the cellular membrane (Figure 7.4) [170]. 
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Figure 7.4. A scheme for bio-functionalization of chemically synthesized 

magnetic nanoparticles. Figure courtesy - Dr. Castellanos-Rubio. 
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The nanoparticles were then delivered via the bioconjugation agent (e.g. antibody) 

to the target cells, which were then thermally activated upon the application of 

alternating magnetic fields (Figure 7.5). 
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Figure 7.5 Principle of Magnetothermal Neuromodulation. (A) 

Superparamagnetic NPs are biofunctionalized and anchored at high 

density on the cell membrane. (B) Upon application of an AMF, the NPs 

heat the membrane, modulating the activity of ion-channels, changing the 

membrane voltage. 

The activities of the cells are then directly observed through voltage or calcium 

imaging or indirectly through behavioral changes in the animals. 

7.4 Summary 

The following chapters treat various aspects and applications of magnetothermal 

neuromodulation in great detail. We show how switching out the ion channel can 

help evoke contrasting responses both at the cellular and behavioral levels, from 

magnetothermal neuromodulation. This would elucidate the versatility of the 
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technique and focus on unique usage. Future applications and integration with 

other modulation modalities are also briefly discussed. 

92 



8 Magnetothermal activation ofTRPVt+ neurons2 

Rapid and reversible activation of specific neurons remotely can be instrumental 

in establishing the causality of behavioral responses, an also have great therapeutic 

potential [171-173]. The challenge in implementing magnetic stimulation has been 

to develop a transducer capable of harnessing the energy of the magnetic field and 

translating it into a robust biological signal with high temporal and spatial 

specificity. An effective technique is to design a transducer that converts the energy 

of the external alternating magnetic field into heat. This process depends on the 

frequency and field strength of the external magnetic field, the time over which 

thermal fluctuations randomize the orientation of the moments in the particle, the 

particle volume, and magnetization. The synthesized nanoparticles used in this 

study, heat 450 W / g at 500 kHz and 15 kA/m. Activating a channel requires 

overcoming an energy barrier slightly larger than the thermal fluctuation energy 

(at 37°C, with Boltzmann constant k 8 ). The maximally delivered energy per 

transducer particle depends on the mechanism of interaction with the magnetic 

field. In magnetothermal genetic stimulation, the heat needs to be delivered to the 

TRPV1 channel efficiently, avoiding excess heat loss to the surrounding buffer 

fluid. Classically, magnetic nanoparticle-based hyperthermia heating uses a dense 

suspension of nanoparticles, a ferrofluid, in which the neighboring MNPs screen 

the cooling. An isolated MNP delivers only a few femtowatts of heat, which 

dissipates rapidly into the volume of water. In a two-dimensional dense array of 

2 This chapter is based on R. Munshi, S. M. Qadri, Q. Zhang, I. C. Rubio, P. del Pino, and 

A. Pralle, Elife 6, (2017). 
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MNPs on the membrane, the neighboring MNPs screen the lateral cooling, leaving 

only the direction normal to the membrane for heat dissipation. Membrane bound 

MNPs deliver sufficient power to raise the temperature in a thin sheet along the 

membrane. Therefore, we aimed to use AMF heating of membrane targeted MNP 

to evoke behavior in awake animals. 

8.1 Heating cell membrane for magnetothermal activation 

To achieve fast and robust neuronal stimulation in awake, freely behaving mice, 

we depolarized heat-sensitized (TRPV1+) neurons via magnetic field induced 

heating of superparamagnetic MNPs. The MNPs were targeted to the neuronal 

membrane via an A2B5 antibody specific to neuronal glycosylated membrane 

proteins. This approach provided specific and dense labeling of neuronal 

membranes, minimizing the amount of MNPs required for activation. We 

synthesized MNPs with an 8.o ± 1.0 nm Co-ferrite core surrounded by a 2.25 nm 

Mn-ferrite shell. To confer colloidal stability in physiological buffers these MNPs 

were then encapsulated in the polymer PMA (dodecyl-grafted-poly-(isobutylene

alt-maleic-anhydride). The PMA coating added 5-4 ± 1.4 nm to the MNP diameter. 

The MNPs used in this study have an SLP of 733.3 + 2.8 W/g at 37.0 kA/m and 

412.5 kHz, close to the theoretical maximum for particles of this size. 

8.1.1 Preparation ofneurons 

Hippocampal neurons were harvested from E17 Sprague Dawley fetuses, and transfected 

DIV 6 - 8. After transfection or nucleofection, the neuronal cultures were placed in an 

incubator for the next 24 - 48 hours to express the proteins (GCaMP6f or TRPV1). 

During this time, 1 µM TIX (Tetrodotoxin) was added to Neuronal culture to 
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minimize endogenous activity. For imaging, the TIX was washed out, and the 

neurons were placed in Tyrode solution (NaCl 145, CaCl2 2, MgCl2 1, KCl 2.5, 

HEPES 10, Glucose 20; all in mM). The imaging buffer also contained synaptic 

blockers DLAP-5 25 µM , NBQX 10 µM , and Gabazine 20 µM , and the osmolality 

was adjusted to 310-315 mOsmole/L. 

8.1.2 Targeting nanoparticles to the neurons 

N anoparticles were targeted to the neuronal cell membrane via biotinylated A2B5 

antibody (433110, Invitrogen). Neuronal cultures grown on 12 mm coverslip were 

loaded in an imaging chamber (ALA scientific) holding 200 µl of imaging buffer 

pH.7.34. Biotinylated antibody (2 µg/ml) was added, incubated for 10 minutes, 

before being washed off by perfusing with HEPES buffer pH 7.3. Neutravidin 

conjugated nanoparticles were then added at 10 µg/ml, and after 5 minutes the 

unbound nanoparticles were washed off. The local temperature rise near the 

nanoparticles was measured by fluorescence intensity changes of a Dylight 550 

fluorophore integrated in the NeutrAvidin coating. 

8.1.3 Recording Magnetothermal neuronal membrane heating 

Fluorescence microscopy of membrane decorated nanoparticle bound dye was 

done with an inverted epifluorescence microscope (Zeiss Axio Observer Ai.om). 

The alternating magnetic fields induce eddy currents in the metallic microscope 

objective, heating it up. The thermal expansion of the objective lens may cause 

optical distortions and focus changes. To correct these in real time, we used a fast, 

customized piezoelectric autofocus system (Motion X Corporation, 780 nm laser 

interferometer based). The autofocus laser beam was coupled in the optical path 
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of the microscope by a dichroic mirror, focused through the objective lens onto the 

coverslip bottom and reflected back into the interferometer (Figure 1 - figure 

supplement 1). Therefore, it not only detects and corrects changes in separation 

between coverslip and objective lens but also internal optical changes. 

The fluorescence intensities of molecular fluorophores are sufficiently temperature 

dependent to provide a molecular scale thermometer. The membrane-bound 

nanoparticles heated with an area density-scaling factor equaling 1.1x10-3 ± 

6.7x10-5 °C.µm 2 /s. 

8.2 Analysis of thermal activation ofTPRVt+ hippocampal 

neurons 

To optically record neuronal activities, we genetically encoded calcium indicator 

GCaMP6f and deconvolved the Ca2 + transients to estimate the underlying spike 

train. 

8.2.1 Image processing 

Fluorescence microscopy movies were recorded (Micromanager) as TIFF stacks 

and post-processing and ROI (region of interest) mean intensity data were 

extracted using FIJI (Fiji Is Just ImageJ). Relevant ROis were cropped from the 

video files and registration (using the Stack Registration plugin) was done to 

eliminate any x-y shift in the images over the video frames. Afterward, an intensity

based threshold operation was done to convert non-cellular dimmer background 

pixels to NAN (not a number). A polygonal ROI was then drawn to cover the cell 

body. The mean intensity data (bit depth) of all the pixels within that ROI was 
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saved with respective frame numbers. The intensity versus time data was then 

exported to Igor Pro, which was used for further analysis. 

8.2.2 Fluorescence Intensity normalization 

After importing the mean ROI intensity data as a wave in Igor Pro (Figure 8.1), 

constant dark noise values were subtracted from all points in the wave. The dark 

noise is the mean signal recorded by the camera under no illumination conditions. 

All experiments were done in the same dark room and the dark noise value 

deviated little from experiment to experiment and is mostly dependent on the 

camera exposure times. 

Background 
Raw subtracted Thresholded 

Figure 8.1. Fluorescence micrographs of a GCaMP6f expressing neuron. 

After, the dark noise cancellation, a further baseline subtraction was done for 

bleach correction, if substantial bleaching based decay in baseline was observed. 

For this, the baseline was fitted to an exponential function and a modified signal 

was obtained according to F(t) = F'(t) + (F'(O) - Ffic(t)). Here, F'(t) is the signal 

value obtained after dark noise cancellation and Ffit(t) is the corresponding 

exponential fit function. The result, hence obtained was normalized and converted 

to percentage change in fluorescence. The percentage change in fluorescence 
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intensity was given by M(t) = 100 x (F(t )-Fa) , where, F0 is the bleach corrected 
Fa Fa 

baseline ROI intensity and F(t) , the intensity at any time t. 

