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Abstract 

While mainstream clinical techniques for functional imaging of the brain such as BOLD (blood 

oxygenation level dependent) fMRI (functional magnetic resonance imaging), molecular fMRI, 

PET (positron emission tomography), CT (computed tomography), fNIRS (functional near-

infrared spectroscopy), EEG (electroencephalography), MEG (magnetoencephalography), and 

electrophysiology offer impressive advantages and comprehensive breadth, they nevertheless 

possess a wide range of well-known pitfalls precluding acquisition of richer readouts that would 

expedite numerous aspects of neuroscientific research and inquiry. In particular, there has yet to 

be a technology which benefits researchers and clinicians alike with a functional full-brain readout 

with exceptional spatial and temporal resolution. To address this need, this dissertation examines 

the capabilities of geometrically varied magnetoelectric nanoscale structures for their usage as 

readout vehicles for full-brain neuroelectrophysiology using magnetic particle imaging (MPI) with 

high spatiotemporal resolution and sensitivity (termed magnetoelectric particle imaging (MEPI)). 

With this goal in mind, I performed finite element modeling of nanoscale structures, developed 

novel multi-step nanofabrication techniques to produce structures, applied magnetic force 

microscopy to characterize the structures, and assessed biocompatibility in vitro before performing 

single-point magnetic particle imaging recordings and correlating frequency-domain features to 

conventional extracellular electrophysiology using microelectrode arrays. These structures, 

including superparamagnetic iron oxide nanoparticles (SPIONs) developed for magnetic 

resonance imaging, provide a pathway for injectable and large-scale implantable sensors to image 

neural electric fields with high spatiotemporal resolution and sensitivity. 
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Introduction 

A large variety of imaging techniques with various advantages and disadvantages currently exist 

for imaging the brain. Walking through these techniques individually, fMRI (functional magnetic 

resonance imaging) has achieved widespread prominence due to its supposed ability to determine 

the response of various regions of the brain, there has been equally pervasive criticism of its 

capacity to properly identify regions of neural engagement. PET (positron emission tomography) 

uses radiolabeled ligands to detect biochemical events within the brain, such as glucose 

metabolism. However, it uses specialized, unstable, radioactive tracers and has relatively low 

spatiotemporal resolution. EEG (electroencephalography) is a surface measurement system for 

electric fields and has high temporal and low spatial resolution. However, electric fields are harshly 

attenuated by the skull and skin and this technique additionally suffers from the inverse problem. 

MEG (magnetoencephalography) is similar to EEG except rather than electric fields it uses 

magnetic fields which experience less severe distortion from cranial features. Unfortunately, it also 

suffers from the inverse problem. fNIRS (functional near-infrared spectroscopy) has spatial 

resolution far worse than the previous tools but offers the ability to measure hemodynamic 

response without the need for immobility. fMRI (functional magnetic resonance imaging) works 

on similar principles but requires immobility for cleaner images and like fNIRS suffers from 

statistical concerns rendering interpretation of results more complicated. Electrophysiology has 

excellent spatiotemporal resolution but is localized and highly invasive due to bulky electrodes 

interfacing with surgically exposed brain tissue. Computed tomography (CT) is mostly a structural 

or anatomical modality with a small number of studies showing functional readouts[1, 2], but 

exposes the subject to ionizing radiation. Single-photon emission computerized tomography 

(SPECT) operates on a similar principle to PET and is likewise challenging for use due to tracer 
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instability and low spatiotemporal resolution. Ultrasound suffers from signal attenuation from air 

cavities and bone, and is prone to artifacts. However, these disadvantages are absent or mitigated 

within a novel, emerging volumetric imaging paradigm deemed magnetic particle imaging (MPI) 

which in a primordial manner can detect iron oxide nanoparticles in the brain [3]. The high 

spatiotemporal resolution and sensitivity of MPI renders it as an optimal choice for functional 

imaging of the brain. 

Among all the modalities mentioned above, electrophysiology remains the most direct form of 

accessing the brain with superior abilities to record spiking activity and create high-fidelity brain-

machine interfaces which have endowed a wide set of benefits to subjects with varying degrees of 

paralysis. However, despite their success and feature improvements throughout time, the sheer 

number of electrodes required for a comprehensive neural interface is on the order of 100 billion 

electrodes. Ever since the introduction of the Utah array in 2006 where a tetraplegic patient 

operated various prostheses by controlling his neural activity[4], designs today require large 

hardware modules and bear bulky electrodes and extracranial wiring [5]that would theoretically 

require hundreds of millions of intrusive shanks to record from the entirety of the brain [6]. 

New sensors and modulators that interact wirelessly with medical modalities unlock uncharted 

avenues for in situ brain recording and stimulation. Ongoing miniaturization, material refinement, 

and sensitization to specific neurophysiological and neurochemical processes are spurring new 

capabilities that begin to transcend the constraints of traditional bulky and invasive wired probes. 

Current state-of-the-art agents span diverse realms of operation and represent various possibilities 

depending on size, delivery, specificity and spatiotemporal resolution. These devices span 

implantable and injectable micro- and nano-scale electronic devices operating at or below the radio 

frequency (RF) regime with simple near field transmission, and continue with more sophisticated 
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devices, nanoparticles and biochemical molecular conjugates acting as dynamic contrast agents in 

magnetic resonance imaging (MRI), ultrasound (US) transduction and other functional 

tomographic modalities.  Some of these technologies can deliver stimulation and neuromodulation 

with emerging probes and materials that provide minimally invasive magnetic, electrical, thermal 

and optogenetic stimulation. These methodologies are transforming the repertoire of readily 

available technologies paired with compatible imaging systems and hold promise toward 

broadening the expanse of neurological and neuroscientific diagnostics and therapeutics. (Fig. 1) 

that are attempting to change the invasiveness of neural readout methodologies while improving 

spatiotemporal resolution. Scanning through this parameter space shows there are standalone 

structures including micro- and nano-fabricated sensors with exotic shapes and methods of 

operation are allowing traditional modalities (MRI, ultrasound, and optogenetics) to be repurposed 

for new detection methodologies. Molecular probes and nanoparticle sensors that operate within 

the biochemical realm are providing new inroads into detecting events within the brain. These 

sensors all exhibit varying levels of invasiveness which may cause glial activation depending on 

the level of aggravation caused during implantation. Devices that can be introduced with no 

craniotomy and without adverse effects would be ideal for tools such as MRI and Ultrasound. All 

these probes can give specific readouts specific to neural processes, not just magnetic particle 

imaging. However, MPI is better than MRI for these purposes because it is not limited by the 

physical or theoretical boundaries of spin relaxation [7]. 

MPI is a highly promising, emerging imaging modality capable of recording real-time, local 

concentrations of magnetic tracer in many different organ systems. Iron oxide nanoparticles can 

be detected in vivo using real-time perfusion magnetic particle imaging and have been used to 

monitor ischemic stroke [3] (Videos V1-2). Iron oxide (formulated commercially as Resovist) is 
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the traditional tracer used within MPI [7]. The rationale for using MPI is that this emerging, rapidly 

evolving preclinical modality allows for an imaging scheme that is faster, less expensive, higher 

resolution, and safer which is fully compatible with smaller, simpler, and more robust sensors. 

MPI has already been used for non-electrophysiological readouts of the brain vasculature [3], and 

using dynamic magnetoelectric barium titanate – cobalt ferrite rather than passive iron oxide 

nanoparticles has the capability to further advance wireless electrophysiology of the brain in 

clinical settings. MPI operates by using a series of coils to deliver AC stimulation to 

superparamagnetic iron oxide nanoparticles with a “field free point” scanned through a region of 

interest to produce concentration-dependent readouts that can be directly mapped onto an output 

image. MPI relies on the principle that a sinusoidal magnetic stimulation waveform will be 

modulated by the Langevin function of the superparamagnetic tracer to induce a magnetization 

change which contains odd harmonics whose magnitude is proportional to the concentration of 

sample present in the field free point (Fig. 2). 

Emerging magnetoelectric materials can be efficiently modulated by remote electric or magnetic 

alternating fields in the presence of a bias magnetic field, with rapid responsiveness at picosecond 

timescales, heralding new capabilities in diverse fields including bioelectronic medicine [8–10]. 

Injectable bio-compatible magnetoelectric nanoparticles (MENPs) comprising a magnetostrictive 

CoFe2O4 (CFO) core coated with a piezoelectric BaTiO3 (BTO) shell were specifically simulated 

[11] and shown in recent years [10, 12] to facilitate wireless neural stimulation offering a possible 

alternative to current bulky clinical stimulators. MENPs were injected into the subthalamic region 

in mice for magnetic-field-controlled deep brain stimulation using relatively small fields (220 mT 

bias, 140 Hz 6 mT alternating) successfully eliciting local brain activity changes manifested 

behaviorally as alterations in gait and movement patterns [12]. This work strongly suggests 
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potential use for minimally invasive therapeutic amelioration of Parkinsonian symptoms. 

Additional demonstrations of synchronous neuronal firing activity driven by MENP stimulation at 

20 Hz [10] present utilities for modulating neural activity at single neuron resolution. Parallel 

voltage sensitive dye measurements for detecting electric fields developing proximally to MENPs, 

and also open avenues for opto-magnetoelectric imaging of neural electrical activity or 

magnetoelectrically mediated optogenetic stimulation of the brain. MENPs were also recently 

proposed for brain recording as a specialized variant of magnetic particle imaging (MPI) also 

termed magnetoelectric particle imaging (MEPI) [13]. Quantifications of the MEPI neural readouts 

of injected CFO-BTO diffusing in brain tissue demonstrate the feasibility of structural and 

dynamic functional imaging of neural activity. Further analysis demonstrates optimized core-shell 

ratios informing future MENP synthesis that can enable direct volumetric imaging of 

electrophysiology with superior spatiotemporal resolution limited only by scanner performance 

[14]. The ability of CFO-BTO MENPs to traverse the BBB and maintain relatively long term 

biocompatibility was affirmed using MRI-directed delivery in non-human primates at clinical 

fields [15]. Entry into cerebral areas and deeper basal ganglia was confirmed as T2* signal 

decreases 3 hours following intravenous injection. Moreover, blood profile toxicity verifications 

and work demonstrating minimal glial inflammatory activation following BBB penetration [16] 

point to the evolution of MENPs as a viable and broad clinical tool in the near future. 

Magnetoelectric materials have also been used to augment wireless micro- and nano-electronic 

neural probes allowing for the measurement of very small magnetic fields in the brain. A 

hypersensitive thin bilayer consisting of ferromagnetic iron gallium boron (FeGaB) and 

piezoelectric aluminum nitride (AlN) were designed as a magnetoelectric microscale antenna 

sensor array loaded with complex onboard transmission and reception circuitry and theoretically 
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able to record physiological fields with high sensitivity of up to 40 pT and 200 µm × 10s to 100s 

of MHz spatiotemporal resolution [17]. Further work affirm that the proposed highly miniaturized 

magnetoelectric antenna (250 × 174 µm2) has wireless power transfer efficiency between one and 

two orders of magnitude above existing miniaturized micro-coils and a lower limit of detection 

between 300 and 500 pT in neural tissue [18]. These approaches can supersede standard antennas 

for neural implants replacing sensitive wired probes. This highly elevated power transfer was also 

shown to enable stimulation using magnetostrictive Metglas layer bonded to piezoelectric as a 

magnetically powered small (<25 mm2) neural stimulators at 100-200 Hz [9]. Stimulation of the 

subthalamic nucleus using such encapsulated wireless magnetoelectric bilayer implants modulated 

oxidopamine-induced Parkinsonian symptoms in freely moving rats. Furthermore, similar 

magnetoelectric-powered bio implants (ME-BITs) can be delivered non-surgically through a 

percutaneous catheter and enable frequency-dependent amplitude modulation-based endovascular 

stimulation at 1-10 Hz using strain-coupled metglas – lead zirconium titanate bilayer in rat sciatic 

nerve or pig femoral artery [19]. The same proof-of-concept has been applied previously for 

peripheral neurostimulation up to 200 Hz mitigating neuropathic pain verified using GCaMP6s in 

vivo [20]. Together, these approaches greatly simplify delivery, power relay and implementation 

of wireless circuitry.  

In this introduction, I surveyed clinical imaging techniques, cutting-edge augmentations to 

wireless neural probe technologies, the theoretical basis for MPI, and applications of 

magnetoelectric materials. In particular, I touched upon the need for a novel wireless 

electrophysiology platform that is unburdened by the disadvantages of traditional clinical imaging 

technologies and provides the basis for a simple and adaptable method for functional imaging of 

neural activity. As a proof-of-principle, I describe within this thesis a line of experiments 
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beginning with detailed finite element simulations of magnetoelectric nanoparticles and their 

predicted MPI magnetization readout from neuronal morphologies and cortical neural networks in 

silico (Chapter 1). This modeling forms the basis for the simulation and fabrication of 

magnetoelectric rings with subsequent characterization using magnetic force microscopy of their 

sensitivity to electric fields (Chapter 2). Lastly, I assess biocompatibility of magnetoelectric 

structures and utilize arrays of fabricated rings to sense and record electric fields from neural 

networks and compare these traces to those acquired via microelectrode array electrophysiology 

(Chapter 3). These results form the basis for MEPI as a wireless imaging tool with high 

spatiotemporal resolution and sensitivity which transcends the limitations of classic functional 

brain recording techniques and instrumentation, opening the gates to a wider range of applications 

and configurations in clinical milleu. 
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Figure 1: Overview of the approximate sizes and spatiotemporal resolutions of neural 

transducers. 

Blue halos indicate probes used for recording, red halos indicate stimulation and bicolor halos 

indicate dual recording/stimulation capability, smaller black circles indicate corresponding 

imaging techniques (MRI = magnetic resonance imaging, MPI = magnetic particle imaging, US = 

ultrasound, EPhys = electrophysiology, RF = radiofrequency, OG = optogenetics). Tinted blue-

green planes are included to facilitate context determination of spatial resolution (x-axis), temporal 

resolution (y-axis), and sensor size (z-axis). 
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Chapter 1: In Silico Assessment of Electrophysiological 

Neuronal Recordings Mediated by Magnetoelectric 

Nanoparticles 

Ilhan Bok, Ido Haber, Xiaofei Qu, Aviad Hai 

Sci Rep. 2022 May 19;12(1):8386. doi: 10.1038/s41598-022-12303-4. 

Abstract 

Magnetoelectric materials hold untapped potential to revolutionize biomedical 

technologies. Sensing of biophysical processes in the brain is a particularly attractive application, 

with the prospect of using magnetoelectric nanoparticles (MENPs) as injectable agents for rapid 

brain-wide modulation and recording. Recent studies have demonstrated wireless brain stimulation 

in vivo using MENPs synthesized from cobalt ferrite (CFO) cores coated with piezoelectric barium 

titanate (BTO) shells. CFO-BTO core-shell MENPs have a relatively high magnetoelectric 

coefficient and have been proposed for direct magnetic particle imaging (MPI) of brain 

electrophysiology. However, the feasibility of acquiring such readouts has not been demonstrated 

or methodically quantified. Here we present the results of implementing a strain-based finite 

element magnetoelectric model of CFO-BTO core-shell MENPs and apply the model to quantify 

magnetization in response to neural electric fields. We use the model to determine optimal 

MENPs-mediated electrophysiological readouts both at the single neuron level and for MENPs 

diffusing in bulk neural tissue for in vivo scenarios. Our results lay the groundwork for MENP 
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recording of electrophysiological signals and provide a broad analytical infrastructure to validate 

MENPs for biomedical applications. 