8.2.3 Single spike estimation 

The intensity change of GCaMP6f makes it sensitive enough for single action 

potential detection, but its temporal resolution is not high enough to produce 

temporally isolated spikes corresponding to each firing in an AP train. To extract 

action potential events from a GCaMP6f fluorescence signal (Ca2 + peaks), we first 

isolated all peaks from the intensity normalized data corresponding to each neuron 

with a mean maximum of about 5% (of the baseline). The peaks were then 

averaged and a mean peak profile was created (Figure 8.2). The average peak 

wave was then interpolated linearly to increase the temporal resolution to 100 Hz. 
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Figure 8.2. A) Calcium peaks corresponding to a single action potential, 

recorded from 5 somas of WT rat hippocampal neurons. B) Calcium peaks 

corresponding to single action potential events, recorded from 6 somas of 

rat hippocampal neurons expressing TRPV1 channels. Black dashed curve 

shows exponential fits corresponding to the rise and fall phases. 
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8.2.4 Action Potential train reconstruction 

A null wave oftime length equal to that ofthe original data, but of 100 Hz frequency 

(in contrast to 10 Hz, for the original data) was created. The null wave was then 

converted to a binary wave, with ones at the location of estimated AP spikes. The 

estimated single spike wave was then convolved with the binary wave. A histogram 

of the residue of the original and the reconstructed waves was fitted to a Gaussian 

function. The locations of the one in the binary wave were dynamically adjusted to 

obtain an overall sigma of less than 2%. The binary wave obtained after 

optimization gave the temporal function of AP events for each recording (Figure 
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Figure 8.3. (Top) Time course recording of GCaMP6f signal from the 

same soma (red) after exponential bleach correction. Overlaid in black is 

the reconstructed signal obtained by convolving the kernel function with 

binary action potential events (Middle). (Bottom) Residual between the 

reconstructed waveform and the normalized signal is shown in blue. 
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8.2.5 Thermosensitivity ofTRPV1 overexpressing neurons 

First, we investigated the spontaneous firing rate of DIV 10 TRPV1+ hippocampal 

neurons across a range of physiologically relevant bath temperatures. From 32 °C 

to 36 ° C, the Ca2 + spiking rate was found to be effectively temperature independent. 

As bath temperature was increased from 37°C to 39°C, spontaneous activity of 

TRPV1+ neurons increased from 1.5 ± 1.2 APs per 5 seconds to 13 ± 3 APs. At 39°C, 

only about 15 - 20 % of rat TRPV1 channels are open, but the resulting Ca2 + influx 

is sufficient to trigger neuronal activity. In control neurons, without TRPV1, we 

observed a slight decrease in the spiking rate, 1.0 ± 1.0 APs per 5 seconds (Figure 
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Figure 8.4. The rate of Action Potential firing as a function of bath 

temperature, recorded from GCaMP6f transients observed in TRPV1 

expressing hippocampal neurons (red) and wild-type neurons (control, 

black) The data points are fitted with Hill equation. 

Within the resolution of GCaMP6f based calcium imaging, TRPV1 activity does not 

change the shape of the calcium transient and the underlying AP. Therefore, 

100 



expressing ofTRPV1 in hippocampal neurons renders their firing rate highly heat

sensitive without disrupting their natural function. 

8.3 Magnetothermal actuivation in neuronal cultures 

To measure the MNP heating evoked stimulation, we transfected cultured 

hippocampal neurons with TRPV1 and GCaMP6f, then decorated the plasma 

membrane with MNPs. The red fluorescence of the DyLight550 labeled MNPs was 

detected all along the neuronal membrane, indicating good surface labeling. When 

exposed to an AMF (22.4 kA/m at 412.5 kHz, 5s), MNP decorated TRPV1+ neurons 

showed increased spiking, measured as calcium transients. The spike train of each 

neuron was derived from the recorded Calcium transients by convolving an 

estimated spike train with the recorded GCaMP6f calcium signal of a single AP; 

then calculating the residual between the measured and the computed calcium 

trace; and adjusting the estimated spike train to minimize the residual (Figure 8.5 

A). Compared to basal activity (1.8 ± o.6 APs) during five seconds before AMF 

application, the spiking increased significantly to 4.5 ± 1.2 APs during the 5 s AMF 

(p = 0.0028, unpaired T-test), and 12.1 ± 2.0 APs in the five seconds after the AMF 

was removed (p = 0.0002, unpaired T-test) (n = 13 cells, 3 cultures) (Figure 8.5 

B). During the AMF application, the membrane temperature of MNP decorated 

TRPV1+ neurons increased by 2°C, as measured by the DyLight550 fluorescence. 

The stimulation is very reproducible with 87.5% of the cells responding to second 

stimulation, following 5 minutes after the first. 
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Figure 8.5. A) GCaMP6f fluorescence intensity changes (green, Calcium) 

in different TPRV1+ neurons decorated with MNP Calculated spike events 

(black) are indicated under each Calcium trace. B) (Top) Change of cell 

surface temperature, and (Bottom) GCaMP6f signal recorded from 

nanoparticle-coated TRPV1 +neurons (mean ±s.e.m, 13 neurons). 

8.4 Latency and consistency ofmagnetothermal stimulation 

We analyzed the consistency of activation, an increase in firing rate and number of 

active cells, as well as the activation latency. Figure 8.6 shows the activation 

latency, the time delay between the start of field application and the first spiking 

event, for all recorded stimulations (79 neurons, 6 cultures, various duration of 

AMF). 87 % of neurons spike during the first 5 seconds of field application and 64 

% of the neurons fire already within 2 to 3 seconds after the field is turned on. A 

histogram of the latencies of all cells exposed to 5 seconds field stimulation was 

fitted with a Poisson distribution giving an expectation value of 2.18 ± 0.17 s. 
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Figure 8.6. A) Percentage of neurons firing their first AP after field onset 

in the time interval indicated (a subset of 41 cells from A which were 

stimulated for 5 s B) Percentage of active neurons in each time interval 

(AMF 0-5 s). 

This data shows the fastest magneto-thermal stimulation to date. Next, we 

determined whether magneto-thermal stimulation is also capable of activating 

quiescent neurons, which were not already near the depolarization threshold. We 

defined neurons with at least one calcium transient during any five-second period 

as active. At basal conditions, 53.7 ± 1.6 % of the neurons were active in cultures. 

Five-second AMF application increases the active population to 80.5 ± 5.1 % of 

neurons. We showed that five seconds of magneto-thermal stimulation not only 

increases the firing rates of already active neurons but also increases the 

percentage of active cells in a population. 
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9 Deep brain Magnetothermal stimulation in 

awakemice3 

Magnetic field based stimulation has considerable potential to provide fast, 

tetherless, and implant free deep brain stimulation because magnetic fields are 

minimally scattered, minimally absorbed by tissue, and travel freely through 

space [174]. These characteristics of magnetothermal stimulation simplifies a 

range of experimental assays, which are challenging to perform using current 

techniques, and permit new types of experiments: The absence of tethers will 

permit novel social behavioral assays in a group of animals freely interacting in an 

arena, while only a subgroup of them gets stimulated. As magnetic stimulation only 

occurs when the animal resides within the magnetic field, the field geometry can 

be adapted to coincide with another signal for conditional place preference or 

feeding assays. Similarly, magnetically stimulating multiple sites in one brain to 

study network connectivity requires only multiple injections of solutions, possibly 

along a shared injection path, as opposed to multiple cannula implantations. 

Furthermore, the absence of any physical connection from brain to skull minimizes 

tissue damage and immune response [25]. Lastly, assays using animals easily 

startled by the flashes of visible light used in optogenetics, such as Zebrafish, would 

benefit from magnetic stimulation. Therefore, a reliable magnetic field stimulation 

3 This chapter is based on R. Munshi, S. M. Qadri, Q. Zhang, I. C. Rubio, P. del Pino, and 

A. Pralle, Elife 6, (2017). 
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method would not only simplify experiments currently performed using existing 

techniques but also enable a series of novel assays 

9.1 Stimulation ofthe motor cortex evoked fast scurries 

With this experiment, we sought to verify that magnetothermal genetic 

stimulation in the brain could be specific and sufficient to evoke precise behavior 

in an awake, moving animal. Successful secondary motor cortex activation, 

evoking running has been reported using optogenetics [175]. We aimed to 

reproduce these responses, using magnetothermal stimulation of motor cortex 

neurons. 