Introduction 

Current whole-brain imaging technologies are either solely structural or provide some 

functional readouts that are limited in scope and indirect to electrophysiological signaling[21–24]. 

Relatively recent attempts at fully functional readouts mediated by injectable indicators include 

responsive molecular agents for magnetic resonance imaging (MRI)[25–29] and functional 

ultrasound[30, 31], injectable microelectronic motes interacting wirelessly with noninvasive 

neuroimaging modalities[32–34], and systemically expressed optogenetic constructs for whole-

brain neural imaging in translucent animal preparations[35, 36]. Magnetic particle imaging (MPI) 

is an emerging whole-body imaging modality exploiting the nonlinear magnetization of injected 

magnetic nanoparticles to achieve dynamic non-attenuated depth recordings with improved 

spatiotemporal resolution[7, 37]. Recent studies demonstrate the use of MPI for brain applications 

including monitoring of neural injury[38], tracking of brain graft cell migration[39], assessing 

neuropathology requiring surgical interventions[40], and several other functional characterizations 

of cerebral blood volume during brain activation[41–44]. The majority of MPI studies rely on the 

injection of superparamagnetic iron oxide nanoparticles (SPIONs) to acquire concentration-

dependent readouts of diffused particles. New magnetic particle designs that offer signal 

modulation specific to biochemical and physiological processes can create a new repertoire of 

readouts for MPI. 

Developments in the synthesis of magnetoelectric nanoparticles (MENPs) and related 

structures[45–47] have given rise to diverse material traits that could empower MPI with dynamic 

readouts relevant to physiology and neurophysiology. Recent research on the magnetoelectric 
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effect has predominantly focused on the characterization of new material substrates[48–50] and 

the simulation of lattice interfacial coupling[51, 52]. Finite element modeling (FEM) solvers in 

particular are used to better characterize a diverse range of magnetoelectric geometric 

arrangements and structures[53–55]. MENPs and similar heterostructures can be externally 

modulated by electric and magnetic fields, and have been successfully applied for applications 

including neurostimulation[16, 56], neural recording[17, 57], tumor ablation[58, 59], drug 

delivery[58–60], and magnetically controlled nanorobots[61]. These studies and further 

demonstrations of biological compatibility[8] establish MENPs as injectable agents for in vivo 

preparations allowing for both acute and chronic studies. Further development on magnetoelectric 

transistors[62], biocompatible implantable devices[63], and integrated brain-computer 

interfaces[17, 64] could serve as powerful new platforms for studying and managing a wide set of 

pathologies. 

One of the most common composites used in these efforts is a cobalt ferrite (CFO) and 

barium titanate (BTO) core-shell conjugate (CFO-BTO) due to its high magnetoelectric coupling 

coefficient and relatively low toxicity, but other emerging composites such as BTO/iron oxide[65, 

66] (α = 28.78 mV/cm·Oe), cobalt-doped BiFeO3[67, 68] (α = 6.5 V/cm·Oe), 

CFO/BTO/polydopamine-P(VDF-TrFE)[69] (αE33 = 150.58 mV/cm·Oe), and BTO/nickel[70] (α 

= 225 µV/cm·Oe) are paving the way to an expanded toolkit of magnetoelectric probes and sensors. 

With appropriate biocompatible surface functionalization, new magnetoelectric compounds are 

expanding usability and improving safety for both SPIONs and MENPs for MPI[71–73]. 

Histological analysis of injected CFO-BTO MENPs in mice demonstrates long-term degradation 

and excretion[8], and additionally, administration across the blood-brain barrier has been shown 

by way of intranasal injection in mice[74]. These findings lead to proposing MENPs for use in 
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conjunction with MPI towards enabling direct volumetric readouts of neurophysiological 

events[75], presenting estimations of MPI signal change in response to macro-scale electric fields 

in the brain. However, a computational framework that quantifies particle-level magnetostrictive 

modulation of CFO-BTO MENPs by neuronal electric fields and combines it with realistic cell 

morphologies, spiking activity, and particle diffusion has not been developed yet. This has 

precluded proper determination of the conditions whereby MENPs can be used to acquire direct 

electrophysiological recordings for experimental implementation. 

This study lays the theoretical groundwork for using MENPs to detect neuronal electric 

fields based on the nonlinear magnetization effect exploited in MPI. We first establish a finite 

element nanoscale model for CFO-BTO MENPs and quantify their modulation by oscillating 

external fields. We then simulate magnetization modulation by nearby physiologically-relevant 

electric fields, and optimize the core-shell ratio for maximal responsiveness and to inform 

synthesis for sensitive MENPs. Finally, we apply the model to different neuronal morphologies 

and quantify magnetic field strength across cellular compartments during action potentials at a 

given MENP concentration and diffusion rate in the brain. This work presents a realistic 

quantification of the expected MPI signal change using MENPs as the agents injected into neural 

tissue. More broadly, our model offers a framework that can be applied to assess MENPs for 

versatile sensing applications. 

Results 

Nonlinear Magnetization Properties of SPIONs and MENPs 

We began by validating our model for SPIONs (Fig. 2a, c, and d, blue) compared with known 

nonlinear magnetization properties used in MPI[7, 37]. Nanoparticles of diameter d = 30 nm 
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experienced a magnetic field of H = 40 kA/m resulting in a dipole with a maximal absolute 

magnetic flux density of 62.3 mT across the applied field (Fig. 2a). For an alternating H-field, 

SPIONs displayed nonlinear magnetization saturation at ± 347.1 kA/m (Fig. 2c-d, green: 

alternating H-field, blue: SPION magnetization) consistent with reported values[76, 77]. We next 

evaluated the response of CFO-BTO MENPs under the same conditions (Fig. 2b, c, and d, red). 

The maximal absolute magnetic flux density for MENPs was 58.4 mT (Fig. 2b) and nonlinear 

magnetization saturation in response to alternative fields was observed at ± 89.9 kA/m (Fig. 2c-d, 

red: MENPs magnetization). We quantified signal harmonics used for signal detection with H-

field alternating between ±80.0 kA/m at a frequency of 25.25 kHz applied to both SPIONs or 

MENPs (Fig 1c, bottom right, red and blue, respectively), with values normalized to the first 

harmonic. MENPs displayed odd harmonics amplitude ratios comparable to SPIONs, with 100%, 

15.80%, 3.54%, and 1.36% for first, third, fifth, and seventh harmonics, respectively, for MENPs. 

This is compared with 100%, 32.48%, 18.98%, and 13.20% for first, third, fifth, and seventh 

harmonics, respectively, for SPIONs. The addition of a bias field to the oscillating H-field resulted 

in negligible harmonics for both MENPs and SPIONs that were magnetically saturated. The 

presence of MENPs can thus be detected at normal MPI settings using odd harmonics of nonlinear 

magnetization despite differences in magnetic flux density distribution. 

 



14 

 

 

 



15 

 

 

Figure 2: Magnetic flux density and magnetization harmonics for SPIONs and MENPs. 

(a) Magnetic flux density amplitude of a 30 nm SPION in response to 40 kA/m H-field (white 

contour lines - magnetic flux lines). (b) Response of a 30 nm CFO-BTO MENP to the same field. 

(c) Nonlinear magnetization and Fourier transform harmonics for SPIONs and MENPs in response 

to a 25.25 kHz, 80 kA/m oscillating H-field. (d) Magnetization saturation for SPIONs and MENPs 

with a 120 kA/m bias field to a 25.25 kHz, 80 kA/m oscillating H-field. For (c) and (d) values are 

normalized to the first harmonic of each particle type. 
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Effect of Core Size on Magnetization Modulation in Magnetoelectric Nanoparticles 

Previous simulations[55] and synthesis[78] of CFO-BTO MENPs with increasing core-

shell ratios were shown to directly affect magnetoelectric coupling and can be leveraged to 

optimize the sensitivity of MENPs to neuronal electric fields. We evaluated the relationship 

between CFO core size and magnetic flux density amplitude in the presence of physiologically 

relevant electric fields ranging between 0 and 50 mV/mm (Fig. 3e). An electric field opposing a 4 

kA/m H-field was applied to 30 nm MENPs with CFO core radii ranging between 5 and 12 nm 

corresponding to BTO shell thicknesses ranging between 10 and 3 nm (Fig. 3a-b, see also Fig. 14). 

Overall core-shell average magnetic flux density at 50 mV/mm increased with larger core sizes 

and ranged between 5.356 mT (5 nm) and 9.629 mT (12 nm) under the same electric field and 

antiparallel 4.0 kA/m H-field configuration (Fig. 3b). Average magnetic flux density in the core at 

50 mV/mm remained relatively constant at between 13.92 mT (multiple sizes) and 14.08 mT (12 

nm) independent of core size and consistent with the high permeability of CFO relative to BTO. 

We then quantified the magnetic flux density (Fig. 3c) and corresponding magnetization (Fig. 3d) 

for different core  
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Figure 3: Effect of MENP core size on electric field-based magnetization modulation. 

(a) The effect of core size on electric field magnitude (colormap) and direction (vectors) in 

response to external fields. The core radius ranged from 5 to 12 nm corresponding to shell 

thickness ranging from 10 to 3 nm. In all cases, Ez = -100 mV/mm antiparallel to Hz = 4 kA/m. 

(b) Magnetic flux density plots for the same configurations in (a). (c) Volume-averaged changes 

in magnetic flux in response to electric field for the same core sizes. (d) Volume-averaged 

changes in magnetization in response to electric field, across the same core sizes. (e) Slope of the 

magnetic flux modulation versus electric field linear slope. (f) Slope of the magnetization 

modulation versus electric field linear slope. For both (e) and (f), the abscissa is labeled with 

both core size and core/total ratio. Error bars denote 95% confidence intervals for all panels. 
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sizes in response to different electric fields ranging between 0 and 50 mV/mm. We find a nonlinear 

increase in sensitivity to electric fields reaching 0.414 nT⋅m/V and 0.497 mA/V for 30 nm CFO-

BTO MENPs with 14 nm CFO core radius (Fig. 3e-f). Our findings correlate with similar 

magnetoelectric structures characterized elsewhere[79–90] and demonstrate comparable shell 

displacement (Fig. 15)[91], affirming that further optimization will require a large core-shell ratio. 

Field Directionality-Dependent Magnetization Amplitude 

MPI tomography relies on injected magnetic nanoparticles experiencing an externally 

applied H-field. Directionality of the external field applied on MENPs relative to in situ electric 

fields of diverse neuronal morphologies and orientations is expected to affect detectability. We 

explored this effect by modifying the angle θ between the electric field and H-field for MENPs 

(Fig. 4). For both electric field (Fig. 4a) and magnetic flux density (Fig. 4b) we find the maximum 

average effect at 0° and 180° of 539.82 V/m and 10.14 mT, respectively, minimized at 90° and 

270° with values decreasing to 35.62 V/m and 0.13 mT (see Fig. 16 for corresponding 

magnetization plots and diagrams, and Movies S1-S3 for a 360° sweep of all three parameters). 

Average electric field and magnetic flux density across the particle (Fig. 4c) and decile plots (Fig. 

4d) demonstrate that 50% of the magnetization occurs at 22.2% of the total volume of the particle 

at optimal angles, with 99.942% occurring at the core and 0.058% occurring at the shell. Our 

directionality estimates allow for proper quantification of the expected MPI signal recorded in 

response to electric fields generated by excitable cells with diverse compartmental anatomy in the 

presence of MENPs.  
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Figure 4: Effect of applied electric field and magnetic field intensity directionality on 

measured MENP electric field and magnetic flux density. 

(a) Electric field norm and vector plots for selected angles (0°, 30°, 45°, 60°, 90°, 120°, 135°, 

150°). (b) Magnetic flux density norm and contour plots for the same angles in (a). (c) Mean 

electric field z component (thick brown trace), interquartile range (thin black traces) and decile 

plot (shades of orange) relative to the angle between applied electric field and H-field. Deciles 

plotted are (0-100), (10-90), (20-80), (30-70), (40-60), and the mean (50 – central red trace). 

Deciles closest to the mean are not visible due to their low range. (d) A magnetic flux density plot 

for the same conditions as in (c); shown are mean magnetic flux density z component (navy blue), 

interquartile range (black), and deciles (shades of blue). Red error bars denote standard error of 

the mean for all panels. 
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Quantification of MENP Magnetization Response from Single Neurons 

CFO-BTO MENPs in concentrations ranging between 50 and 200 µg/mL were 

demonstrated to be compatible with in vivo brain applications[56, 16, 60]. We turned to 

quantifying the expected magnetic field strength arising from the excitation of single neurons for 

sensing activity in the presence of CFO-BTO MENPs at comparable concentrations (Fig. 5). 

Maximal absolute magnetization during action potential peak integrated over the morphological 

volume was between 8.228×10-12 and 9.635×10-3 A/m surrounding neuronal somata, axons, and 

neurites of multiple cortical morphology types (layer 3, middle temporal gyrus; layer 6, middle 

temporal gyrus; layer 3, frontal lobe; layer 3, middle Frontal gyrus; Fig. 5a-d, n = 4 for each type) 

and varied significantly between all types (F = 24.5, p = 7.90429×10-16; one-way ANOVA, Fig. 

5e). MENP concentration was 117.5 µM corresponding to 1415 particles/µm2. Magnetization 

proximal (r = 20 µm) to somatic in silico compartments ranged between 1.901×10-6 and 2.147×10-

4 A/m (absolute value), varying insignificantly between cell types (F = 1.73, p = 0.21473; one-way 

ANOVA). Absolute magnetization proximal to axons ranged between 1.033×10-7 and 1.016×10-4 

A/m, also varying insignificantly between cell types (F = 1.06, p = 0.40931; one-way ANOVA). 

Absolute magnetization arising from dendritic trees, however, ranged between 1.749×10-8 and 

2.714×10-5 A/m and varied significantly between cell types (MTG3, MTG6, FL3, MFG3; F = 5.11, 

p = 0.01655; one-way ANOVA). This magnetization corresponds maximally to 3.41 nM iron (20 

nM Fe gives 5% of 4×10-9 T/μ0 – the magnetization of a proton in a 1 T MRI field) and thus 

detectable fields by MPI[7] and MEG[92]. Significant differences between cell types and 

subcellular dendritic compartments indicate the ability to differentiate between cell types and brain 

regions by MENP magnetization amplitude.  
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Monte Carlo Simulations of Diffusing MENPs in Interconnected Neuronal Networks 

To gain a realistic assessment of response to multicellular neural activity in vivo, we quantified 

magnetization of MENPs at a concentration of 27.5 μg/mL within a 700 µm deep cortical section 

comprising Layers II, III, and IV (150 µm, 350 µm, and 200 µm deep, respectively) and a total of 

237,021 extracellular recording sites interspaced by 5 µm (Fig. 6). The network included excitatory 

and inhibitory cells similar to reported ratios[93, 94] spiking at overall frequencies of 5.30 Hz and 

6.34 Hz and up to 16.77 Hz and 19.50 Hz during network bursts, respectively (Fig. 6a). Vectorized 

extracellular potentials served as inputs to the MENP directionality matrix (Fig. 5) for each 

recording site, enabling calculation of the magnetization at different coordinates within the cortical 

voxel over a 140 msec period (Fig. 5a, grayscales traces, magnetization at 237,021 recording sites). 

The mean signal arising from the network reached maximal amplitudes of 1354.34 µA/m (Fig. 6a, 

black trace) and mean amplitude of 219.8138 µA/m to 381.1203 µA/m during network bursts (Fig 

6a, arrows, and Fig. 6b, four magnetization maps across a cortical slice corresponding to t = 27 

ms, 59 ms, 91 ms, and 119 ms). 

Nanoparticles injected intravenously travel through vasculature at speeds of 65 ± 12 

cm/s[95], with a diffusion coefficient of 48 to 15 µm2/s for sizes ranging from 10.4 to 32.0 nm[3, 

96]. We evaluated the signal arising from MENPs perfused through a cortical voxel at 650 µm/ms 

with a series of 40,000 Monte Carlo simulations of MENPs at the four network bursts originating 

from random coordinates in the x-z plane (y = 0) and propagating along the y axis over a 1.0 ms 

period centered at network burst peaks (Fig. 6c). The MENP signal arising from network activity 

with perfused MENPs reached a mean amplitude of 59.3402 to 417.6602 µA/m during network 

bursts (Fig. 6c). The maximum collective signal during network bursts arising from static MENPs 

relevant to particles penetrating through the blood-brain barrier[8] and settling in the brain 
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Figure 5: Distribution of magnetization from single spiking neurons. 

Shown above are magnetization maps of a spiking cortical layer 3 middle temporal gyrus neuron 

(a), layer 6 middle temporal gyrus neuron (b), layer 3 frontal lobe neuron (c), and a layer 3 middle 

frontal gyrus neuron (d). Shown in right panels in (a)-(d) are magnetization magnitude and sign 

for a bias field in the x direction. The slices are taken from the x-z plane. The left panels show the 

absolute value magnetization mean (red line), 1st and 3rd quartiles (colored boxes), and outliers 

(Q1-1.5*IQR; Q3+1.5*IQR) for all regions of all cells, as well as for total aggregated data, on 

logarithmic scale. Scale bar = 200 µm for a, b, c, and d. e) Salient bar and whisker entries from 

cell types in panels a, b, c, and d. Note the statistical significance (* = p < 0.05, *** = p < 0.001, 

one-way ANOVA) between dendritic compartments and total cell aggregate data. 
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Figure 6: Magnetization of MENPs within a simulated cortical voxel. 

(a) Firing activity of neurons within the simulated neocortical slice (E = excitatory, I = inhibitory 

cells) over a 140 ms period. Layers II, III, and IV of the neocortex were simulated, each 150 µm, 

350 µm, and 200 µm thick, respectively, (total thickness = 700 µm). Mean firing rates were 6.20 

Hz and reached 19.13 Hz during network bursts. Composite magnetization traces (grayscale) 

overlaid on a time-dependent histogram (grayscale). Grayscale traces are the magnetization at 

recording sites color-coded by distance from the slice center (lighter = further from center). The 

thick black line is the mean magnetization in the slice, while the orange swath is the standard 

deviation. The time-dependent histogram covers the linear regime of the symmetric log plot (from 

-1 mA/m to 1 mA/m), with bin dimensions of 1 ms by 5 μA/m. (b) Static yz magnetization 

colormaps through x = 100 µm for each of four timepoints marked by red arrows in panel a). Scale 

bar = 50 µm. (c) Monte Carlo magnetization simulations for perfused MENPs. Single particles 

were centered at each of the four times (i.e. 27 ms, 59 ms, 91 ms, 119 ms) and traversed through 

the neural network vertically from the top (y = 0 µm) to bottom (y = 700 µm) edge. The thick red 

line is the mean magnetization, and the orange swath is the standard deviation. 
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 interstitium was 36.5399 µA/m lower compared with perfused MENPs traveling through the 

vasculature and forms a more realistic estimation of using MENP-mediated MPI to record 

electrophysiological events. 

Discussion 

This study provides a realistic platform for quantifying the magnetization of magnetoelectric 

nanoparticles (MENPs) for sensing neurophysiological electric fields with cellular-level precision. 

We established a finite element strain-based model that emulates piezoelectric deformation of a 

BTO shell over a CFO nanoparticle core in response to small extracellular electric fields, giving 

rise to magnetic flux detectable by low-field modalities[97, 98] and suitable for brain recording. 

CFO-BTO MENPs modeled here are emerging as agents for brain applications[56, 16, 75] and are 

shown to traverse the blood-brain barrier with minimal adverse effects[8]. Other core-shell 

combinations are also being developed and offer increased magnetoelectric coupling with 

comparable biocompatibility[66, 69, 70]. Our model can be generalized for quantifying such 

diverse compounds by integration with more advanced time-domain equations[99, 100] and serve 

as a comprehensive tool for characterizing magnetoelectric materials and for quantifying 

sensitivity to biophysical phenomena in multiple systems. 

Patterned magnetoelectric stacks[86, 101], nanowires[102], matrices[103, 104], and 

heterostructures[81, 105–107] are of particular interest and were introduced as more versatile and 

scalable platforms responsive to electric fields. These can serve as multiplexed arrays for spatially 

precise readouts and stimulation of neural activity, and integrate with other magnetoelectric 

technologies for brain recording[17, 57, 108] and stimulation[56, 64, 109]. Finite element three-

dimensional analyses can be specifically leveraged to characterize diverse device geometries in 
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addition to simple core-shell particles shown here and can be used for optimized sensing of 

biogenic electric fields. 

Our particle model predicts magnetization of MENPs at a physiological concentration of 

117.5 µM (27.495 μg/mL) administered extracellularly to excitable neurons with diverse 

morphologies. We predict an 8.228×10-12 to 9.635×10-3 A/m response from single neurons at peak 

membrane depolarization, and 59.3402 to 417.6602 µA/m across a 200 × 700 × 200 µm3 voxel for 

multicellular interconnected networks of neurons mimicking in vivo scenarios. Sensitivity of 

detection and spatiotemporal resolution in MPI depend on nanoparticle size[110]. A concentration 

of 5 mg/mL for nanoparticle diameters of 18.5 nm to 32.1 nm[110–114] corresponds to a FWHM 

of 16.7 mT/µ0 to 25.1 mT/μ0 respectively at 20.25 kHz with a 20 mT input sinusoid, for single 

volumetric acquisitions. Modulation of 10 mA/m in MENPs is equivalent to a concentration 

difference of 0.933 ng/mL for simple SPIONs detectable in MPI[114, 115]. Our results suggest 

sufficient sensitivity to extracellular electric fields assuming MENP concentrations greater than 

117.5 µM (27.495 μg/mL) for stationary MENPs and intravenously perfused MENPs. MENPs 

localized directly on the plasma membrane can increase detectability further assuming particles 

experience electric fields that correspond to full intracellular membrane potential differences[75]. 

Wang et al. report 0.3 emu/g saturation for MENPs (1.8 kA/m assuming the particle has a density 

close to CFO of 6.02 g/cc[116]) for an immobilized single-layer array[117] and Etier et al. report 

20 emu/g (120.4 kA/m assuming the same) for both a loose powder and fixed powder. Etier et al. 

note that hysteresis is not present in the loose powder, because the particles can freely rotate[118]. 

This is as seen clinically in vivo, which our model represents. The temporal resolution for single 

point recordings used in MPI spectroscopy reaches sub-millisecond scales[119] and exhibits 
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negligible hysteresis at neuronal time scales[120], allowing for improved temporal sensitivity even 

to single field potential events.  

Existing particle-based neuroimaging systems for neurochemical and neurophysiological 

readouts require hundreds of milliseconds for single acquisitions[28, 121] and can be enhanced by 

the high temporal resolution of MENP-based MPI technology. Voltage-sensitive MENPs can also 

increase coverage in the brain and supplement voltage-sensitive optical dyes currently used as 

injectable or genetically expressed agents for cell-type-specific readouts[122], in addition to 

established optogenetic tools for neural stimulation[123]. MENPs are capable of bidirectional 

brain recording and stimulation and can thus serve as magnetoelectric equivalents of optical tools, 

enabling greatly increased recording depth and signal penetration. 

Conclusion 

Magnetoelectric materials are increasingly used for biomedical sensing and modulation, 

and provide minimally invasive access to different organ systems and the brain in particular. In 

this study, we describe an in silico characterization framework to asses the response of cobalt 

ferrite (CFO) barium titanate (BTO) core-shell magnetoelectric nanoparticles (MENPs) to neural 

electric fields and investigate feasibility for wireless electrophysiological readouts using injectable 

magnetoelectric agents. The magnitude of magnetoelectric coupling from different core-shell 

ratios is analyzed and optimized, and the direction-dependent electric and magnetic field 

distributions are presented. The resulting time-dependent magnetoelectric responses from single 

neuronal morphologies and realistic neural networks during MENP perfusion were statistically 

quantified, and the induced magnetic fields were found to be within the detectability limits of 

magnetic particle imaging (MPI). Our model is applicable to numerous other geometries and 
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material configurations, enabling the validation of other potential magnetoelectric transducer 

designs and the advent of novel applications of magnetoelectric materials in biomedicine. 

Methods 

Nanoparticle Modeling 

A strain-based finite element model was applied to simulate the magnetoelectric effect for 

CFO-BTO and SPIO nanoparticles using custom equations in COMSOL Multiphysics 5.6 

(COMSOL Inc. Stockholm, Sweden). The Langevin equation was employed to derive the M-H 

curve for the SPION model[124]. The M-H relationship for BTO was acquired by tracing an M-H 

curve based on previous studies[125]. For CFO-BTO, two concentric spheres were formed, the 

inner sphere representing magnetostrictive CFO and the outer shell representing piezoelectric BTO. 

The Electrostatics, Magnetic Fields, and Solid Mechanics modules were used, along with 

Magnetostriction and Piezoelectric Effect multiphysics couplings. Electrostatic modeling of non-

piezoelectric media used the Charge Conservation boundary condition and was based on Gauss’s 

Law: 

 ∇ ∙ 𝑫⃗⃗ =  𝜌𝑣 (1) 

where ∇ is the del operator, D is the electric flux density and ρv is the volume charge density. 

Modeling with piezoelectric media used linear piezoelectric coupling (boundary condition: Charge 

Conservation, Piezoelectric): 

 ∇ ∙ (𝜖0𝑬⃗⃗ + 𝜖0𝜒𝑟𝑠𝑬⃗⃗ + 𝒆: 𝜺) =  𝜌𝑣 (2) 

where 𝜖0 is the electric permittivity, E is the electric field intensity, χrs is the relative electrical 

susceptibility, e is the piezoelectric Voigt coupling matrix representing the stress tensor, and ε is 

the strain tensor. Magnetic field modeling was performed based on Ampere’s Law: 
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 𝑩⃗⃗ = ∇ × 𝑨⃗⃗  (3) 

and 

 ∇ × 𝑯⃗⃗⃗ = 𝑱  (4) 

 𝑱 = 𝜎𝑬⃗⃗ + 𝜎𝒗⃗⃗ × 𝑩⃗⃗ + 𝑱𝒆
⃗⃗  ⃗ (5) 

where B is the magnetic flux density, A is the magnetic vector potential, H is the magnetic field 

intensity, J is the electric volumetric current density, σ is the electrical conductivity, v is net charge 

velocity, and Je is electron current density. The constitutive relation between magnetic flux density, 

magnetic field intensity, and magnetization varied by domain. For cerebrospinal fluid (boundary 

condition: Ampere’s Law), 

 𝑩⃗⃗ = 𝜇𝑯⃗⃗⃗  (6) 

the BTO shell (boundary condition: Ampere’s Law), 

 𝑩⃗⃗ = 𝜇0 (𝑯⃗⃗⃗ + 𝑴⃗⃗⃗ ) (7) 

and for the CFO core (boundary condition: Ampere’s Law, Magnetostrictive), 

 𝑩⃗⃗ = 𝜇0 (𝑯⃗⃗⃗ + 𝑴⃗⃗⃗ (𝑯⃗⃗⃗ , 𝑺)) (8) 

respectively, where μ is the magnetic permeability, M is the magnetization, and S is the stress 

tensor (see Eq. 12 and Eq. 14). For modeling linear elastic media (boundary condition: Linear 

Elastic Material), 

 0 = ∇ ∙ 𝑺 + 𝑭𝒗 (9) 

 
𝜺 =

1

2
[(∇𝒖⃗⃗ )𝑇 + ∇𝒖⃗⃗ ] 

(10) 

where Fv is the volume deformation tensor and u is the solid displacement vector. Piezoelectric 

stress was modeled by (boundary condition: Piezoelectric Material) 
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 𝑺 = 𝑆0 + 𝑪⃗⃗ : 𝜺 − 𝑬⃗⃗ ∙ 𝒆 (11) 

(where S0 is the initial stress, and C is the elastic right Cauchy deformation tensor) and for 

magnetostrictive stress (boundary condition: Magnetostrictive Material) 

 𝑺 = 𝑆0 + 𝒄𝑯: [𝜺 − 𝜺𝒎𝒆(𝑴⃗⃗⃗ )] (12) 

where cH is the elasticity tensor, and εme is the magnetostrictive strain, 

 
𝜺𝒎𝒆 =

3

2

𝜆𝑠

𝑀𝑠
2
𝑑𝑒𝑣 (𝑴⃗⃗⃗ ⊗ 𝑴⃗⃗⃗ ) 

(13) 

where λs is the saturation magnetostriction, and Ms is the saturation magnetization, matching the 

behavior of CFO nanoparticles in dispersion. Furthermore, 

 
𝑴⃗⃗⃗ = 𝑀𝑠𝐿 (|𝑯⃗⃗⃗ 𝒆𝒇𝒇|)

𝑯⃗⃗⃗ 𝒆𝒇𝒇

|𝑯⃗⃗⃗ 𝒆𝒇𝒇|
 

(14) 

where L is the Langevin function, and 

 
𝑯⃗⃗⃗ 𝒆𝒇𝒇 = 𝑯⃗⃗⃗ +

3𝜆𝑠

𝜇0𝑀𝑠
2
𝑑𝑒𝑣(𝑺)𝑴⃗⃗⃗  

(15) 

 

 

 

 

 

 