While some expression ofTRPV1 in the rodent brain has been reported [176] , 

robust magnetothermal genetic stimulation requires a uniform, sustained over

expression ofTRPV1 in the targeted neurons. We achieved TRPV1 overexpression 

in the mouse motor cortex by delivering adeno-associated virus serotype 5 (AAV5) 

as a vehicle for the TRPV1 transgene under the neuron-specific synapsin-1 

promoter hSyn (AAV5-hSyn-TRPV1) by stereotactic injection [177]. However, 

AAV is too small to package a vector encoding TRPV1 and a fluorescent protein 

marker. Hence, for some experiments, we also created a lentivirus carrying the 

genes for TRVP1 and a red fluorescent protein with a nuclear targeting sequence 

behind an internal ribosome entry site (EF1a-TRPV1-IRES-DSRed). Both, AAV5 

and lentivirus, led to robust expression in-vivo, permitting stimulation of specific 

behavior. 
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Figure 9.1 Virus induced TRPV1 over-expression and membrane bound 

MNP labeling of neurons in the Motor Cortex. (Top left) Laser confocal 

image of soma and dendrites of neurons labeled by anti-microtubule

associated-protein (MAP2) antibody. (Top right) Anti-TRPV1 antibody 

shows TRPV1 expression on the membrane. (Bottom left) MNPs labeling 

membrane of neurons in the motor cortex. (Bottom right) Overlay of the 

panels MAP2 (green), anti-TRPV1 (red) and MNP (blue). 

Motor cortex neurons were heat sensitized, by unilaterally injecting AAV5-

hSyn-TRPV1 [178,179]. Four weeks later, 500 - 600 ng of antibody conjugated 

MNPs were injected in the same location. (AP = 1.0, ML = 0.5, DV = 0.5 (all in 

mm)). Using immuno-histology, we confirmed virus-induced TRPV1 expression 

and binding of MNPs to neurons in the targeted motor cortex area. 
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Figure 9.2 Magnetothermal neurostimulation in the motor cortex elicits 

fast scurries around the arena. A) Experimental set-up. B) Photograph of 

the mouse in the observation arena. C) Representative trajectory recorded 

from a mouse stimulated in the motor cortex before (black), during (red), 

and after (blue) field application (each one minute long). D) (Top) Position 

of the mouse's head, (x green; y orange). (Middle) Black trace shows the 

linear speeds of the mouse. E) Comparison of linear speed of this TRPV1+ 

/ MNP+ mouse, injected in the motor cortex, with and without AMF. F) 

Comparison of the angular speed from the same mouse as in (E). 

Shortly after the AMF application began, the mouse initiated running, which 

slowed down quickly after the AMF was removed. The linear running speed of the 

mouse increased from 5.3 ± 2.75 mm/s to 83.8 ± 3.75 mm/s (one mouse, four 

trials, p = 5.9-10-6, 95% C.I. [0.9, 9.7] and [77.8, 89.8] mm/s). The angular speed 

increased from 0.21 ± 0.19 revolution per minute to 3.27 ± 0.30 rev/min (p = 
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0.0003). Across all 14 trials in 6 mice, the angular speed was significantly faster 

during AMF applications, 2.81 ± 0.20 rev/min, as compared to 0.34 ± 0.08 

rev/min during the rest periods between the fields (p = 5.2-10-9; 95% C.I. [0.29, 

0.39] and [2.69, 2.93] rev/min). In all trials, we observed a strong running 

response, but some mice changed directions occasionally. The running along the 

periphery of the circular arena, recorded during field application is in sharp 

contrast to the exploratory/resting tracks, observed in the absence of AMF. Repeat 

stimulation of the same animal evoked increased locomotion reliably in each trial. 

There was a tight temporal correlation between AMF heating and the observed 

behavior: Each time, shortly after the AMF is applied, the mouse begins to run. The 

stimulated ambulation persists throughout the duration of the field application 

and ends shortly after the AMF is removed. 

For an AMF strength of 7.5 kA/m rms at 570 kHz, the behavioral response 

began on average 22.8 ± 2.6 s (n = 14, 6 mice, Figure 4H) after the beginning of 

the AMF. This latency of behavior onset is consistent with the fast in-vitro response 

because heating depends on the square of the AMF strength, which for the in-vivo 

case was about one-third of that in in-vitro experiments. Performing AMF heating 

on MNP decorated HEK cells showed that lower the field strength by a third 

increased the required time to reach a two-degree increase to 20 seconds. The 

delay is comparable to optogenetic stimulations in the motor cortex, also using 

virus delivered activator genes. After the AMF was terminated the ambulatory 

behavior continued for another 14.7 ± 2.5 s, likely corresponding to the time 

required to cool the membrane-bound MNPs. Using membrane-bound 

nanoparticles for magnetothermal neuro-stimulation ensures fast on and off 
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kinetics because only a minuscule volume of space is heated and cooled. 
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Figure 9.3. A) Comparison of angular velocity, or speed of circling the 

arena, measured for all TRPV1+ / MNP+ mice, injected in the motor cortex, 

with or without AMF. B) Latency of behavioral response onset and end 

after turning field on and off, respectively (n = 21). C) Rotation speed for 

control and experiment animals. 

Mice injected with only AAV5-hSyn-TRPV1 virus or only MNPs showed no 

response to AMF application demonstrating that neither MNP injection nor TRPV1 

expression alone is sufficient to evoke the response. Observable stimulation 

occurred only when AMF was applied in the presence of the temperature gated ion 

channel, TRPV1, and the energy transducing MNPs in the same brain locations. 

For animals lacking either TRPV1 overexpression or MNP, AMF application 

caused no significant deviation from baseline rotation speed (4 individual mice for 

each). On the other hand, in all mice injected with both MNP and TRPV1 at the 

same brain location, angular speed increased significantly with AMF, 3.17 ± 0.17 

rev/min compared to the baseline speed of 0-42 ± 0.07 rev/min (n = 10, p = 1.1-10-
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5; unpaired T-test; 95% C.I. [0.32, 0.52] and [2.94, 3-40] rev/min). Membrane 

targeting the MNPs is essential as animals injected with virus and MNPs without 

the anti-A2B5 antibody were insensitive to the AMF. 

9.2 Stimulation in striatum causes rotation around the body 

.
axis 

Next, we investigated the effectiveness of magnetothermal genetic stimulation 

in the striatum, a deep brain region. Chemogenetic activation of the caudate 

putamen nuclei in the striatum has previously been shown to evoke increased 

locomotion in the form of rotation around the body axis [180,181]. To replicate 

these results with magnetothermal stimulation, we injected AAV5-hSyn-TRPV1 

virus and MNPs into the caudate putamen nuclei in the dorsal striatum, 3 mm deep 

(AP = o, ML = 2.3 from bregma). Immuno-histology confirmed successful TRPV1 

over-expression, MNP injection to the target, and a good overlap of both. 

During AMF application, the mouse turned around its body axis, so that its 

head tracked circles of 22 ± 5 mm radius. These turns were very regular and quick 

(19.3 ± 2.2 mm/s), resulting in 4.7 ± o.8 revolutions per. This behavior was very 

different from the running motion observed during motor cortex activation, where 

the mice ran at speeds of 83.8 ± 3.75 mm/s, close to the edge of the arena, which 

has a radius of 50 mm. In this case, the turn radii of the circles made by the mice 

were considerably smaller, and the linear speed lower. The turning motion evoked 

by stimulating in the striatum was very reproducible from trial to trial and across 

animals (12 trials, 4 animals). The mice turned contralateral to the injection in 11 

out of 12 trials and did never reversed the direction of turning after initiating the 
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motion. 

Figure 9.4. A) MNPs covered cells in the target volume in the striatum 

seen through Alexa 647 attached to the MNPs (red). B) Laser confocal 

image of soma and dendrites of neurons in the striatum labeled by anti 

microtubule-associated-protein (MAP2) antibody. C) TRPV1 

overexpressed through AAV5-hsyn-TRPV1 viral infection, visualized using 

anti-TRPV1 antibody (Abeam) with Alexa-647 tagged secondary antibody. 

D) Overlay of MAP2 (green) and TRPV1 (red) labels. 

The average response of 4 striatum targeted mice in 12 trials was a 6-fold 

increase in angular speed during AMF activation, 2.86 ± 0.19 rev/min compared 

to a baseline rate of 0.47 ± 0.09 rev/min (p = 3,4-10-7; unpaired T-test; 95% C.I. 

[0,42, 0.56] and [2.71, 3.01] rev/min). The observed response is consistent with a 

prior report of dorsal striatum stimulation by capsaicin activation of TRPV1 

channels at the same brain coordinates. In addition to multiple stimulation trials 

during one session, we performed several sessions successfully over 54 hours. 
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Figure 9.5. Magnetothermal neurostimulation in the striatum elicits 

rapid rotations around body axis. The trajectory of a representative 

TRPV1+ / MNP+ mouse injected in the striatum, A) with and B) without 

AMF application C) (Top) Trajectory (x green; y orange) of the mouse; 

(middle) Linear speed and (bottom) the angular displacement. D), E) 

Comparison between linear and angular speeds of the same mouse with 

(red) and without (blue) AMF. F) Records of 12 stimulation trials in 4 mice. 