All established parameters used in the model can be found in Table 1. 
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Table 1: Parameter values and respective sources for all material constants used within 

COMSOL 

Table 1: Parameter values and respective sources for all material constants used within 

COMSOL 

 

 

 

 
Barium Titanate Cobalt Ferrite 

Electrical Conductivity 10-7 [S/m] [126] 4.2×10-5 [S/m] [127] 

Initial Magnetic Susceptibility Not applicable 70 [128] 

Saturation Magnetostriction Not applicable 315 [ppm] [129] 

Density 5700 [kg/m3] (COMSOL) 6060 [kg/m3] [116] 

Saturation Magnetization Not applicable 181800 [A/m] [130] 

Poisson's Ratio Not applicable 0.33 [131] 

Relative Permittivity 

[1115.1, 1115.1, 1251.3] 

(COMSOL) 

[9.0355, 9.0355, 10.5037] 

[132] 

Young's Modulus Not applicable 188.4 [GPa] [133] 

Elasticity matrix, Voigt notation 

[150.377, 656.308, 150.377, 

65.9391, 65.9391, 145.521, 0, 

0, 0, 43.8596, 0, 0, 0, 0, 

43.8596, 0, 0, 0, 0, 0, 

42.3729] [GPa] (COMSOL) Not applicable 

Coupling matrix, Voigt notation 

[[0, 0, -4.32015, 0, 0, -

4.32015], 

 [0, 0, 17.3624, 0, 11.4035, 0], 

 [11.4035, 0, 0, 0, 0, 0]] 

[C/m2] (COMSOL) Not applicable 
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Harmonics measurements of SPIONs and MENPs employed a time-dependent study with 

f = 25.25 kHz based on the M-H curve of CFO nanoparticles[116] corresponding to the Langevin 

function and the negligible magnetic susceptibility of the BTO shell. The time step was 1 µsec and 

the time range was 0 to 80 µsec. The surrounding electrolyte medium was modeled as 

cerebrospinal fluid, and a cylindrical infinite element domain shell was placed outside the main 

rectangular region. The Magnetic Field boundary condition was applied to all faces immediately 

inside the infinite element domain, and electric fields were generated by the Electric Potential 

boundary condition applied to the top and bottom faces (Fig. 17). Rotation effects were modeled 

by fixing the applied electric field and rotating the applied magnetic field. Moreover, only 

coordinates within the particle were sampled for mean and decile plots, and a physics-controlled 

mesh with normal element size was used. Both stationary and time-dependent studies used a fully-

coupled automatic highly nonlinear Newton node with an iterative linear FGMRES solver.  

Core Size Trend Analysis 

For core-shell CFO-BTO nanoparticles, the electric field and magnetic flux density plots 

for core radii ranging between 5 nm and 12 nm were modeled by changing the size of the inner 

semicircle (CFO) while maintaining the overall radius at 15 nm. 95% confidence intervals were 

defined as twice the standard error of either regression data or the regression slope. For the slope 

trend analysis, core sizes were simulated from 0 to 14 nm in increments of 1 nm. Core sizes larger 

than 14 nm had poor convergence due to numerical instability and were thus excluded from the 

analysis. Core size-dependent magnetization and magnetic flux density modulation slopes were 

derived using linear regression. The trend of these slopes with respect to core size was defined as 
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the second derivative of magnetization (or magnetic flux density) and derived using quadratic 

curve fitting. 

Neuronal Magnetization Simulations 

Nanoparticle magnetization changes were linearly mapped to electric field magnitude: a 

0.02 A/m magnetization change per 50 mV/mm for a 12 nm core size was used, and the observed 

direction-dependent effect was applied. Electric field vectors were computed as the gradient of 

simulated extracellular voltage, and open-source Python libraries LFPy[134] and NetPyNE[135] 

were used for simulations of extracellular voltage around single neuronal morphologies and neural 

networks, respectively, integrated with the neural biophysics simulator NEURON[136]. MENP 

concentration was maintained at 117.5 µM (27.495 μg/mL), corresponding to 1415 particles/µm3. 

Neuronal Morphologies 

Biophysical parameters involving Allen Brain Atlas morphologies were obtained from 

previous studies[137]. The geometries were manually aligned to a three-dimensional template 

soma and simulated using Python LFPy[134] and NEURON[136]. Human middle temporal gyrus 

layer 3, middle temporal gyrus layer 6, frontal lobe layer 3, and middle frontal gyrus layer 3 cells 

were simulated (n = 4 each). Action potentials were induced by raising the membrane potential, 

raising the sodium Nernst potential, and lowering the potassium Nernst potential. A 20 µm 

inclusion zone around subcellular compartments defined somatal, axonal, and dendritic voxel 

categories. Magnetization was quantified during the largest action potential peak within the first 

20 ms, and the mean values for each cell compartment class were grouped in aggregate to define 

the significance between cell types. One-way ANOVA (anova1) in MATLAB R2021a (The 

MathWorks, Inc. Natick, MA, USA) was used to determine significance between cell type groups, 
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with three different biophysical parameter sets yielding equivalent quantification significance 

outcomes. 

Monte Carlo Simulations of Realistic Neural Networks 

Volumetric simulations were performed by reconstructing rat neocortical architecture[138] 

using the Python library NetPyNE[135]. A 200 µm by 200 µm column of neocortex layers II, III, 

and IV was simulated, with depths of 150 µm, 350 µm, and 200 µm (total depth was 700 µm), and 

Excitatory:Inhibitory/Total ratios of 895:95/990, 988:188/1176, and 970:170/1140, respectively. 

Excitatory synapses were NMDA receptor-based (𝜏1 = 0.8 s, 𝜏2 = 5.3 s, Vrest = 0 mV) and inhibitory 

synapses were GABA receptor-based (𝜏1 = 0.6 s, 𝜏2 = 8.5 s, Vrest = -75 mV). Excitatory cells were 

interconnected while inhibitory cells were only connected to excitatory cells. Excitatory synapses 

had a weight of 25 × 𝑦𝑛𝑜𝑟𝑚  mV (ynorm is the normalized neuronal depth) and a connection 

probability of 𝑝 = 0.1, while inhibitory synapses had a weight of 5 mV and a connection probability 

of 𝑝 =  0.4𝑒−𝑑/𝜆 (d is the synaptic distance; λ is the length constant of 150.0 µm[135, 138]). The 

simulation time step was 100 μs and the extracellular voltage was recorded with a resolution of 5 

µm and 1 ms. Nanoparticle concentration was maintained at 27.495 μg/mL. 40,000 particles were 

normally distributed within the x-z plane (200 µm × 200 µm), with the particle movement modeled 

by a diffusion coefficient[96] D = 15 µm2/s and a perfusion velocity[95] of 650 µm/ms. 
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Chapter 2: Nanofabricated Magnetoelectric Structures for 

Electric Field Sensing 

*I. Bok, T. Zhu, A. Vareberg, A. Hai; 

Abstract 

Electric field sensing and magnetic field modulation using magnetoelectric 

heterostructures hold great potential to accelerate high density spintronics, neuromorphic 

computing, medical imaging and stimulation. However, sensitivity limits and their relationship to 

geometric and material composition are poorly characterized, precluding the full recruitment of 

the technology. Here we perform sensitive magnetic force microscopy measurements of 

geometrically optimized nanofabricated magnetoelectric designs and determine magnetic dipole 

emergence in response to in situ electric fields, revealing a high degree of spatial consistency and 

radius- and electric-field-dependent modulation. We find exceptional agreement between our 

measurements and finite element modeling and build upon these findings to investigate more 

involved geometries. Our results show promise for raising sensitivity to the order of single mV/mm 

regime relevant to biology and empower new magnetoelectric nanostructure designs and 

compositions capable of revolutionizing the status quo of novel magnetoelectricity-based 

technologies.  
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Introduction 

Newly developed magnetoelectric composites are empowering diverse technologies spanning 

quantum computing[139–143], imaging[144, 145] and medical therapeutics[64, 56, 146, 147]. By 

harnessing carefully controlled spin power conversion[148–150] and electric field-mediated 

topological modulation with minimal heating[141, 151–153], rapid nucleation of spin states can 

be achieved with tailored stability[154, 155] and provide unprecedented platforms to supplant 

existing sensing capabilities and alter the digital status quo. Notwithstanding these advances, the 

synthesis and characterization of highly responsive magnetoelectric heterostructures, and in 

particular customizing their sensitivity to a precise range of electric fields, have been challenging, 

despite playing an integral role in fulfilling the full potential of the technology. 

Performance is most directly described by the magnetoelectric coupling coefficient (α) defined as 

the change in electric field per change in applied magnetic field (δE/δH) which varies by field 

strength, orientation, DC bias field, and AC frequency. Coupling measurements have been 

performed using diverse modalities including vibrating sample magnetometry[65, 156], 

superconducting quantum interference device (SQUID) magnetometry[66], or more recently 

magnetic force microscopy (MFM)[157], piezoresponse force microscopy (PFM)[103], and 

optically detected magnetic resonance (ODMR)[150, 155]. These techniques have been used to 

quantify the magnetoelectric sensitivity of innovative heterostructures such as barium titanate 

(BTO)/iron oxide[65, 66] (α = 28.78 mV/cm·Oe, E ≈ 9 kV/cm), cobalt-doped BiFeO3[67, 68] (α 

= 6.5 V/cm·Oe, E ≈ 20 kV/cm), and cobalt ferrite (CFO)/BTO/polydopamine-P(VDF-TrFE)[69] 

(αE33 = 150.58 mV/cm·Oe, E ≈ 80 MV/m), often revealing improved coupling properties. However,  

these and similar composites are mostly stochastic in design and geometrically coarse, thus 

offering limited uniformity and control over magnetoelectric properties, and operate around the 
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MV/m electric field regime. More diverse geometries such as stacks (α = 142.6 mV/cm·Oe, E ≈ 

110 MV/m) [158, 159], nanowires (α = 514 ± 27 mV/cm·Oe, E ≈ 2 kV/cm) [102, 160], and 

matrices (α = 1.4 × 106 mV/cm·Oe, E ≈ 140 MV/m)[103] have been developed as tailored 

alternatives but are often micron- to millimeter scale and operate at similarly large electric fields. 

Cutting-edge composites such as Y-type hexaferrite Ba0.8Sr1.2Co2Fe12−xAlxO22 with x = 0.9 

(BSCFAO)[157] (ΔM = ~2 µB per f.u. at 100 K, ΔE ≈ 5 MV/m) with microscale interleaved phase 

domains and polycrystalline film of Ni on a 0.68Pb(Mg1/3Nb2/3)O3-0.32PbTiO3 substrate[156] (α 

= 1.6 × 10−6 s / m, E ≈ 1 MV/m) are uncovering intricacies of the magnetoelectric effect although 

they require complex synthesis techniques and are difficult to utilize.  

Recently, superior geometries have been achieved using electron beam nanolithography enabling 

magnetoelectric spin-orbit (MESO) nanodevices for ultra-low power (down to attojoule) 

magnetization switching due to tight interfacial coupling between BiFeO3 and cobalt-iron 

alloy[150, 161]. The precise features of the devices enable efficient spin cycloid-based switching 

in response to externally applied fields as verified by PFM and MFM. This adds to other examples 

of nanopatterened magnetoelectrics that do not require feature alignment or etching[162]. CFO-

PZT magnetoelectric rings have been nanofabricated by leveraging a bilayer of resist materials 

with varying electron beam sensitivity to create a structural undercut that can be filled with 

piezoelectric PZT and then occupied with magnetostrictive CFO. These examples emphasize the 

advantage of using precision fabrication techniques to enable the creation of topographically well-

defined structures, which, if properly characterized, can unlock the exploration of a wider 

parameter space for optimized designs. 

Here we present a first and fundamental MFM characterization of electric field dose sensitivity of 

magnetoelectric nanoring structures realized by nanolithography, by applying a precise range of 
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electric fields directly to the device substrate containing geometrically-varied nanoring arrays. Our 

MFM scans reveal clear electric-field dependent dipole and magnetoelectric modulation from 

single CFO/BTO core/shell structures in agreement with finite element modeling. Moreover, our 

analyses of MFM data reveal diameter- and electric field-dependent magnetoelectric modulation 

providing the basis for applications involving multiplexing. Finally, we perform a geometric 

exploration of magnetoelectric nanostructures with increased layer count thereby informing future 

fabrication efforts. Our methodologies and results shed new light on the effect of structure 

geometry on electric field responsivity in magnetoelectric heterostructures and open new routes 

for improved devices across a slew of rapidly emerging fields. 

Results 

Geometric Optimization and Topographic Characterization of Nanofabricated 

Magnetoelectric Rings 

The geometric parameters and resulting nanofabricated core-shell CFO-BTO structures for electric 

field sensing are characterized in Fig. 7. The nanofabrication process is introduced in Fig. 7a with 

fabrication steps presented sequentially from top to bottom. Plotted in Fig. 7b is the dependence 

of magnetization modulation on nanoring diameter and height in response to a 5 kV/m electric 

field in the -z direction according to finite element analysis. Within the region displayed, 

magnetization modulation increases with increasing nanoring height and radius. A scanning 

electron microscopy (SEM) image of an array of nanorings and an inset of a single nanoring with 

clear delineation between its core (CFO), shell (BTO), and substrate (SiO2) are presented in Fig. 

7c. These regions are explicitly labeled in Fig. 7d where an atomic force microscopy (AFM) scan 

is overlaid on the SEM image from Fig. 7c inset with the tallest region displayed with higher 
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magnification in Fig. 7e. By radially unwrapping the AFM image superimposed  the SEM image 

we determine that the mean radial AFM magnitude for this nanoring ranges between 17.46 nm and 

22.33 nm (19.38 ± 1.39 nm : µ(µ)  ± σ(µ)) and the standard deviation ranges between 5.86 nm and 

11.10 nm (8.41 ± 1.54 nm : µ(σ) ± σ(σ)) (Fig. 7f), with a maximum measured height of 40.02 nm 

(47.76 nm for all rings) representing significant uniformity with respect to angle. Our rigorous 

assessments form a robust justification for fabricating larger rings with increasing height. To build 

on these initial results, we proceeded to perform detailed MFM imaging of electric field response 

of single rings. 
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Figure 7: Geometric Optimization and Topographic Characterization of Nanofabricated 

CFO-BTO Rings. 

(a) Fabrication process diagram consisting of the following steps from top to bottom (see Methods 

for more details): expose PMMA/copolymer bilayer; develop using MIBK/IPA; spin coat BTO; 

bake sample; spin coat CFO; bake sample; liftoff using acetone. (b) surface plot of magnetization 

modulation versus nanoring radius and height, in response to a 5 kV/m electric field in the -z 

direction. Within this region, magnetization modulation increases with increasing nanoring height 

and radius. (c) Scanning electron microscopy (SEM) images of nanorings (scale bar = 1 µm) 

including inset (red) of single nanoring (scale bar = 200 nm). (d) AFM scan overlaid on SEM 

image of ring from inset panel (c) with the tallest region displayed with higher magnification in 

(e). (f) Anisotropy line plot of radially unwrapped overlaid AFM and SEM images, with y-axis 
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labels corresponding to line graph of mean (black line) and standard deviation (white lines) with 

respect to angle.  
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Radius- and Electric Field-Dependent Magnetoelectric Modulation from Single 

Nanofabricated Rings 

To accurately characterize electric field-dependent magnetoelectric modulation, we turned to 

applying static electric fields onto wafer substrate containing an assortment of CFO-BTO arrays 

and imaged the resulting magnetization change using MFM (Fig. 8). The configuration is depicted 

at the microscale in Fig. 8a with an exploded view of a single-ring perspective outlined in red. Fig. 