G) Comparison of angular velocity, or turning speed, in revolutions per 

minute measured for all TRPV1+ / MNP+ mice, injected in the striatum. 
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9.3 Magnetothermal deep brain stimulation causes freezing of 

gait 

To evoke magnetothermally a response that does not involve increased 

locomotion, we aimed to demonstrate stimulation freezing of gait. The Deisseroth 

team showed that optogenetic stimulation near the ridge between dorsal and 

ventral striatum inhibits voluntary locomotion [4,182]. Therefore, we took 

advantage of the fact that the stimulation depth is only limited by brain region 

accessibility in terms of virus and MNP delivery and injected AAV5-hSyn-TRPV1 

virus and MNPs at the ridge between dorsal and ventral striatum (AP = 0.01, ML 

= 2.3). Application of AMF caused freezing of gait (FoG), characterized by the 

inhibition of locomotion, with all four paws locked in place while the mouse was 

still able to move its head in all directions, neck onward. FoG is common in patients 

with advanced Parkinson disease [183]. 

Tracks of the mouse's neck showed that ambulatory activities diminished 

markedly during stimulation (Figure 9.6). Apart from FOG, there was an excessive 

outward stretching of the limbs along with the inability of the front extremities to 

follow the head motion (Figure 9.6 D). During AMF application, the average linear 

speed decreased significantly, from 17.7 ± 2.2 mm/s before stimulation to 

essentially rest, 1.04 ± 0.13 mm/s (Figure 6C; 2 mice, 6 trials; p = 0.0006; 

unpaired T-test; 95% C.I. [15.4, 20.1] and [0.90, 1.18] mm/s). The tracked speed 

during the AMF was indistinguishable from that of a fixed marker on the arena 

floor (0.52 ± 0.11 mm/s) (Figure 9.6 C). 
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Figure 9.6. Magnetothermal freezing of gait (FOG). A) Track of mouse 

stimulated in deep striatum before (black), during (red), and after (blue) 

AMF application (each one minute) B) X,Y-position and the linear speed of 

the same animal. C) The speed of two mice with AMF. D) Still picture of a 

stimulated mouse before (top) and during (bottom) AMF. The red 

arrowheads indicate paw position during stimulated freezing of gait (FOG). 

9.4 Discussion 

Magnetothermal genetic stimulation can effectively activate specific neuronal 

circuits in awake, freely moving mice to evoke defined behaviors quickly, robustly 

and repeatedly. As a proof of concept, we evoked behaviors corresponding to three 

different circuits and compared to pnor opto- or chemogenetic 

stimulations [4,180,182]. We successfully evoked opposing behaviors, running or 

freezing of gait by targeting the dorsal striatum or the ridge between the dorsal and 

ventral striatum, respectively, locations in the brain only one millimeter apart. This 

clearly demonstrates that the heat generated by the MNPs in response to the AMF 

is sufficiently localized to the neurons targeted to evoke circuit specific behaviors. 
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The near twenty-second latency of behavior onset after AMF applications is the 

result of a weak average field at the location of the mouse head. As the heating rate 

is proportional to the square of magnetic field strength, the 3-fold weaker field 

caused approximately 9 times longer latency in the mouse compared to the in-vitro 

studies. It is technically feasible to generate AMFs large enough to reduce the 

latency for magnetothermal stimulation of behavior in mice to times only 

marginally slower than electrophysiological or optogenetic stimulation, and 

significantly faster than chemical stimulation using DREADDs [184]. Likewise, 

our results show that the evoked locomotor behavior extinguished quickly within 

fifteen seconds after removal of the field. Tight temporal on - and off - control is 

vital for precise correlation of circuit stimulation with behavioral observation, and 

thus far had only been achieved using optogenetics, but not magneto or 

chemogenetics. 

The short on and off time delays of magnetothermal genetic stimulation permit 

multiple simulations in short observation times. In our experiments, three to four 

one-minute stimulations were possible within a 10 - 15-minute experiment. Such 

repeatability is crucial for obtaining statistically significant behavioral data. Other 

temporal profiles of stimulation are easily achieved, permitting studies of memory 

formation, or with variations in the assay. Most importantly, stimulation from 

several seconds to many minutes is easily achievable, filling an important gap 

between faster optogenetics and slower chemogenetics. 

Magnetothermal genetics in tandem with membrane-bound nanoparticles 

provides three major benefits: First, it provides improved localization and neuron-
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specific targeting. The stimulation region is spatially better confined as the 

antibody binding limits the distance that the MNP diffuse into the brain. Also, only 

cell types with the specific membrane receptor targeted by the antibody bind the 

nanoparticles. Second, the heating is restricted to the vicinity of the membrane. 

This enables orthogonal targeting in which the TRPV1 channel is expressed in one 

specific cell type and the MNPs are targeted to a second cell type, and 

magnetothermal stimulation would only occur at their synapse. Third, membrane 

targeting provides improved temporal resolution because only a minuscule volume 

near the membrane is heated which cools off immediately after the AMF is 

removed. This also delivers less overall heat to the brain. Lastly, we obtained 

robust activation with as little as 500 ng of nanoparticles, which is 200-fold lower 

than the volume of nanoparticle suspension for of brain neuron stimulation in 

anesthetized mice [25]. 

One concern for magnetothermal stimulation may be that the MNPs either directly 

or via the membrane heating induce cell death. We successfully repeated 

stimulation of the same animals for 7 to 8 trials over a few days without observing 

any change in normal or evoked behavior. Also, histology of brains after 20 one

minute AMF applications, spread over 3 sessions during a 24-hour period, showed 

intact MNP decorated neurons. Hence, if there is any damage, it is undetectable in 

histology and behavior. Thermal damage can be avoided by choosing the field 

strength sufficiently small so that the cooling to the environment limits the 

possible temperature rise to a few degrees. 
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As magnetothermal genetic stimulation does not require a physical connection to 

the animal, it offers unprecedented freedom in designing novel behavioral assays. 

For instance, several animals could share the stimulation arena simultaneously, 

and only animals injected with MNPs would be affected by the AMF. This provides 

the ability to study stimulated and unaffected animals simultaneously, either as 

controls or to study their interaction. The absence of a tether or implant also has 

the advantage that animals do not carry any external marker, which may interfere 

with normal social group behavior. Additionally, exclusive to magnetothermal 

genetic stimulation, stimulation only occurs when the animal is within the 

magnetic field. Hence, adapting the field geometry allows controlling the 

stimulation timing and condition. This is ideal for space or location dependent 

assays such as multi-chamber place preference assays when the animals are to be 

stimulated only when in one chamber. 

One limitation of the current implementation of magnetothermal genetic 

stimulation is the power required to generate high AMFs over a large volume. In 

this study, a 7.5 kW power source produced the AMF over a volume of 300 cm3. 

However, stronger power sources are available to produce AMF in larger volumes, 

sufficient to cover the entire brain of non-human primates as well as humans. 

Magnetothermal stimulation may provide an alternative to optogenetics for deep 

brain stimulation in non-human primates. First, large brains move significantly 

relative to the skull, potentially displacing electrodes and glass fibers from their 

original target. As the transducer for magnetothermal stimulation is attached to 

the cells and not the skull, the stimulation location remains with the originally 
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targeted cells. Second, activation of behavior in non-human primates may require 

coordinated activation of several distinct brain regions and each region may be 

larger than the volume covered by an optical fiber [185,186]. Magnetothermal 

genetic stimulation can stimulate multiple distinct brain locations easily, as the 

delivery of the MNP is minimally invasive and the magnetic field covers the entire 

volume. The actual stimulated volume can be controlled by the MNP amount and 

rate of injection. Therefore, magnetothermal genetic stimulation is well suited for 

deep brain stimulation in non-human primates. 

Just as for other genetic techniques, one hurdle to the application in humans will 

be safety concerns around injecting virus and nanoparticles into the brain. 

However, the body's reaction to nanoparticle injections has been extensively 

studied and can be minimized by using a biologically compatible nanoparticle 

surface coating. The invasive brain surgery currently used to inject the MNP may 

soon be replaced by MNP delivery via the bloodstream as recent research has 

shown, that focused ultrasound can transiently make the blood-brain barrier 

permeable to virus particles [187]. Overall, magnetothermal neurostimulation 

offers a series of advantages for deep brain stimulation or silencing in non-human 

primates and primates. 
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10 Magnetothermal silencing ofAnoctamint 

(TMEM16A)+ neurons4 

The importance of specific neurons to a network's function is best studied by 

precisely timed, reversible silencing of these neurons [188]. So far, only a few 

silencing approaches have been developed [189-191]. Silencing is typically 

achieved by maintaining the membrane potential negative enough to suppress 

action potential firing [192]. Pharmacological approaches use engineered small 

molecules to manipulate G-protein signaling pathways [193] or ligand-gated ion 

channels to subdue action potentials [194]. Optogenetic tools employ modified 

opsms as light-driven inward chloride pumps or outward proton 

pumps [189,190,195,196]. More recently, a chloride conducting channelrhodopsin 

was developed [197-200], which provided a light-gated ion channel based 

silencing mechanism. 