8b highlights a close vantage point including BTO (pale green), CFO (light brown), and the silicon 

oxide (SiO2) wafer substrate (gray). Using this configuration, electric fields of 7.97 V/mm, 15.46 

V/mm, 24.22 V/mm, and 32.99 V/mm were applied to samples of geometrically precise arrays of 

nanorings with varying radii (728, 778, 828, 878, 928 nm). By subtracting images with applied 

electric field from baseline, we found a trend of increasing modulation with increasing electric 

fields and higher sensitivity for larger sizes (Fig. 8c). More specifically, at the lowest electric field 

of 7.97 V/mm, we observed a ΔM of 545.19, 439.28, 320.08, 298.49, and 343.99 A/m for the 

diameters tested. At the highest electric field of 32.99 V/mm, we observed a ΔM of 1297.04, 

1649.56, 1487.65, 1720.22 A/m. This equates to a difference in ΔM of 751.85, 1210.27, 1372.27, 

1189.16, 1376.23 for 728, 778, 828, 878, 928 nm diameter rings, respectively. Corresponding 

scans reveal a prominent dipole in Fig. 8d(i-iv) (identical ranges) and Fig. 8d(v-viii) (adjusted 

ranges) which graphically illustrate increasing magnetoelectric modulation with increasing electric 

field strength. With negligible effects of external fields and assuming µ = µ0, these values lie near 

the millitesla regime (1 kA/m ≈ 12.57 Oe = 1.257 mT). 

Based on these results, we turned to quantifying the dependence of nanoring magnetization 

modulation on device radius. Fig. 8e demonstrates magnetization change with respect to nanoring 

size between designated electric field values. Separating and quantifying positive (Fig. 8f) and 
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negative (Fig. 8g) dipole magnitude versus nanoring diameter and applied in situ electric field also 

elucidates electric field- and size-dependence of magnetization change. MFM scans (Fig. 8k-2m) 

reveal differences in ΔM with (Fig. 8k) and without (Fig. 8l) an applied electric field as seen in the 

subtraction (Fig. 8m) with features of magnetoelectric modulation and calculated magnitude 

resembling those predicted in silico (Fig. 8n). For the inner CFO dipole (finite element simulation), 

we find the 0th (minimum), 10th, 25th, 50th (mean), 75th, 90th, and 100th (maximum) percentiles to 

be -3.58 (-3.55), -1.04 (-1.16), -0.29 (-0.40),  0.45 (-0.01), 1.20 (0.20), 2.10 (1.02), 5.24 (4.62) 

A/m, respectively; for the outer BTO dipole (FEM), -4.78 (-2.74), -1.64 (-0.78), -0.74 (-0.43), 0.45 

(0.03), 1.20 (0.40), 1.95 (1.00), 5.39 (2.89) A/m, indicating slight differences likely due to signal 

drifts and noise fluctuations present in MFM recordings. We report linear magnetoelectric 

coefficients of 30.43, 49.79, 55.46, 47.09, and 57.70 mA/V (equivalent to 0.38, 0.63, 0.70, 0.59, 

0.73 × 10-6 s/m for µ = µ0; R
2 = 0.97, 0.96, 0.95, 0.98, 0.98) for 728, 778, 828, 878, 928 nm 

diameter rings which is substantially higher than computational predictions[145, 163, 164] and 

direct measurements[165–167], and comparable to the highest values reported in the literature for 

similar composites[168, 169].  
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Figure 8: Radius- and Electric Field-Dependent Magnetoelectric Modulation from Single 

Nanofabricated CFO-BTO Rings. 

(a) Three-dimensional depiction of scanning probe microscopy setup with (b) exploded view of 

single-ring perspective outlined in red. Labels and arrows denote computer-rendered structures for 

BTO (pale green), CFO (light brown), and silicon oxide (SiO2) wafer substrate (gray). (c) Electric 

fields of 7.97 V/mm, 15.46 V/mm, 24.22 V/mm, and 32.99 V/mm were applied to samples of 

geometrically varied nanorings. By subtracting images with and without varying in situ electric 

field, we found a positive trend with increasing electric fields and higher sensitivity for larger sizes 

(see legend) in agreement with in silico predictions. These correspond to panels d(i)-(iv) which 

illustrate increasing magnetoelectric modulation with increasing electric field strength quantified 

as both absolute and relative maps (top and bottom panels, respectively). Individual pixels are 

39.0625 nm in width and height. Panel (e) delineates trends in magnetization change with respect 

to nanoring size between designated electric field ranges. Quantifying positive (f) and negative (g) 

dipole magnitude versus nanoring diameter and applied in situ electric field also elucidates electric 

field- and size-dependence of magnetization change. MFM scans (k-m; scale bar = 1 µm) reveal 

differences in amplitude modulation with (k) and without (l) an applied electric field as seen in the 

difference (m) with features of magnetoelectric modulation and calculated magnitude resembling 

in silico MFM of BTO/CFO nanorings (n; outer diameter = 800 nm). All error bars represent 

standard error of the mean of each corresponding region of interest. 
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Advanced designs and sensitivity predictions for multilayer CFO-BTO nanoscale geometries 

To guide future nanofabrication efforts of magnetoelectric geometries and relying on our 

experimental validations, we turned to quantifying the response of advanced designs with 

increased layer count that are relatively easy to manufacture. Displayed in the top gallery of Fig. 

9 are three-dimensional cross sections of magnetoelectric nanoring (Fig. 9a and b), nanocake (Fig. 

9c and d), and nanostack (Fig. 9e and f) geometries. Three-dimensional electric field (Fig. 9a,c,e) 

and magnetic flux density (Fig. 9b,d,f) plots for 2 (i), 8 (ii), 14 (iii) and 20 (iv) paired layers 

highlight intricately evolving electromagnetic field patterns with varying layer count. Presented in 

Fig. 9g is the mean magnetization z-component change (solid line) and standard error of the mean 

(error bars) for rings, cakes, and stacks with 1 to 7 pairs of CFO/BTO layers (starting with CFO at 

the center for rings and cakes, or bottom for stacks) for an electric field varying between 0 mV/mm 

and 50 mV/mm. The peaks for each geometric family are as follows: 2 layers (133.33 nm layer 

thickness, 266.67 nm total thickness; 14.90 ± 4.64 mA/m) for nanorings, 4 layers (80 nm layer 

thickness, 56.67 nm total vertical height; 29.4 ± 3.55 mA/m) for nanocakes, and 4 layers (100 nm 

layer thickness; 4.11 ± 1.07 mA/m) for nanostacks. We hypothesize that structural impedance 

between layers results in relatively lower modulation with increasing layer count although 

increased interfacial surface area appears to counteract this effect towards the highest layer counts 

analyzed. In addition to layer count, geometric trends are further expounded in Fig. 9h(i)-(iii) and 

indicate dependence on (i) total versus layer thickness for rings, (ii) total height vs. layer thickness 

for cakes, and (iii) layer height vs. number of layers for stacks. For rings (Fig. 9h(i)), the data 

suggest that total thickness exerts greater influence than layer thickness on modulation, 

concomitant with our previous modeling where total particle radius was fixed and shell thickness 

(interfacial surface area) was decreased (increased). For cakes (Fig. 9h(ii)), this effect appears to 
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be dampened with ΔM recovering towards higher values with increasing layer count and higher 

ΔM overall likely due to vertical stacking allowing for greater freedom of movement. For stacks 

(Fig. 9h(iii)), we similarly find a tradeoff between layer continuity and layer count affecting ΔM 

with greater instability possibly due to the lack of radial symmetry that is present in rings and 

cakes. This analysis suggests that relatively minute changes in dimensions and configuration can 

significantly perturb sensitivity for designs tested, serving as a benchmark for testing additional 

design families. 
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Figure 9: Finite element analysis of complex hypothetical multilayered BTO-CFO 

geometries. 

Displayed in the top gallery are three-dimensional profiles of electromagnetic simulations 

involving nanoring (a,b), nanocake (c,d), and nanostack (e,f) geometries also arranged by field 

type (electric field (a,c,e) and magnetic flux density (b,d,f)) and subdivided by layer count (2 (i), 

8 (ii), 14 (iii) and 20 (iv) layers). Presented in (g) is the mean magnetization z-component change 

(solid line) and standard error of the mean (error bars) for rings, cakes, and stacks with 2 to 14 

paired CFO/BTO layers (starting with CFO at the center (rings and cakes) or bottom (stacks)) for 

an electric field change from 0 mV/mm to 50 mV/mm. Geometric trends are further expounded in 

sub-panels (i)-(iii) and indicate dependence on (i) total vs. layer thickness for rings, (ii) total 

vertical height vs. layer thickness for cakes, and (iii) layer height vs. number of layers for stacks. 
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Discussion and Conclusion 

In this study we introduce unprecedented sensitivity measurements for nanofabricated 

magnetoelectric structures at nano-scale spatial resolution by MFM. The measurements were 

acquired in conjunction with the application of electric fields that are significantly smaller than 

those examined previously, towards applications in environmental and biological sensing. Our 

scans were performed with frequencies <1 Hz per line circumventing any high frequency noise 

that could result in artifacts unrelated to the magnetoelectric effect. Nonetheless, possible 

applications of novel magnetoelectric composites may involve more rapid events and would 

therefore benefit from faster single-point scans on tailored MFM/SPM and other modalities 

reaching tens of kHz[170]. This range of temporal resolution combined with the nanoscale spatial 

resolution presented here will open the gates for more advanced characterizations for fast wireless 

data manipulation[171, 172] or sensing, stimulation and electric field characterization in biological 

media[145, 163, 173–176]. A particularly exciting application is related to sensing of physiological 

electric fields[145]. We have recently established sensitivity levels for non-toxic concentration of 

ME nanoparticles (117.5 µM) in biological settings, allowing for ME particle imaging (MEPI) of 

brain activity. Here, we find a sensitivity level of 57.70 mA/V for the largest (928 nm diameter) 

rings compared to 0.497 mA/V (14 nm / 1 nm) for chemically synthesized core/shell nanoparticles 

reported. This constitutes a 116.10-fold advantage corresponding to a concentration of 1.012 µM 

of nanorings in tissue. This represents a potential breakthrough for sensing of biogenic 

electromagnetic fields using dilute concentrations of ME nanostructures. Moreover, we note an 

electric field detectability threshold of 450.293 mV/mm using MFM, which can be further 

improved by adjusting scan parameters and averaging rapid single-point scans down to several 

mV/mm as is present within the cortex[177]. Additionally, the designs presented here can be 
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patterned as scalable multiplexed on-chip arrays with precise clustering geometry[178] and serve 

as versatile high density modules for sensing and stimulation. Another important outcome of this 

study is the observation of clear positive correlation between sensitivity and nanoring diameter 

and thickness. While there exists a spectrum of sizes, geometries, and core/shell ratios in recent 

work[65–69, 174, 179–181] , large-scale fabrication of ME nanostructures using exact dimensions 

has not been achieved until now. The exceptional consistency of our nanofabrication scheme lends 

itself to improved evaluation of electric field sensitivity that can inform more precise designs. Our 

analysis greatly improves the quantification of ME response and its dependent on electric field 

strength compared with more crude measurements reported in the literature[80–90]. Finally, we 

presented modeling results of geometries which exhibit changes in ΔM that vary substantially with 

layer count, in contrast to our simulation sweeps of bilayer rings which shows gradual changes 

with respect to varying proportions. To better characterize dependence of ΔM on nanoscale 

proportions, further evaluations of geometry should incorporate finite element modeling and 

nanofabrication of advanced classes such as polygonal and jagged rings which may yield 

improvements in sensitivity without increasing fabrication process complexity. In conclusion, our 

results herald prospects for elevating performance to the order of single mV/mm detection regime 

and can help to empower new ME nanostructure designs and compositions capable of 

revolutionizing the status quo of novel magnetoelectricity-based technologies. 

.  
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Methods 

Fabrication of CFO-BTO Nanorings 

To fabricate rings on silicon substrate, we used a protocol modified from Pan et al.[162] First, a 

76.2mm N-type P-doped <100> 1-10 Ω ∙ cm 380um single-sided polish (SSP) silicon wafer 

(UniversityWafer, Catalog number 1455) with 300 nm wet thermal oxide was spin coated at 4000 

rpm for 45 seconds with MMA(8.5)MAA EL 11% (Cat # M310011-0500L1GL, Kayaku) diluted 

to 6% in anisole (Cat # M030100-1000L1GL, Kayaku)). The wafer was baked at 150 °C for 90 

sec, then PMMA 495 A4 (Cat # M130004-0500L1GL, Kayaku) was spin coated at 4000 rpm for 

45 seconds. The wafer was again baked at 150 °C for 90 sec. The wafer was diced into 20 mm × 

20 mm pieces and patterned using electron beam lithography (Elionix ELS G-100, Elionix Inc., 

Tokyo, Japan) using the parameters in Table 1. Samples were developed at -11.5 °C in 1:3 methyl 

isobutyl ketone (Thermo Fisher Scientific Inc., Waltham, MA, USA, Cat. Number 

M2131):isopropanol (MIBK:IPA) for 75 sec and rinsed first with IPA, then with deionized (DI) 

water. 

CFO sol gel was produced by dissolving cobalt acetate tetrahydrate Co(CH3COO)2·4 H2O (Cat # 

AC293062500, Acros Organics) and iron nitrate nonahydrate (Cat # 470301-400’ Ward's Science) 

in methoxyethanol (Cat # AA31733AK, Thermo Fisher) with 10% v/v ethanolamine (Cat # 

AC149582500, Acros Organics). BTO sol gel was made with 35 mL ethylene glycol (Cat # E8270-

500ML, Aqua Solutions) and 3.2 mL diethanolamine (Cat # I000825G, TCI America) which was 

melted beforehand in a warm water bath at 96 ºC. 0.51 g Barium Acetate (Cat # 22879-100G, 

Chem-Impex International) was added to the solvents at 60 ºC. 0.9725 g (962.5 uL) of Titanium 

Diisopropoxide bis(acetylacetonate) (75% wt solution in propanol) (Cat # B3395-25G, TCI 
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America) was added dropwise and the mixture was stirred at 70 ºC until clean and transparent (for 

appx. 3 hours). This mixture was diluted 1:1 with methoxyethanol immediately before usage. 

Wafer samples were spin coated with BTO sol gel, baked on a hotplate at 150 ºC for 5 mins, then 

spin coated with CFO sol gel and again baked on a hotplate at 150 ºC for 5 min. Spin coating 

consisted of the following steps, with the objective to safely spin coat for around 40 seconds at 

6000 rpm. 5 sec ramp up, 500 rpm for 10 sec; 6 sec ramp up, 4000 rpm for 1 sec; 20 sec ramp up, 

6000 rpm for 40 sec; 15 sec ramp down. After inverting and soaking in acetone for 20 to 40 minutes, 

samples were rinsed in isopropanol, then DI water, and immediately dried with nitrogen gas. 

Table 2: Parameters for patterning magnetoelectric nanorings using electron beam 

lithography 

 

Field 

size 

(um) 

Dot 

number 

Dose 

(uC/cm^2) 

Feed 

pitch 

Scan 

pitch 

Beam 

current 

(nA) 

Dose time (us/dot) 

250 500,000 800,1600,2400 10 10 10 0.06, 0.08, 0.10, 

0.12 

 

Sample preparation and magnetic force microscopy scans 

To apply controlled electric fields to nanoring samples, silver polish (PELCO® Conductive Silver 

Paint, Ted Pella, Inc., Prod No: 16062-15, Redding, CA, United States of America) was applied 

to opposite edges of the sample, 32 AWG magnet wire (Newark, Chicago, United States of 
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America) was soldered onto the applied polish, alligator clips were connected to the magnet wire, 

and wired to a DC variable voltage supply (E3630A Triple Output DC Power Supply, Hewlett 

Packard, Palo Alto, CA, United States of America).  

We used Python 3.8 with the PySPM library to analyze our AFM scans and radially unwrapped 

images via linear polar mapping to determine homogeneity. MFM phase images were used to 

discern trends from our data. For electric-field- and size-dependent modulation, we subtracted 

scans with and without applied electric fields of 7.97 V/mm, 15.46 V/mm, 24.22 V/mm, and 32.99 

V/mm, partitioned the image into sections representing each ring size (n=4 each) and extracted 

and plotted the mean and the SEM of the mean. Dipolar quantification of magnetization was 

performed on subtracted images by taking the mean of the positive and negative regions between 

6 and 25 pixels (each pixel being 39.0625 nm) from the center of each nanoring. 

Finite element modeling of three-dimensional nanostructures 

COMSOL Multiphysics 6.0 (COMSOL Inc. Stockholm, Sweden) was used to simulate CFO-BTO 

geometries and for dipole modeling. Details of model parameters can be found in our previous 

work[145]. We used a Si substrate with its based clamped using a Fixed Constraint boundary 

condition to support the geometry, submerged it in cerebrospinal fluid, surrounded the whole 

simulation volume with an infinite element domain, applied a 4 kA/m magnetic field to the outside 

of the simulation arena, and electric field of 50 mV/mm between the top and bottom faces of the 

arena in the -z direction. For the dipole, we added remanent magnetization of 63.66 kA/m in the y 

direction to the CFO core and modeled the geometry in air as opposed to cerebrospinal fluid. Data 

were exported to Python 3.8 for further analysis. ΔM was computed as the average across the 

nanostructure interior. 
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Chapter 3: Wireless magnetoelectric particle recording of 

neural activity 

*I. Bok, T. Larson, M. Nornberg, I. Haber, T. Kearse, X. Wang, A. Hai 

Abstract 

Wireless imaging of neural electric and magnetic fields with high spatiotemporal resolution and 

sensitivity, low invasiveness, and minimal signal attenuation in the body with a large potential 

field of view is an unmet need in neuroscience, biomedical engineering, and general clinical 

practice. Magnetic particle imaging (MPI) is a novel, preclinical imaging methodology which has 

been able to detect injected iron oxide nanoparticle tracers [3, 42, 182] thereby allowing for 

structural and perfusion readouts in vivo. Magnetoelectric nanoparticles (MENPs) and 

nanostructures have concurrently been developed and possess untapped potential for detecting 

biologically relevant electric fields on the order of mV/mm. Combining the electric-to-magnetic 

field transduction of MENPs with MPI to wirelessly transduce neural electric fields to MPI-

detectable magnetization readouts forms the basis for wireless magnetoelectric particle imaging 

(MEPI) of neurobiological events and neuropathological states which fulfills all unmet criteria 

mentioned prior. In this chapter, I assess the biocompatibility of cobalt ferrite (CFO) nanoparticles 

and nanofabricated arrays of magnetoelectric CFO core, barium titanate (BTO) shell 

nanostructures and perform MEPI point recordings of neural networks reading out local field 

potentials and single unit activity both not present in sham. Our data form the basis for deploying 

more advanced, semi-automatic and fully automatic MEPI configurations for whole-brain imaging 

with high spatiotemporal resolution and sensitivity. 
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Introduction 

A novel form of wireless electrophysiology with high spatiotemporal resolution and sensitivity, 

low invasiveness, and minimal signal attenuation by biological substrates is an unmet need and 

potentially revolutionary addition to the repertoire of recording techniques used within clinical 

neuroimaging. However, recent attempts at fully functional readouts encompassing novel fMRI 

acquisition[183, 184] and processing methodologies[185], optogenetic implants[186], and 

modular brain-machine interfaces (BMIs)[5, 187–189] suffer from a tradeoff between one or more 

of spatial and temporal resolution, sensitivity, invasiveness, and accessibility. BMIs in particular 

are a product of multiple decades of innovation and iterative improvement beginning with the 

Michigan probe[190, 191] and Utah array[4, 192] and progressing through increasingly 

complicated designs, which have assisted paralyzed patients in regaining mobility, communicating, 

receiving sensory input, and producing sensory output. However, these remain dependent on 

primitive neurological interface technologies, especially different variants of invasive 

electrophysiology, thereby inheriting all associated limitations[5, 187–189]. 

Magnetic particle imaging (MPI) provides a robust foundation for wireless, non-invasive 

neuroimaging, but has remained predominantly structural since its inception[7, 37]. 

Augmentations have focused on streamlining acquisition[193], optimizing resolution[194, 195], 

and maximizing sensitivity[41]. Multiple readouts in parallel have been demonstrated[196] as a 

method for improving as well as parallel MPI/MRI[197] and MPI/CT[198]. Perfusion-based 

functional magnetic particle imaging of the brain has been demonstrated for detection of 

neuropathology in vivo[3, 42, 182] and shows promise for application to humans[43, 44, 199]. 

While most of these studies utilize passive superparamagnetic iron oxide nanoparticles (SPIONs) 
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to acquire concentration-dependent readouts of diffused particles, new active magnetic particle 

designs that offer signal modulation specific to biochemical and physiological processes can create 

a new repertoire of readouts for MPI. In particular, magnetoelectric nanoparticles (MENPs) have 

been found to be highly biocompatible in vitro[200] and in vivo[8, 200–202] and have been 

repeatedly used for stimulation of the brain to treat neuropathological symptoms in vivo[16, 201–

203]. The superior biocompatibility of barium titanate (BTO) makes it an excellent candidate for 

the piezoelectric portion of nanoparticles and structures[204–206]. Previous work has established 

sensitivity levels for non-toxic concentration of ME nanoparticles (117.5 µM) in biological 

settings, allowing for ME particle imaging (MEPI) of brain activity. The ability of MENPs used 

in parallel with MPI  or magnetoelectric particle imaging (MEPI) is theorized to allow for detection 

of neural activity[207], and additional experiments within this thesis have further demonstrated 

magnetoelectric modulation optimization of nanoscale rings but this methodology has not yet been 

demonstrated. 

In this chapter, I present a method for recording the intrinsic electric fields from neural networks 

using specialized magnetoelectric nanoparticles with intimate electrical junctions between 

nanostructures and neuron allowing for maximal transduction as previously predicted[208] and 

analyze both low frequency, network-level local field potentials and high frequency, single-unit 

action potentials from neurons in vitro. Additionally, we assess the biocompatibility of cobalt 

ferrite (CFO) nanoparticles and nanofabricated arrays of magnetoelectric CFO core, barium 

titanate (BTO) shell nanostructures and perform MEPI recordings of neural networks reading out 

local field potentials and single unit activity absent in sham recordings. Our data form the basis 

for deploying more advanced MEPI configurations for whole-brain imaging with high 

spatiotemporal resolution and sensitivity. 
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Results 

Biocompatibility Assessments 

Before introducing the nanofabricated rings to in vitro neural networks for MEA and MEPI 

recordings, we first assessed biocompatibility of our devices to neural networks (Fig. 10) both 

functionally in the shorter term by injecting CFO (Fig. 10(a-d)) and structurally on DIV 16 (Fig. 

10(e-f)). Within the recording we find synchronous neuronal firing with 31 network spikes pre-

CFO vs. 32 network spikes post-CFO (see top row of Fig.10a). These data are supported by raw 

fluorescence traces with similar activity before and after CFO injection (red line). [Ca]2+ images 

of a single neuronal aggregate are shown in Fig. 1b before network spike (Fig. 10b(i)) and at 

network spike peak (Fig. 10b(ii)) with red arrows indicating areas of low fluorescence due to 

presence of CFO nanoparticles. Displayed in Fig. 10c is a heatmap of differing CFO 

nanoparticle densities per voxel determined automatic image segmentation analysis. A 

histogram Fig. 1d of firing rates before (orange) and after (blue) injection of CFO shows that 

neuronal activity is unchanged (p = 0.0579, n.s). Fig. 1e is a cluster of neurons with red arrow 

indicating gap junction formed by a neuron which voluntarily engulfed a single CFO-BTO 

nanoring and formed a gap junction (Fig. 10f) with that ring. The data from these evaluations 

affirms the biocompatibility of our nanostructures. 
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Figure 10: Neural network biocompatibility around CFO nanoparticles and 

magnetoelectric CFO-BTO rings in vitro. 

We find synchronous neuronal firing with 31 network spikes pre-CFO vs. 32 network spikes 

post-CFO (see top row of panel a). These data are supported by raw fluorescence traces with 

similar activity before and after CFO injection. [Ca]2+ images of a single neuronal aggregate are 

shown in (b) before network spike (i, frame 5235/6062) and at network spike peak (ii, frame 

5238/6062) (frame rate 10 Hz), with red arrows indicating areas of low fluorescence due to 

presence of CFO nanoparticles. Displayed in (c) is a heatmap of differing CFO nanoparticle 

densities per voxel determined via image segmentation analysis using Python. A histogram (d) 

of firing rates before (orange) and after (blue) shows that neuronal activity is unchanged (p = 

0.0579) due to CFO nanoparticle injection. Panel (e) is a neuron that voluntarily engulfed a 

single CFO-BTO nanoring and formed (f) a gap junction with that ring (junction indicated by 

red arrow), both on DIV 16. 
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Magnetoelectric Particle Imaging (MEPI) 

To undertake MEPI scans, we applied a custom-built magnetic particle imaging scanner with 

components arranged as shown in Fig. 11. A microelectrode array electrophysiology setup and 

magnetic particle imaging scanner were combined into a single system (Fig. 11a) with integral 

MPI components placed as indicated (side view displayed in Fig. 11b). Using this configuration 

and placing magnetoelectric ring onto neural networks, we acquired multiple datasets and 

converted raw traces to Spectrograms. Short time Fourier transform frequency bins near the 3rd 

harmonic (75.75 kHz given 25.25 kHz fundamental) for a range of experimental conditions 

indicate that nanorings are amplifying intrinsic fields from neural networks allowing for 

wireless electrophysiology of neuronal activity (Fig. 12). Magnetic particle imaging scans of 

neurons grown on microelectrode arrays interfaced with magnetoelectric ring samples (Fig. 

12a) indicate increased energy compared to: (b) the same as (Fig 12a) except without rings 

(MEA with only neural networks), (c) the same as (Fig 12a) without neurons (MEA filled with 

cell culture media and only rings), and (d) absence of rings and neurons (empty MEA filled 

with cell culture media). To ascertain the detectability of single-unit activity throughout scans, 

we recorded multiple datasets and performed event classification, extracting inter-event interval 

histograms for microelectrode array (MEA) and magnetoelectric particle imaging (MEPI) data 

(Fig. 13). Data streamed from a single microelectrode thresholded using running time-averaged 

standard deviation (σ = 6.5, 𝜏 = 5 s) is plotted in Fig. 13a. The resulting spikes are presented in 

Fig. 13b and the shaded gray region from panel (a) is enlarged in Fig. 13c with the inset 

showing inter-spike interval (ISI). Data recorded by magnetoelectric particle imaging also 

thresholded using running time-averaged standard deviation (different parameters σ = 6, 𝜏 = 2 s) 

is plotted in Fig. 13d with resulting spikes presented in Fig. 13e and shaded gray region 
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enlarged in Fig. 13f, ISI again shown as an inset. These results solidly indicate modulation of 

the third harmonic within MPI via neural activity geometrically optimal nanorings. 
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Figure 11: Dual microelectrode array and magnetoelectric particle electrophysiology and 

imaging scanner schematic. 

MEPI scans were acquired using a custom-built system (a) consisting of drive and receive coils 

and field-free point magnets mounted on a commercial MZ60 microelectrode array headstage 

from Tucker-Davis Technologies. A side view of the arrangement (b) shows the alignment of 

the FFP below the receive coil and placement of the receive (i.e. cancellation) coil with respect 

to the drive coil for harmonic minimization. 
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Figure 12: 3rd Harmonic 

Spectrograms of 

Magnetoelectric Particle 

Imaging of Neuronal Networks. 

Spectrograms near the 3rd 

harmonic (75.75 kHz given 

25.25 kHz fundamental) for a 

range of experimental conditions 

allow for wireless 

electrophysiology of neuronal 

activity. (a) Magnetic particle 

imaging scans of neurons grown 

on microelectrode arrays 

interfaced with magnetoelectric 

ring samples, (b) the same as (a) 

except without rings, (c) the 

same as (a) without neurons, and 

(d) absence of rings and neurons 

by transduction of intrinsic 

neuronal fields 
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Figure 13: Event classification and inter-event interval for microelectrode array (MEA) 

and magnetoelectric particle imaging (MEPI) data. 

(a) Data streamed from a microelectrode thresholded using running time-averaged standard 

deviation (σ = 6.5, 𝜏 = 5 s) with resulting spikes presented in (b) and shaded gray region enlarged 

in (c) and inset showing inter-spike interval (ISI). (d) Data recorded by magnetoelectric particle 

imaging system thresholded using running time-averaged standard deviation (σ = 6, 𝜏 = 2 s) with 

resulting spikes presented in (e) and shaded gray region enlarged in (f), ISI shown as inset. 
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Methods  

Cell culture 

Primary cortical rat neurons were prepared as described previously [275] and cultured using the 

following protocol: briefly, glass coverslips were sterilized with ethanol for 15 minutes, with 

MEA sterilization performed under UV light. Culture surfaces were prepared with a 50 µL 

(coverslip) or 100 µL (magnetoelectric wafer sample) droplet of sterile filtered aqueous 0.1 

mg/mL poly-d-lysine (PDL, Gibco A38904-01) and 4 µg/mL laminin (Gibco 23017-015). Cells 

were seeded in plating media at a density of 4 × 106 cells/mL (Neurobasal Plus, Gibco 

A3582901; 10% FBS Gibco 10437010; 1x GlutaMAX, Gibco 35050-061), cultures were 

incubated for 4 hours, and media was changed to 3 mL of maintenance media (Neurobasal Plus, 

1x B27 Plus Gibco A3582801, 1x GlutaMAX). Media changes were performed every 3-4 days 

(Mondays and Fridays), at half (1.5 mL) and all (3 mL) of the volume for the first and 

subsequent weeks, respectively. Between cultures, device culture surfaces were cleaned with 

Tergazyme enzymatic detergent (Alconox, White Plains, NY) per the manufacturer’s 

instructions.  