Photothermally induced hyperpolarization in wild-type neurons have also been 

achieved by interfacing with a variety of engineered materials, ranging from 

conjugated polymers [168] to plasmonic gold nanorods [36]. Upconversion 

nanoparticles, which absorb in the near infrared region and emit in the wavelength 

range of inhibitory opsins, has been used to remotely silence deep brain 

neurons [167]. 

We used magnetothermal silencing, usmg the heat generated by 

superparamagnetic nanoparticles to activate the thermosensitive chloride channel 

4 This chapter is based on R. Munshi, S. M. Qadri, and A. Pralle, BioRxiv (2018). 
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Anoctamin 1 (TMEM16A) [35,201]. We co-transfected membrane protein 

Ano1/TMEM16A and cytosolic calcium indicating protein GCaMP6f [202] in rat 

hippocampal cultures. Polymer encapsulated superparamagnetic nanoparticles 

were bound to the neuronal plasma membrane via A2B5 antibodies. When exposed 

to alternating magnetic fields, these particles get heated, raising the membrane 

temperature. The elevated membrane temperatures opened Ano1/TMEM16A 

channels causing inhibition of calcium spiking recorded by the GCaMP6f signal. 

Within seconds of turning the magnetic field off, the membrane cooled off and 

calcium spiking resumed. As Ano1/TMEM16A is a chloride channel naturally 

occurring in mammals [35,203,204] , no protein engineering or chemical 

manipulation is needed, as opposed to the use of microbial opsins [11]. This 

method can be used for deep brain silencing, as it uses the same alternating 

magnetic fields , nanoparticles, and nanoparticle heating as our prior report on 

stimulation in vivo [27]. Only cells expressing Ano1/TMEM16A channels and 

having membrane-bound nanoparticles show inactivation, while the adjoining 

cells remain unaffected. Thus, it can serve as a truly remote silencing technique 

with neuronal subpopulation level cell selectivity. 

10.1 Thermal suppression in Ano1/TMEM16A+ neurons 

We first determined whether spontaneously firing Ano1/TMEM16A+ neurons 

could be significantly inactivated at higher temperatures. To demonstrate thermal 

suppression of intracellular Ca2 + influx, we co-transfected rat hippocampal 

neurons with plasmid DNAs for mAno1/TMEM16A-mCherry and the genetic 

calcium indicator GCaMP6f. Experiments were performed 48 hours after 
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transfection. The cultured neurons were treated with 1µM Tetrodotoxin (TIX, 

Sigma-Aldrich), 24 hours prior to experiments. Right before the experiments, the 

TIX was washed out with high K+ imaging buffer (NaCl 145, CaCl2 2, MgCl2 1, KCl 

4.5, HEPES 10, Glucose 20 (all in mM)). Experiments were started only after 

regular Ca2+ activity was observed, following the TIX wash. Cells expressing 

Ano1/TMEM16A were identified by the mCherry marker. GCaMP6f fluorescence 

signal captures cytosolic Calcium transients, resulting from membrane 

depolarization. The average GCaMP6f peak, corresponding to an isolated action 

potential (AP) firing was indistinguishable between neurons with and without 

Ano1/TMEM16A. Measured at 37 °C, the rise times (duration until calcium peak is 

reached) were 0.275 ± 0.048 sand 0.250 ± 0.029 s (p = 0.674), and the half-decay 

time for the Ca2 + decay were 0.274 ± 0.011 s and 0.290 ± 0.055 s (p = 0.801) in 

Ano1/TMEM16A + /- neurons respectively. 

Representative GCaMP6f fluorescence intensity traces recorded from cells with 

and without Ano1/TMEM16A at various steady bath temperatures (36, 37, 38 and 

39 °C) are shown in Figure 10.1. A sharp decline in GCaMP6f peaks was seen in 

Ano1/TMEM16A+ traces at 38 °C and more significantly at 39 °C, where the peaks 

completely disappeared. On the other hand, in cells not expressing 

Ano1/TMEM16A, no such suppression in Ca2 + activities was observed. To quantify 

thermal suppression, we calculated AP firing rates from GCaMP6f fluorescence 

intensity traces by deconvolving the calcium transients. The five second AP firing 

rates in Ano1/TMEM16A+ cells were significantly reduced from 37 °C to 39 °C: 

from 2.29 ± 0.26 at 37 °C to 1.06 ± 0.06 at 38 °C and o at 39 °C (p = 0.016 at 38 
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°C (n = 4) and p = 0.003 at 39 °C (n = 5) compared to 37 °C, unpaired T-test). On 

the other hand, the AP firing rate of Ano1/TMEM16A- neurons did not change over 

the same temperature range (AP rates averaged over five seconds (n = 5) were 2.20 

± 0.72 at 36 °C, 1.98 ± 0.32 at 37 °C, 1.85 ± 0.15 at 38 °C and 1.45 ± 0.13 at 39 °C). 

The p-values of rates, compared to 37°C was 0.707 at 38 °C and 0.168 at 39 °C, 

obtained by unpaired T-test. 
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Figure 10.1. Thermal silencing of Anoctamin 1 + hippocampal neurons: A) 

Ano1 expression in (i) rat hippocampal neurons and (ii) HEK293 cells, 

visualized using mCherry tag. B) Comparison of representative GCaMP6f 

traces between Ano1+/- neurons. C, D) Action potential firing rate (per 5s) 

comparison in Ano1 +/- neurons at various bath temperatures. 

The firing rates of neurons with Ano1/TMEM16A were indistinguishable from the 

rates of neurons without the channel at 36 °C and 37 °C (p = 0.663 and 0.453, 

respectively). However, at at 38 °C and 39 °C they deviated significantly (p = 

0.0227 and 0.0051, respectively. Furthermore, Ano1/TMEM16A cells fired at 40 

°Cat 1.38 ± o.61 APs per five seconds. The extracellular calcium concentration was 
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fixed at 2mM for all the experiments. This establishes that AP firing m 

Ano1/TMEM16A overexpressmg neurons 1s significantly suppressed at 

temperatures above 37 °C, while wild-type neurons show no such change. 
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Figure 10.2. A) Hippocampal neurons co-transfected with ano-mCherry 

and GCaMP6f DNA plasmids. B) Average single gCAMP6f peaks recorded 

in Ano1 +/- neurons (A and B respectively) at 37 °C respectively (n = 4). C) 

No significant change in peak characteristics was found (n = 4, all cases). 

D) Firing rates of Ano1 + and Ano1- neurons were not significantly different 

at 36 or 37 °C, while firing rates at 38 and 39 °C varied significantly. 

10.2 Magnetothermal Silencing ofAno1/TMEM16A+ neurons 

To demonstrate transient magnetothermal, Ano1/TMEM16A mediated 

silencing of neuronal activity, we co-transfected cultured, mature rat hippocampal 
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neurons with mAno1/TMEM16A-mcherry and GCaMP6f plasmid DNAs, 48 hours 

prior to the experiment. 1 µM TIX was added to the culture medium 24 hours prior 

to the experiment. Before the experiment, Alexa Fluor 64 7 labeled magnetic 

nanoparticles (MNPs) were bound to the neuronal membrane, using biotinylated 

A2B5 antibodies. Ano1/TMEM16A+ neurons were identified via mCherry marker. 

Cells were washed with high K + imaging buffer to remove any remaining TIX 

molecules as well as any unbound antibodies or MNPs. Spontaneously firing 

neurons were selected by their GCaMP6f signal. 
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Figure 10.3 A) GCaMP6fintensity of Ano1/TMEM16A+, MNP+ neurons, 

exposed to AMF. B) Binned AP firing rates of Ano1/TMEM16A+, MNP+ 

neurons. (C, D) Binned AP firing rates of Ano1/TMEM16A-, MNP+ and 

Ano1/TMEM16A+, MNP- neurons. AP firing rates in 5s time intervals 

ranges achieved during various phases of magnetothermal membrane 

heating in (E, F) Ano1/TMEM16A+, MNP+ and (G, H) Ano1/TMEM16A

' MNP+ neurons. The starting temperature was 37 °C and AMF (300 ± 13 

Gauss, 412.5 kHz; gray, solid) was applied for five seconds. 
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Perfusion of the high K + imaging buffer was maintained at 2 ml/minute and 

the temperature of the sample holder was held at 37 °C by a temperature controlled 

inline heater. AMF (300 ± 13 Gauss, 412.5 kHz) was applied for 5 seconds intervals 

using a magnetic hyperthermia coil placed over the Delrin sample holder. 

Autofocus stabilized GCaMP6f fluorescence images were acquired by a camera at 

a sampling rate of 10 Hz. Average GCaMP6f fluorescence traces, obtained as mean 

intensity of the pixels spanning the soma of neurons clearly showed suppression 

of Ca2 + influx upon AMF application in Ano1/TMEM16A + neurons. Computed AP 

events (shown with black bars, under each GCaMP6f fluorescence trace, Figure 3A) 

show complete silencing in most cases. The AP events were pooled from 

Ano1/TMEM16A+, MNP+ neurons from different cultures (n = 9), where cells with 

different initial spiking rates (at 37 °C) were chosen. Firing rates (mean± sem, Hz), 

binned over two-second intervals are shown in (Figure 10.3 B). Similar graphs for 

Ano1/TMEM16A-, MNP+ (n = 15) andAno1/TMEM16A+, MNP- (n = 5) neurons are 

shown in Figure 10.3 C and D respectively). 

10.2.1 Suppression ratio in magnetothermal silencing 

To quantify the silencing, visibly achieved only in Ano1/TMEM16A +, MNP+ 

neurons, we compared the computed AP firing rates within time-bins (AMF = 300 

± 13 Gauss, 412.5 kHz; o - 5s) corresponding to different temperature ranges. 

Firing rates, recorded in the 2 - 7 s interval (0.65 ± 0.25 AP per 5s; temperature= 

38 - 40 °C), were significantly different from the base value (3.05 ± o.68 AP per 

5s; temperature 37 °C), with p = 0.0032. Similarly, firing rates, recorded in the 7 -

12 s interval (0.90 ± 0.35 AP per 5s; temperature= 38 - 39 °C), were significantly 
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different from the base value (3.05 ± o.68 AP per 5s; temperature 37 °C), with p = 

0.0094 at a suppression ratio, S = 70.5%. The firing was observed to resume in the 

17- 22 s interval (2.30 ± 0.51 AP per 5s; temperature= 37 - 38 °C), with a p-value 

of 0.3858. All p-values were calculated by unpaired T-test and n = 20 in all cases 

(Figure 10.3 E, F). 

In contrast, Ano1/TMEM16A-, MNP+ neurons showed no significant change in 

firing rates with AMF heating. Firing rate at 37 °C, before AMF application, was 

2.20 ± 0.50 AP per 5s. During 2 - 7s (38 - 40 °C), the rate was 2.13 ± 0-48 AP per 

5s, giving a p-value of 0.9245; while a rate of 2.53 ± 0.49 AP per 5s was seen during 

the during 7-12s (38 - 39 °C) duration, with a p-value of 0.6364; and the 17- 22s 

(37 - 38 °C) period gave a rate of 3.53 ± o.61 AP per 5s, the p-value being 0.1044. 

All p-values were calculated by unpaired T-test and n = 15 in all cases (Figure 10.3 

G,H). 

We quantified the reduction in AP firing in Ano1/TMEM16A+, MNP+ neurons 

by calculating the Ca2 + activity suppression ratio. To calculate the suppression 

ratio, we first numerically integrated the bleach corrected, baseline subtracted, 

normalized GCaMP6f signal. A reduction of the slope of the linear fit of such this 

integrated GCaMP6f signal curve indicates a decline of Ca2 + activities, while an 

increased slope indicates increasing activity. The slope of the integrated GCaMP6f 

signal of Ano1/TMEM16A +, MNP+ neurons was analyzed during three distinct time 

periods: one prior to AMF application (baseline Ca2 + activity rate at 37 °C, within -

20 to -2 s), one during magnetothermal silencing (lying within 2 - 22 s, with 
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temperature > 37 °C) and a final period, when Ca2 + activities resumed to baseline 

levels (between 22 - 30 s). 

Ano1+, MNP+, AMF= 0 - 5s Figure 10.4. A) Representative 

A B 
numerical integration (top) of the 

GCaMP6f plot (bottom), Dotted 

lines show linear fits of three 

distinct regions of the trace (red: 

before AMF, green: during AMF 
5s5s 

C D suppress10n, blue: after 
ca2•activity 30 

resumption. B) GCaMP signal 

integration in Ano1/TMEM16A+, 

MNP+ neurons (mean ± sem, n = 

12). AMF is indicated by the grey 

Ano1-, MNP+, AMF= 0 - 5s bar. C) Box plot showing ratios of 

E F slopes obtained from integration 

AMF plots in Ano1/TMEM16A+, MNP+ 
:j 

- cli"'-c..:::;, z_ neurons. D) Box plot showing the<ti en 
(.) C 
(.92

C 
(1) " 
> (1) latency of silencing and the period:.::; CJ 
<ti C 

-:, (1)u 
E en 
:, (1)

(.) 0 
:, 

of silencing, following five seconds 
-= 

5s 

of AMF in Ano1/TMEM16A+, 

MNP+ neurons. E) GCaMP signal integration (trapezoidal) in Ano1/TMEM16A-, MNP+ 

neurons (mean± sem, n = 16). AMF is indicated by the grey bar. F) Box plot showing ratios 

of slopes obtained from integration plots in Ano1/TMEM16A-, MNP+ neurons. 

In Figure 10.4 a reduced slope is observed in the pooled integration plot, 

following the AMF application. This corresponds to the silenced period, which is 
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followed by resuming Ca2 + activities, revealed by an increasing slope. During the 

silenced state, the slope was suppressed by 82.04 ± 8.84 % compared to the 

baseline slope (suppression ratio). This slope during silencing was significantly 

different from the baseline values (p-value = 0.028 (n = 12, unpaired T-test)). The 

median suppression ratio was 95.45 %, while the third quartile was at 67.99 %. 

After normal firing resumed, the slope was indistinguishable from the starting 

slope (reduction was -8.98 ± 28.98 %). 

10.2.2Latency and duration in magnetothermal silencing 

To determine the latency and duration of magnetothermal silencing of 

Ano1/TMEM16A+, MNP+ neurons, we determined the time ( with AMF start at time 

= os) of the intersection points of the sectional fitting lines. The intersection of the 

slope of baseline activity with the slope of the silenced period defines the beginning 

of inactivation and hence the latency of silencing. Similarly, the intersection of 

slope during silencing with the slope of the recovered activity defines the end of 

silencing. We found the latency of silencing in Ano1/TMEM16A+, MNP+ neurons 

to be 1.88 ± 0,48 s (after the start of AMF). The end of silencing was observed at 

13.93 ± 2.02 s, giving a silencing period of 12.05 ± 2.48 s for 5 s long and 30 kA/m 

at 412.5 kHz AMF. 

Similar analysis on Ano1/TMEM16A-, MNP+ neurons showed no significant 

suppression: suppression ratio of 6.02 ± 12.88 % in the period following AMF 

application (between 2 - 22 s) and 7.74 ± 44.20 % long after the AMF was turned 

off (between 22 and 30 s), (p-value = 0.615, n = 16, T-test). This ascertains that the 

silencing observed was unique to Ano1+/TMEM16A+ neurons. 

129 



10.3 Conclusion 

Here we extended the magnetothermal neuro-modulation technique to 

silencing in neuronal culture, using the thermosensitive chloride channel 

Anoctamin1. Similar to neuronal activation, using TRPV1 ion channels, only 2 - 3 

degrees above the physiological temperature was sufficient to induce significant 

suppression in firing. The speed of suppression initiation depends on the heating 

rate of the magnetic nanoparticles attached to the membrane and can be tuned by 

the parameters of the applied alternating magnetic field. 

Magnetothermal silencing can easily be extended to in-vivo models using the 

same approaches as used in our in-vivo demonstration of magnetothermal 

neuronal. As Ano1/TMEM16A channels are mammalian ion channels, they target 

well to the neuronal membrane and are efficient chloride channels [204,205]. Yet, 

as we have shown here, overexpressing them in neurons does not alter neuronal 

activity or shape of calcium transient at normal physiological temperatures. The 

gene encoding Ano1/TMEM16A is too large to be delivered using AAV, but we have 

successfully used Lentivirus to deliver Ano1/TMEM16A to neurons. 

Magnetothermal genetic silencing offers a minimally invasive alternative to 

optogenetic silencing with the advantages of easy deep tissue penetration of AMF, 

no requirement for any tether or external marking of the animals, and the 

possibility for prolonged silencing without the undesired effects of blue light

induced photo-toxicity [206,207]. 
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11 Loss of innate preference evoked by 

Magnetothermal silencing 

Silencing of neuronal activities is classically achieved by hyperpolarizing the 

membrane potential enough to arrest under threshold levels [208-210]. In the 

previous chapter, we saw how overexpressing Cl- channels in the central nervous 

system (CNS) neurons silences the cells upon channel activation. This was 

achieved by Cl- influx through Anoctamin1/TMEM16A channel, as CNS neurons 

maintain low Cl- levels [194]. In the hippocampus, the presence of 

Ano2/TMEM16B, a heat sensitive paralog of Ano1/TMEM16A has been shown to 

shorten the duration of AP spikes [211]. But similar channel activation in 

peripheral neurons like the Dorsal Root Ganglia (DRG) neurons would lead to an 

efflux in Cl-, due to higher intracellular Cl- concentration. Thermal activation of 

Ano1/TMEM16A channels in the DRG therefore, causes an activation, instead of 

silencing, which is partly the mechanism of nociception in such cells [212,213]. 