Calcium Imaging   

Fluo-4 AM calcium sensitive dye (Invitrogen, F14201) was dissolved in 1% Pluronic F-127 

surfactant (Invitrogen, P3000MP) in dimethyl sulfoxide (DMSO) at a concentration of 1 mg/mL 

Stock solution was added to maintenance media at a final concentration of 10 µg/mL in loading 

solution. Cultures were stained with 2 mL of loading solution for 20 minutes at room 

temperature, loading solution was replaced with maintenance media, and cultures were left in 

the incubator for 20 minutes to hydrolyze the AM esters. Cultures were imaged within two 
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hours after hydrolysis was complete at a frame rate of 10 Hz. CFO nanoparticles (American 

Elements) were diluted in cell culture maintenance solution, vortexed thoroughly, and injected 

via micropipette. 

Magnetoelectric Particle Imaging (MEPI) and Microelectrode Array Electrophysiology 

MEAs were used for recordings on DIV 13 using an MZ60 headstage interface streamed at 

24,414 Hz through PZ5-64 NeuroDigitizer amplifier and RZ5P base processor (Tucker-Davis 

Technologies, Alachua, FL). MEPI scans were acquired using a custom-built system comprised 

of the following components: a Multicomp PRO MP750064 Arbitrary Waveform Generator 

(input waveform), AE Techron 7224 (drive field amplifier), drive coil (AWG 14 Magnet Wire, 

Belden Cat #8073, 28 turns), miniature neodymium field free point magnets, receive coil (3D 

printed, cancellation coil with AWG 32 Magnet Wire, Belden Cat# 8056), notch filter (KR 

Electronics 3373-23.4-SMA 23.4 kHz Notch), high-pass filter (Mini-Circuits ZFHP-0R055-S+), 

and preamplifier (Mini-Circuits ZFL-500+; unpowered). Recordings were either plotted as a 

spectrogram using the short time Fourier transform in Python 3.8 or filtered between 250 Hz 

and 3000 Hz and processed further in MATLAB (The MathWorks, Inc. Natick, MA, USA). 
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Conclusion 

Computational modeling 

To model nanoparticle response to electromagnetic fields, I used industry-standard finite element 

analysis software (COMSOL Multiphysics 6.0, COMSOL Inc. Stockholm, Sweden), enabling 

other research groups to expand upon my work [164, 209]. Moreover, by leveraging finite element 

modeling it is possible to visualize intra-nanostructural field profiles thereby facilitating 

understanding of nanoparticle response to biological phenomena and external magnetic fields. I 

was able to affirm that CFO-BTO nanoparticles have the capability to perform both structural and 

functional magnetic particle imaging in a paradigm termed magnetoelectric particle imaging 

(MEPI). I found that nearly all the magnetization from CFO-BTO nanoparticles resides in the core 

and that increasing core-shell ratio yields higher modulation, supporting production of 

nanostructures thinly encased in BTO for maximal responsivity. However, thinner layers exhibit 

more stochastic field responsivity across geometries in silico and may prove more difficult to 

fabricate. Because the magnitude of the modulation also is a function of the angle between extrinsic 

electric and magnetic fields, exposing neural parenchyma to high densities of CFO-BTO 

nanostructures will maximize the magnetometrically detectable signal. Because these structures 

are ~10 to ~1000 times smaller than neuronal somata, this is not only feasible but also probable. 

Furthermore, large volumes of nanoscale magnetoelectric sensors traversing through the cerebral 

vasculature and settling upon the brain parenchyma were found to efficiently harness neuronal 

electric fields and supply detectable changes in MPI magnetization signal. In addition to these 

analyses, the presented finite element paradigm can further be utilized to test not-yet realized 

nanoparticle core-shell composites such as Terfenol-D/BTO to expand the scope of 
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magnetoelectric device utility and direct material selection for nanostructure fabrication. This 

same finite element modeling was leveraged for hexagonal clusters of iron oxide nanoparticles 

affixed to a silicon wafer substrate and diverse distributions of magnetic fields components were 

found upon application of a 4.7 T magnetic field. Multiphysics finite element modeling of both 

iron oxide nanoparticle clusters and magnetoelectric nanostructures has therefore served well 

overall as a foundation upon which to build experiments using real nanoparticles and 

nanostructures for various forms of magnetometry. 

Nanofabrication 

For this dissertation, I fabricated both iron oxide control and dynamic magnetoelectric 

nanoparticles using multi-step nanolithography consisting of novel procedures thereby allowing 

for a large degree of customizability. I leveraged nanoscale imaging and analysis tools (scanning 

probe microscopy, scanning electron microscopy, and optical microscopy) to verify the structure 

of my devices and applied MRI and MPI to affirm their magnetic responsivity profile. Although 

electron beam nanolithography provides excellent control over nanoscale sensor size and shape, 

preliminary experiments with photolithography show promising results for more rapid larger-scale 

production of magnetoelectric sensors (Supplementary Fig. S4.1). Detachment from native 

substrates will require transfer printing [210] or other delicate liftoff practices such as a selective 

linker layer to prepare arrays of particles for injection into neuronal networks. Having identically 

spaced arrays confers another nanofabrication advantage for custom multi-step alignment and 

assembly for more complex structures such as those presented in Fig. 9. 

Biocompatibility and phagocytosis of nanorings in vitro and in vivo 
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The exceptional biocompatibility in vitro of the nanoscale CFO-BTO structures fabricated agrees 

with previous studies on CFO-BTO nanostructures [10, 12, 16, 211, 212]. I found that neurons 

were undisturbed both structurally and functionally by short- and long-term exposure to CFO-BTO 

structures, exhibiting no defects or perturbations because of the interactions with the materials. 

Injection of CFO nanoparticles caused aggregation that can be mitigated via functionalization with 

surfactants [10, 16], which can also improve biostability. Neuronal phagocytosis and transport of 

single nanorings gives credence to the high biocompatibility of our in-house fabrication method 

as explored extensively for three-dimensional microelectrode array protrusions by Hai et. al [213–

218] with neuronal engulfment of individual electrodes. Tight coupling between neurons and 

individual rings increases magnetoelectric transduction efficiency thereby enhancing MEPI signal 

and reducing scanner overhead for in vivo and clinical applications, but sensor clearance may 

require more involved extraction such as by using a large magnetic field gradient to pull 

nanostructures across the blood-brain barrier [74, 211].  

Neuroimaging  

Magnetic particle imaging is a rapidly evolving preclinical imaging platform [219] that has been 

used in the brain in vivo for perfusion imaging [182, 220] and stimulation [12, 16]. The sensitivity 

of magnetic particle imaging rivals that of archetypal tools such as fMRI and electrophysiology 

but it cannot yet compete with hypersensitive tools such as SQUID magnetometry or OPM with 

sensitivity down to femtotesla levels, although these techniques require pristine conditions (i.e. 

supercooling for SQUID and magnetic shielding for SQUID and OPM) for proper recording. It 

therefore is most sensible to persevere with magnetic particle imaging and utilize the modulation 

of odd harmonics to affirm the neuroelectrophysiological modulation of magnetoelectricity to 

strain relationship. The cumulative magnetization of large collections of magnetoelectric 
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nanoparticles residing in brain parenchyma adds linearly to MEPI signal [219] although the local 

neuronal electric field vector profile may vary resulting in sub-linear cumulative signal from each 

voxel. Continuing improvements in MPI acquisition speed and sensitivity will provide a means to 

ultra-sensitive readouts from large fields of view over long periods of time without significant 

unwanted heating or stimulation in human subjects [221]. Targeted delivery of sensors to specific 

regions of the brain will require precise magnetic field gradients which can be facilitated with high 

specificity using MPI gradient coils. 

While here I focused on magnetic particle imaging for neuroelectrophysiological sensors, I 

anticipate the advent of novel modalities and the rapid evolution of established techniques such as 

optically detected magnetic resonance and electron paramagnetic resonance imaging which will 

provide additional venues for recording using the described devices. Parallel MRI and MPI of 

magnetoelectric sensors is clearly unfeasible due to the large field gradients interference, but serial 

MRI and MPI [197] has been performed in vivo as well as parallel CT and MPI [198]. A more 

feasible bimodal imaging paradigm is traditional electrophysiology with MEPI for which we have 

performed pilot tests using microelectrode arrays and found minimal interference between the two 

when configured properly. Due to the delicate nature of biogenic electric fields and the inherent 

stimulation of the field free point from MPI, I also note that significant flux amplification is 

required for detectability of the MEPI signal even from large swaths of neuronal populations firing 

in synchrony. It may therefore be necessary to combine modulation from higher harmonics [222] 

or acquire lower resolution data with higher averages to discern signals from samples in vitro and 

in vivo. MPI is approaching clinical use with the primary barriers being the size of the scanner 

relative to its speed, sensitivity, and resolution also taking into account safety limits of specific 

absorption rate and nerve stimulation [223]. 
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Clinical significance 

Within this thesis I brought forward a new and powerful form of electrophysiology which has the 

capacity to serve as a novel platform for detecting neurogenic electric fields throughout the brain 

parenchyma using established magnetic particle imaging infrastructure. CFO-BTO nanoparticles 

can readily be injected into human subjects for clinical trials providing a streamlined pathway 

towards a new method of clinical neuroelectrophysiology. The biocompatibility assessments 

performed herein agree with the literature [8, 56, 146] and support further miniaturization and 

densification of sensors in preparation for implantation/injection into the brain with rapid clearance 

as observed in vivo [212]. The robustness and homogeneity of these sensors will allow for efficient 

detachment from substrates and suspension into injectable solution forming the basis for a safe 

and easily manufacturable and mass-producible system for detecting and managing 

neuropathology in clinical settings.  

MEPI forms the basis for achieving a whole brain readout directly related to electrophysiology, 

while blood oxygenation level-dependent functional magnetic resonance imaging (BOLD-fMRI) 

is more closely related to hemodynamics, however both forms of neuroimaging are volumetric 

platforms. [224–226]. BOLD-fMRI remains a standard tool for many researchers and clinicians 

but is not without serious controversy [21, 22, 227–231]. Molecular fMRI forms the basis for 

detecting biochemical events using injectable agents and has been utilized for measurement of 

neurotransmitters and ionic fluctuations in vivo (see Section Introduction: Rational design of 

injectable molecular neural probes). However, MEPI operates on expedited timescales due to rapid 

[232] and precise [91] transduction via the magnetoelectric effect and high sensitivity of MPI [41, 

207]. This rationale and theoretical basis for the high spatiotemporal resolution as well as 

exceptional sensitivity tunable via geometric optimization provides a robust stage for the ultimate 
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adoption of MEPI as an essential neurotechnology for understanding the brain and its various 

pathologies. The minimal risk associated with these sensors and their low overhead provide 

impetus not only for rapid, broad adoption but also for rapid evaluation and approval by the FDA. 

Conventional neuroimaging or neuromodulation techniques currently endure low spatial and/or 

temporal resolution and are often highly invasive. For example, clinically approved deep brain 

stimulation techniques involve performing a highly invasive craniotomy and implanting electrodes 

into regions of the brain associated with malfunctioning Parkinsonian circuitry. These implants 

also require the use of a battery which must be either recharged or replaced on a regular basis 

creating further complications for patients and clinicians alike. Magnetoelectric nanostructures 

have already been demonstrated for neuromodulation in vivo [203] and could similarly provide 

high resolution readouts from the human nervous system. 
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Appendix 1: Supplementary Table and Figures 

Table 3: Detailed statistical parameters of ANOVA analysis of in silico neuronal 

morphologies 

Compartment (Type) F n (total) p 

Aggregate 24.5 4 7.90429×10-16 

(MTG3)  10452  

(MTG6)  3399  

(FLL3)  8505  

(MFG3)  11291  

Soma 1.73 4 0.21473 

(MTG3)  4  

(MTG6)  4  

(FLL3)  4  

(MFG3)  4  

Axon 1.06 4 0.40931 

(MTG3)  3  

(MTG6)  4  

(FLL3)  3  

(MFG3)  4  

Dendrite 5.11 4 0.01655 

(MTG3)  4  

(MTG6)  4  
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(FLL3)  4  

(MFG3)  4  
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Figure 14: Boundary/domain conditions and mesh placement in COMSOL Multiphysics. 

(a) Grounding the bottom boundary of the domain and applying voltage to the top boundary allows 

for electric field creation (red.) Application of a magnetic field intensity boundary condition 

(green.) Infinite element domain application to the outer shell (blue.) (b) Model meshing 

arrangement used (“normal” density). 
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Figure 15: Effect of MENPs core size on internal strain. 

(a) The effect of core size on the 33 component of strain (colormap). Core radius ranged from 5 to 

12 nm corresponding to shell thickness ranging from 10 to 3 nm. In all cases, Ez = -100 mV/mm 

antiparallel to Hz = 4 kA/m. 
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Figure 16: Effect on magnetization of electric field and magnetic field intensity relative 

direction. 

(a) Magnetization norm plots for {0°, 30°, 45°, 60°, 90°, 120°, 135°, 150°} magnetic field rotation. 

(b) Magnetization average z-component plot versus application angle. (c) Magnetization decile 

plot; deciles plotted are (0-100), (10-90), (20-80), (30-70), (40-60), and the mean (50th percentile). 
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Figure 17: Nanoparticle strain and displacement at high fields comparable to extant 

literature on magnetoelectric composites. 

(a) The 33 component of strain (unitless, 10-4) and (b) displacement (nanometers, 10-2) at Ez = -10 

kV/cm antiparallel to Hz = 1 kOe (approximately 80 kA/m). 

Disp. = displacement 
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Figure 18: Nanoparticle strain and displacement at high fields comparable to extant 

literature on magnetoelectric composites. 

Figure S1. Magnetic force microscopy scan phase of VHS tape. 
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Figure 19: Atomic force microscopy scans of barium titanate rings. 

Scale bars = 1 µm (upper), 100 nm (lower). 

 



110 

 

 

Figure 20: Optical images of barium titanate (non-magnetoelectric) and barium-titanate / 

cobalt ferrite (magnetoelectric) rings.  