Apart from noxious heat, intracellular Ca2 + concentration and membrane voltage 

also play a synergistic role in Ano1/TMEM16A activation, often lowering the 

threshold temperature to near physiological temperatures [35]. Overexpression of 

Ano1/TMEM16A in HEK293 cells was found to induce Cl- currents, resulting from 

partial activation at temperatures as low as 37 °C [214]. Hence, using thermally 

gated anionic channels can lead to inadvertent unphysiological hyperpolarization, 

often resulting in highly enhanced excitability, immediately following 

silencing [215]. There are also concerns of pH imbalance due to Cl- accumulation. 

Hence, in the absence of Cl- regulators, like the Na-K-Cl co-transporter (isoform 
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NKCC2) found in kidney cells, independent Cl- changes would occur, likely 

harming the cells [216,217]. 

A thermal silencing technique that is gated by the rate of temperature change 

rather than by temperature itself would be more conducive to the in-vivo 

application. Additionally, we also sought to absolutely dismiss the possibility of 

unwanted transmembrane ion conduction, by circumventing the route of genetic 

overexpression of thermosensitive ion channels. We would rather address the 

question of cellular specificity of targeting, by genetically expressing cell

membrane nanoparticle receptors. Such a toolkit would allow for chronic, truly 

reversible silencing with high specificity. 

In this pursuit, we observed that two-pore domain K + channels (K2P), responsible 

for background leak type K + currents that regulate resting membrane potential and 

cellular excitability are thermosensitive [218-220]. 

11.1 TREK-1 is widely expressed thermosensitive K+ channels 

Belonging to the family of K2Ps is 1WIK-1 (tandem of pore domains in a weak 

inwardly rectifying K+) related K+ channel, TREK-1. TREK-1 (K2P2.1/KCNK2) 

responds to a wide range of physiological and pathological inputs [221]. It plays an 

important part in temperature, pain and mechanosensation, anesthetic responses 

and neuroprotection among others [35,222-229]. An outward rectifying channel, 

the activation of TREK-1 results in a large background K+ conductance [230]. 

TREK-1 has an instantaneous current component, observed upon depolarization 

and a larger, voltage-dependent component that arises with a time constant of 4 -

6 ms during repolarization [160,221]. Oleate, linoleate, arachidonate, 
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eicosapentaenoate, and docosahexaenoate, strongly activate TREK-1, while 

unsaturated fatty acids such as palmitate, stearate, and arachidate are ineffective. 

Biological or mechanical cytoskeletal disruption potentiates the opening ofTREK-

1 by membrane stretch [230]. Inhalable anesthetics like Isofluorane, halothane, 

chloroform directly activate TREK-1. Heat potentiates channel TREK-1 activity 

robustly [160,231]. The opening of TREK-1 occurs independently of intracellular 

Ca2+ and ATP levels [221]. During activation, an extracellular gate, called the C

type gate undergoes structural rearrangements making it more K+ selective. 

Temperature affects the channel activity mainly through the opening or closing of 

this gate [232,233]. This gate has also been associated with the polymodality of the 

channel [234]. 

TREK-1 is directly inhibited by antidepressant selective serotonin reuptake 

inhibitors (SSRis) such as fluoxetin [235-237] reversibly and in a voltage

dependent fashion, however, it also deactivates the related channel, TASK-3 [236]. 

Norfluoxetin, however, is a more potent TREK-1 inhibitor. Spadin, a fraction of the 

peptide, sortilin is a potent and reversible TREK-1 specific antagonist, which does 

not affect other K2P channels [238,239]. Lithium chloride (LiCl, 1 mM), gabapentin 

(100 µM), valproate (100 µM), and carbamazepine have been reported as TREK-1 

specific agonists, which do not affect TREK-2 currents [240]. 

In humans, TREK-1 is highly expressed in the peripheral as well as the central 

nervous system, in the brain, spinal cord, apart from the heart, kidneys, ovaries 

and small intestine [236,241,242]. In the brain, the highest expressions of TREK-

1 are found in the amygdala, basal ganglia, cortex, dorsal root ganglia (DRG) and 
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the hippocampus. In rat hippocampi, the CA2 region has the highest expression of 

TREK-1, along with the dentate gyrus and subiculum. Generally, high expression 

levels are found throughout the midbrain, although in the ventral tegmental area, 

the expression is moderate [241]. TREK-1 channels are often found in GABAergic 

(y-aminobutyric acid) interneurons of the caudate nucleus and putamen. 

11.2 Thermal activation ofTREK-1 

Deletion of the N-terminus of TREK-1 does not affect the heat sensitivity, while 

deletion of the C-terminus does [160]. Unlike in stretch based gating, patch 

excision obliterates TREK-1 activation by heat. This indicates that cell integrity is 

imperative for thermal activation of TREK-1. This activation mechanism is in 

contrast to TRPV1 activation, which is intrinsically thermosensitive [29]. 

The thermal activation range of the TREK-1 channel is broad (starting at 14 °C and 

reaching maximum activation above 40 °C) [160,243,244]. However, TREK-1 does 

not have a clearly identifiable temperature activation threshold and a Q10 of 5 -

7 [160,231]. TREK-1 controls cell excitability by regulating K+ leak currents [245]. 

Leak K+ current conductance ofTREK-1 increases from background values at room 

temperature, reaching the half-maximum at 37 °C and the maximum at 42 

°C [160,231-233]. Half-maximum of TREK-1 being around the physiological 

temperature implies that TREK-1 conductance has very high sensitivity to fast 

temperature changes around the physiological temperature. 

In dissociated rat hippocampal cultures, we found that thermosensitivity is greatly 

enhanced by bath temperature ramps. In Figure 11.1 a comparison of bath 
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temperature ramp on wild-type rat hippocampal neurons and TREK-1 

overexpressing rat overexpressing neurons is shown. 
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Figure 11.1. (A) GCaMP6f signal showing silencing of wild-type rat 

hippocampal neurons with bath temperature ramp (0.15 °C/s, initial). (B) 

GCaMP6f signal showing silencing of TREK-1 overexpressing rat 

hippocampal neurons with positive temperature transients (0.15 °C/s, 

initial). 

For similar ramp rates and starting temperature, the latency of firing suppression 

is greatly reduced by TREK-1 overexpression. However, no clear effect ofTREK-1 

overexpression was seen on the firing regeneration, following the onset of negative 

temperature ramps. Although, more experiments are required to confirm this. This 

observation, coupled with the knowledge that TREK-1 is widely expressed in the 
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hippocampus [241] led us to the conjecture that TREK-1 might be the dominating 

ion-channel involved in temperature ramp dependent suppression in the wild-type 

neurons. However, experiments with TREK-1 blocked/knocked out neurons must 

be done to establish the claim, with greater certainty [36]. 
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Figure 11.2. Representative figures, showing a reduction in GCaMP6f 

peaks with temperature ramps. Starting temperatures of 22, 25, 30, 36 are 

shown (clockwise). 

Reduction of Action Potential (AP) rates with temperature ramps, in wild-type 

neurons can be observed at a wide range of starting temperatures (Figure 11.2), 

and is strongly dependent on the ramp rates. Gradual suppression in firing, leading 

to complete silencing was observed in bath temperature ramp experiments, with 

starting temperatures as low as the room temperature. However, the most 

significant starting temperature and for in-vivo application is the physiological 
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temperature. The effect of the temperature ramp rates near physiological 

temperatures is shown in Figure 11.3. Two different ramp speeds are shown, with 

a sharp transition in firing rates for the higher ramp rate, and a smoother 

suppression for the lower ramping rate. This effect elucidates the effect of ramp 

speed on the latency of silencing. Hence, the latency of Magnetothermal silencing 

in wild-type neurons should depend on the heating efficiency of the nanoparticles. 

0.10 ~~-~-~-~-~~ 3.0 0. 10 ..-----..------..------..------..------r--, 3 .0 

0.08 2.5 0.08 2.5 

VJ u 
0 ~ 

~ 
"Cl 

0.06 

0.04 

2.0 

1.5 

1.0 

en 
)> a°
J:! -:::; 
Cf) "Cl 

;::: 
-c 

0.06 

0.04 

2.0 

1.5 

1.0 

)> 
7J 
'ui" 

0.02 0.5 0.02 0.5 

o.oo ~ ~~----------------~ ~o.o o . oo ~~~~~~~~~~ o . o 

32 34 36 38 40 32 34 36 38 40 

Temperature (°C) 
0

Temperature ( C) 

Figure 11.3. Pooled data, acquired during temperature ramps from 

cultured neurons, showing reconstructed AP firing rates (mean ± sd) at 

various bath temperatures. The ramping rate is shown in black (mean± sd) 

for each temperature point. 

Curiously, the turn-off kinetics seems to be tightly correlated with the heat turn

off time, and independent of the absolute temperature. This provides an 

opportunity of pulsed magnetic field application, generating a triangular wave 

pattern of temperature transients. This would then enable periodic silencing, as 

well as patterned silencing of overactive neurons. 
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11.3 Magnetothermal silencing in-vivo 

To demonstrate the efficacy of deep brain magnetothermal silencing in behaving 

animals, we sought to silence active Dopaminergic (DA) neurons in the mouse 

Ventral Tegmental Area (VTA). Since the DA pathway is associated with reward 

and aversive stimuli, behavioral phenotypes associated with such stimuli are 

directly correlated with the neuronal activities in the VTA. 

11.3.1 Role ofthe DA neurons in the VTA 

The VTA is mostly comprised of dopaminergic (DA) neurons. The DA neurons in 

the VTA are responsible for encoding motivation driven behaviors, by integrating 

diverse input signals and transmitting to various reward and cognition related 

centers of the brain [246-248]. DA neurons of the VTA are an important part of 

the mesolimbic DA system, associated with motivation and learning and the 

dysfunction of DA neurons has been associated with numerous brain disorders, 

including addiction, depression, schizophrenia, and Parkinson's disease [249-

252]. 

Both rewarding and aversive stimuli excite dopamine neurons in the VTA. 

Furthermore, these seemingly opposite experiences interact with each other at 

both a neural and behavioral level. While the firing associated with rewarding 

stimuli can be considered as phasic and homologous, the DA neurons activated by 

aversive stimuli are only a few, while most stays suppressed [253,254]. Hence a 

distinct change in firing pattern is expected to be observed in the VTA of a 

positively stimulated animal, compared to an unstimulated or a negatively 

stimulated animal. 
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Figure 11.4. (A) Coronal section from Allen Brain Explorer 2, showing the 

mouse VTA (pink). The red dot shows the injection (virus delivery or 

nanoparticle injection) target location. (B) Sagittal section showing the 

location of mouse VTA (pink). 
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Figure 11.5. Ca2 + peaks recorded from GCaMP6s expressing DA neurons 

in the mouse VTA. The animal was fed 100 µL of 40% (v/v) Ethanol and 

10% (w/v) sucrose. 

11.3.2 Recording VTA DA neuronal activities 

To capture the differences in firing pattern ofVfA DA neurons in mice with various 

emotional/ stress states, we expressed GCaMP6f conditionally in the DA neurons 

of the VfA in transgenic mice, expressing Cre-recombinase under the control of 

the endogenous dopamine transporter (DAT) promoter. After an expression 

period of 2 - 3 weeks, we did a chronic fiber implantation [255,256], to create an 
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optical path to the VTA. For recording VTA signals, the optical photometry fiber 

was connected to the implanted fiber ferrule by a ceramic sleeve and the mouse 

was allowed to behave, as required by the experiment. Alternate 4 70 nm and 410 

nm LED illumination was done through the fiber, and the signal was collected via 

a CMOS camera [252,257]. The temporal separation of 470 nm and 410 nm excited 

GCaMP6s allows for separation of the Ca2 + dependent and independent 

components of GCaMP. Since 410 nm component is Ca2 + independent, subtracting 

this component from the 470 nm component effectively nullifies all Ca2 + 

independent noise, which might be associated with animal movements etc. Figure 

11.5 shows a normalized movement noise subtracted recording of VTA DA 

activities in a behaving mouse, taken using fiber photometry, with alternating 470 

nm and 410 nm pulses. 

11.3.3 Silencing causes aversion in conditioned place preference assay. 

Utilizing the natural expression ofTREK-1 in the mouse VTA, we sought to silence 

activities by magnetothermally activating TREK-1, causing a suppression in action 

potential firing. For this, we acclimated mice in a light-dark chamber. The dark 

side of the chamber had hyperthermia coil around it. Mice were acclimated with 

the alternating magnetic field (AMF) on in the dark side at all times. The brightly 

lit part of the chamber 2/3 the total chamber length. Upon acclimatization, the 

mouse overwhelmingly preferred the dark region over the brightly lit region. This 

results from the innate preference of rodents for dark areas over brightly lit 

ones [258,259]. The animals were then injected with core-shell Manganese 

Ferrite-Cobalt Ferrite nanoparticles, functionalized with Neutravidin and co-
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delivered with biotinylated A2B5 antibodies. The magnetic nanoparticles (MNP) 

thus delivered to the VTA (AP, -3-4; ML, 0-4; DV, 4.5; all in mm) were bound to 

the neuronal membrane. 
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Figure 11.6 (A) Illustration showing modified light dark box assay, the 

coil is around the dark-part. (B) Time course scatter plot (superimposed 

are the mean± sem) of the normalized (to each experiment duration) dark

part dwell time in wild-type mice (Top) and TREK-1+ mouse (bottom). Grey 

dataset indicates before MNP injection, while orange indicates after MNP 

injection. (C) Scatter plot comparing the dark preference times before and 

after nanoparticle delivery (p<o.0005, n = 10). (D) A similar experiment 

in TREK-1 KO mice showed no shift in preference for the dark. 

In 30 kA/m 412 kHz alternating magnetic fields (AMF) the MNP heated, raising 

the membrane temperature [24,27,260]. The elevated membrane temperature 
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opened thermosensitive TREK-1 channels, causing an outward K+ efflux, arresting 

membrane depolarization. 

Since the field is confined to the dark part ofthe chamber, Magnetothermal heating 

and thereby transient opening of TREK-1 channels leading to neuronal silencing 

occur only in the dark part. Inhibition of firing of the VTA neurons (DA), while the 

mouse is in the innately preferred dark part of the chamber, causes a loss in 

preference for the part. This is reflected in the behavioral change in Figure 11.6 B, 

C. Preference slowly returns, as the nanoparticles get endocytosed over the course 

of a few days. 

To confirm that the loss of preference is due to the silencing caused by TREK-1 

channel opening, we repeated the experiment with TREK-1 knockout mice. In the 

absence of the gene encoding the TREK-1 channel, no TREK-1 was expressed in 

the animal. Magnetothermal heating of such mice caused no change in preference 

for the dark-part of the chamber, confirming the role of TREK-1 in non-genetic 

Magnetothermal silencing. 

11.4 Summary and future work 

Magnetothermal silencing of CNS neurons, using TREK-1 channels provides a 

genetic alteration free method of deep brain silencing. Since TREK-1 are widely 

expressed throughout the brain, using this channel provides a versatile platform 

for non-genetic silencing with minimal invasiveness. Further investigation is 

required to fully confirm the role of TREK-1 and to nullify any role of its other 

homologs in the thermal silencing achieved this way. 
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Central to any neuromodulation technique is the direct feedback from the neurons 

themselves. To this end, we have adapted the photometric readout technique for 

monitoring the neuronal activities in-vivo. We have conditionally expressed 

GCaMP6s in the DA neurons of the mouse VfA. Following chronic fiber 

implantation, we could monitor the cumulative Ca2 + activities of these cells using 

camera-based photometry. Preliminary results in wild-type and TREK-1 

overexpressing mice have shown changes in VfA DA activities in response to 

various rewarding and aversive stimuli. However, more data remains to be 

acquired to quantify the differences in firing pattern. 

The current focus is on experiments to photometrically visualize the 

magnetothermal silencing of neurons. However, other techniques like functional 

Magnetic Resonance Imaging could be also used. Similar photometric experiments 

would have to be repeated in TREK-1 overexpressing and TREK-1 negative mice 

too. 

Magnetothermal neuromodulation is minimally invasive, relying only on the 

delivery of the nanoparticles to the brain region, either done by stereotactic 

injection or via focused ultrasound-based opening of the blood-brain barrier. 

Therefore, the preparation work required per animal is small compared to 

methods requiring implantation of a device. Also, after the wound heals, treated 

and untreated animals are identical to each other and non-tethered, allowing for 

unbiased and complex social and behavioral studies. 

Generation of the AMF requires integrated high-frequency transformer driven 

resonant capacitor-inductor systems. These are available in form or electronically 
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stabilized, real-time programmable commercial units with customizable coils 

(Ambrell, MSI Automation, and others), or as custom builds by research 

groups [261-263]. Applications involving freely moving animals or scaling up to 

human dimensions requires large area coils with large currents [264], but there is 

no fundamental size limit. 

N anoparticles with higher heating efficiency are being developed, lowering the 

AMF requirements [32,59,265,266]. An upper limit of AMF power was 

determined by its effect on biological tissue, which is affected by the product of 

AMF field strength and frequency [267], while the heating capacity of the 

magnetic nanoparticles is generally given by the product of the square of field 

strength and the frequency [39]. Laboratory-synthesized nanoparticles require 

encapsulation in biopolymers to be biocompatible and to remain stable in 

suspension inside the body over long periods of time. Already biocompatible 

alternatives are natural or engineered biosynthesized magnetite 

nanoparticles [115,117,120,268]. Genetically controlled in-situ syntheses of 

membrane confined nanoparticles could in the future completely circumvent the 

particle delivery, but so far has failed to produce particles showing clear 

heating [26,114,269]. 
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