Scale bar = 2 µm. 
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Figure 21: Magnetic force microscopy phase of barium titanate (non-magnetoelectric) rings. 
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Figure 22: Radially unwrapped dipole from a single nanoring.  

Anisotropy line plot of radially unwrapped overlaid magnetic force microscopy and scanning 

electron microscopy images, with y-axis labels corresponding to line graph of mean (black line) 

and standard deviation (white lines) with respect to angle. 
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Appendix 2: Code Snippets 

2.1: Single Neuronal Morphology Magnetization Analysis 

https://github.com/hailab-uw/Bok2022InSilicoEP  

''' 
QuantifyMag_MPIvoxel_Pyr.py 
Description: Runs a biophysical simulation on Allen Brain Atlas morphologies to 
             compute surrounding voxel-based magnetization. 
Usage: Download and patch desired morphologies from ABA, then run the batch file 
`loopMorphoPyr.bat` 
Author(s): Ilhan Bok, Xiaofei Qu 
Last Modified: Jan. 19, 2022 
''' 
 
import numpy as np 
import sys 
import matplotlib.pyplot as plt 
import LFPy 
import neuron 
import math 
 
def rndu(x, delta): 
    return int(math.ceil(x / delta)) * delta 
     
def rndd(x, delta): 
    return int(math.floor(x / delta)) * delta 
     
def rnd(x, delta): 
    return int(round(x / delta)) * delta 
 
#compile mod files every time, because of incompatibility with Mainen96 files: 
neuron.nrn_dll_loaded.append('nrnmech.dll') 
 
cellname = sys.argv[1] 
# define cell parameters used as input to cell-class 
cellParameters = { 
   'morphology'    : cellname + '.asc', 
    'templatefile'  : ['templatePyr.hoc', 
                      ], 
    'templatename'  : 'cADpyr231_L6_TPC_L4_0cb1e9aa6b', 
    'templateargs'  : cellname, 
    'passive' : False, 
    'nsegs_method' : None, 
    'dt' : 2**-6, 
    'tstart' : 0, 
    'tstop' : 50, 
    'v_init' : -60, 

https://github.com/hailab-uw/Bok2022InSilicoEP
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    'celsius': 34, 
    'pt3d' : True, 
} 
# delete old sections from NEURON namespace 
LFPy.cell.neuron.h("forall delete_section()") 
 
# Initialize cell instance, using the LFPy.Cell class 
cell = LFPy.TemplateCell(**cellParameters) 
cell.set_rotation(x=4.729, y=-3.166, z=0) 
 
# Override passive reversal potential, AP is generated 
for sec in cell.allseclist: 
    for seg in sec: 
        seg.e_pas = 100 
 
# Interval for recording electrode placement 
delta = 20 
num_radii = 1 
cellx = cell.x.flatten() 
celly = cell.y.flatten() 
cellz = cell.z.flatten() 
 
xmid = rnd((rndd(min(cellx),delta)-2*delta + rndu(max(cellx),delta)+2*delta)/2,delta) 
xmin = rndd(min(cellx),delta)-2*delta 
xmax = rndu(max(cellx),delta)+2*delta+1 
ymin = rndd(min(celly),delta)-2*delta 
ymax = rndu(max(celly),delta)+2*delta+1 
zmin = rndd(min(cellz),delta)-2*delta 
zmax = rndu(max(cellz),delta)+2*delta+1 
 
# Generate the grid in xz-plane over which we calculate local field potentials 
X, Y, Z = np.mgrid[xmin:xmax:delta, 
                   ymin:ymax:delta, 
                   zmin:zmax:delta] 
 
# Print minimum and maximum x, y, and z for scaling by MATLAB 
f = open('CellSizes.out', 'a') 
f.write(str(cellname) + ' ' + str(xmin) + ' ' + str(xmax) + ' ' + str(ymin) + ' ' + 
str(ymax) 
    + ' ' + str(zmin) + ' ' + str(zmax) + '\n') 
f.close() 
 
# define parameters for extracellular recording electrode, using optional method 
electrodeParameters = { 
    'sigma' : 0.3,          # extracellular conductivity 
    'x' : X.flatten(),      # x,y,z-coordinates of contacts 
    'y' : Y.flatten(), 
    'z' : Z.flatten(), 
    'method' : 'root_as_point',  #sphere source soma segment 
    'N' : np.array([[0, 1, 0]]*X.size), #surface normals 
    'r' : 2.5,              # contact site radius 
    'n' : 20,               # datapoints for averaging 
} 
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# create extracellular electrode object for LFPs on grid 
electrode = LFPy.RecExtElectrode(cell=cell, **electrodeParameters) 
 
# perform NEURON simulation 
# Simulated results saved as attribute `data` in the RecExtElectrode instance 
cell.simulate(probes=[electrode]) 
 
from example_suppl_2D import plot_cell, plot_mag_dist, plot_mag_dist_branch, 
plot_mag_voxel, find_tshow_global 
t_show_global = find_tshow_global(cell) # note that this is for times less than 20 ms 
(to filter out saturation) 
 
# Create magnetization voxel plots 
vector_str = 'XYZ' '''Include static field directions in {X,Y,Z} to compute the 
results for''' 
for currdir in vector_str: 
    print('Computing for ' + currdir) 
    dirvec = (1,0,0) 
    # Map direction to vector 
    if currdir == "Y": 
        dirvec = (0,1,0) 
    elif currdir == "Z": 
        dirvec = (0,0,1) 
    fig = plot_mag_voxel(cell, electrode, X, Y, Z, t_show_global, dirvec, xmin, xmax, 
zmin, zmax) 
    fig.savefig('PYR_LFPy(' + cellname + ')' + currdir + '.svg', dpi=350) 
    mag_dict = plot_mag_dist(cell, electrode, X, Y, Z, t_show_global,dirvec, 
                    list(range(xmin,xmax,delta)), 
                    list(range(ymin,ymax,delta)), 
                    list(range(zmin,zmax,delta))) 
    f = open( 'PYR_VAR_QuantifyMagDist(' + cellname + ')' + currdir + '.out', 'w') 
    f.write(repr(mag_dict)) 
    f.close() 
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2.2: Iron oxide nanocluster R2 extraction code 

https://github.com/hailab-uw/2D_SPIO_R2  

import numpy as np 
import matplotlib.pyplot as plt 
import matplotlib.image 
 
import imageio 
 
import matplotlib as mpl 
import matplotlib.pyplot as plt 
from scipy.stats import f_oneway, ttest_ind, norm 
from scipy.ndimage import gaussian_filter 
from scipy.interpolate import lagrange 
 
from PIL import Image 
 
import statistics 
import numpy as np 
 
import math 
 
# Returns the value corresponding to x for a Normal 
# distribution with mean mu and standard deviation sig 
def gaussian(x, mu, sig): 
    return 1./(np.sqrt(2.*np.pi)*sig)*np.exp(-np.power((x - mu)/sig, 2.)/2) 
 
sq = np.array(Image.open("./cluster_tiff.tif")) 
plt.imshow(sq, cmap='gray') 
plt.show() 
 
matplotlib.image.imsave('inverse_squared.png', sq, cmap='gray') 
 
# Sample of background noise from the same MRI scan 
# the array may be any size but larger samples of noise  
# yield better results 
background_sample = np.load('Background_Sample.npy') 
 
print('Attempting R2 Quantification...') 
counts, bins, _ = plt.hist(background_sample, bins=100, density=1) 
 
# Display the result of Gaussian/Normal fitting the background noise 
muo, sigma = norm.fit(background_sample) 
best_fit_line = norm.pdf(bins,muo,sigma) 
plt.plot(bins, best_fit_line) 
plt.show() 
 
# Fade colors between different mu values to ensure 
# distinguishabilty 
def colorFader(c1,c2,mix=0): #fade (linear interpolate) from color c1 (at mix=0) to 
c2 (mix=1) 

https://github.com/hailab-uw/2D_SPIO_R2


117 

 

 

    c1=np.array(mpl.colors.to_rgb(c1)) 
    c2=np.array(mpl.colors.to_rgb(c2)) 
    return mpl.colors.to_hex((1-mix)*c1 + mix*c2) 
 
c1='red' 
c2='blue' 
 
S1_arr = [] 
S2_arr = [] 
S3_arr = [] 
S4_arr = [] 
S5_arr = [] 
 
sweep_range = 5 
 
for mu in range(int(muo)-sweep_range,int(muo)+sweep_range): 
    v10x_S1_diff = [] 
    v10x_S2_diff = [] 
    v10x_S3_diff = [] 
    v10x_S4_diff = [] 
     
    v10x_S1_Maxes = sq 
    maxgauss = gaussian(mu,mu,sigma) 
    v10x_S1_Maxes[v10x_S1_Maxes > mu] = mu 
 
    res_S1 = (maxgauss-gaussian(v10x_S1_Maxes,mu,sigma))/maxgauss 
 
    for i in range(len(v10x_S1_Maxes)): 
        v10x_S1_diff.append(v10x_S1_Maxes[i]*res_S1[i]) 
 
    abcd = np.array(gaussian_filter(v10x_S1_diff,1))# was 2 
    asdf = 1/np.log(abcd) 
     
    # Diffusion coefficient in m^2/s 
    D = 2.5e-9*3 
     
    # Use these indices to select the regions of the image 
    # for sampling of each condition 
    C3 = [asdf[18:20,10:12]] 
    C2 = [asdf[18:20,7:9]] 
    C1 = [asdf[18:20,5:7]] 
    C3 = np.array(C3).flatten() 
    C2 = np.array(C2).flatten() 
    C1 = np.array(C1).flatten() 
 
    # Diffusion time constant in milliseconds 
    TD = np.multiply([((25e-9)**2/D),((50e-9)**2/D),((100e-9)**2/D)],1000) 
    R2 = np.log([(np.mean(C1)),(np.mean(C2)),(np.mean(C3))]) 
 
    plt.plot(TD,R2,color=colorFader(c1,c2,(mu-(int(muo)-500))/1000)) 
 
    S1_arr.append(np.mean(C1)) 
    S2_arr.append(np.mean(C2)) 
    S3_arr.append(np.mean(C3)) 
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print('TD:') 
print(TD) 
print('R2:') 
print(R2) 
plt.xscale('log') 
plt.show() 
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Appendix 3: Direct Observation of Nuclear Magnetic 

Resonance Transverse Relaxation in Nanopatterned Clusters 

of Iron Oxide Particles 

Ilhan Bok, Beth Rauch, Alireza Ashtiani, Aviad Hai 

Magn Reson Med. 2024 Feb;91(2):687-698. doi: 10.1002/mrm.29898. Epub 2023 Oct 23. 

Abstract 

PURPOSE: We aim to verify predictions showing T2 relaxation rate of nanoparticle clusters and 

its dependence on spacing, size, geometry, and pulse sequence. 

METHODS: We performed a laboratory validation study using nanopatterned arrays of iron oxide 

nanoparticles to precisely control cluster geometry and image diverse samples using a 4.7T MRI 

scanner with a T2-weighted Fast Spin-Echo Multi Slice sequence. We applied denoising and 

normalization to regions of interest and estimated relative R2 for each relevant nanoparticle array 

or nanocluster array. We determined significance using an unpaired two-tailed t-test or one-way 

ANOVA and performed curve fitting. 

RESULTS: We measure a density-dependent T2 effect (p = 8.9976 × 10-20, one-way ANOVA) 

and insignificant effect of cluster anisotropy (p = 0.5924, unpaired t-test) on T2 relaxation. We 

find negative quadratic relationships (-0.0045(log τD)2 - 0.0655(log τD) - 2.7800)  for single 

nanoparticles of varying sizes and for clusters (-0.0045(log τD)2 - 0.0827(log τD) - 2.3249) for 

diffusional correlation time τD=rp
2/D. Clusters show positive quadratic relationships for large 
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(3.8615 × 10-6 (dpp/rp)
2 - 9.3853 × 10-5 (dpp/rp) - 2.0393) and exponential relationships for small (-

2.0050(dpp/rp)
0.0010) clusters. Calculated R2 peak values also align well with in silico predictions 

(7.85 × 10-4 msec compared to 1.47 × 10-4 msec, 4.23 × 10-4 msec, and 5.02 × 10-4 msec for single 

iron oxide nanoparticles, 7.88 × 10-4 msec compared to 5.24 × 10-4 msec for nanoparticle clusters). 

CONCLUSION: Our verification affirms longstanding in silico predictions and demonstrates 

aggregation-dependent behavior in agreement with previous Monte Carlo simulation studies. 

Introduction 

T2 relaxation in magnetic resonance imaging (MRI) and readouts from other recently evolving 

imaging modalities such as magnetic particle imaging (MPI)[7, 44] and optically detected 

magnetic resonance (ODMR)[233, 234], are all modulated by multiplexed, concentration-

dependent features of magnetic tracers, sensors, and substrates[44, 234, 235]. In clinical setting, 

superparamagnetic iron oxide nanoparticles (SPIONs) can specifically serve as the agent of choice 

for tissue contrast enhancement[236–238] and perfusion-dependent structural readouts[237–239]. 

SPIONs usually act as purely passive isotropic injectable agents, demonstrating an inherent ability 

to accumulate in different tissue types. Examples include hepatic lumen cells[240–242], splenic 

red pulp cells[240, 243], gliosarcoma[244], and many more[235]. These provide powerful 

diagnostic tools for detecting structural and tissue manifestations of pathologies such as 

cirrhosis[240], liver cancer[240, 241], spleen cancer[245], and brain disorders[246]. In addition to 

static image contrast enhancement, newly emerging responsive SPION-based sensors rely on 

specialized chemical coating to enable dynamic functional readouts of biophysical and 

biochemical components[247–249]. Examples include SPIONs conjugated with calmodulin and 

its target peptides[250, 251] or C2 domains of synaptotagmin[121] as calcium responsive MRI 
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contrast agents; engineered monoaminergic binding peptide domains for sensing 

neurotransmitters[252], and more[253–256]. Moreover, other types of injectable nanoparticles, 

nanostructures and molecular probes offer aggregation-based sensing and modulation of electric 

fields[257, 16, 56, 207, 258] and biochemical processes[27, 29, 259] with particular uses in 

neuroscience and neurology. The spatial distribution and related aggregation attributes of magnetic 

particles are important to both static and dynamic contrast enhancement, as the final scaling factor, 

arrangement, and distribution of tracers can impact image quality, contrast, signal-to-noise ratio, 

and sensitivity to analytes. This highlights the importance of precise prediction of SPION 

aggregation and corresponding MRI signal changes accompanying their nanoscale spatial 

organization. 

Theoretical predictions of changes in relaxation rate (R2) due to SPION aggregation reveal a 

dependence on particle size, geometry, and anisotropy[260–264]. Random walk simulations of 

water molecules diffusing in proximity to SPIONs suggest these nonlinearities also depend on scan 

parameters[263, 264]. Specifically, spin phase dispersion surrounding small nanoparticles are 

governed  by classic outer sphere theory[260] in what is termed simple motional averaging regime 

(MAR). This effect plateaus and decreases for larger nanoparticles using spin echo pulse sequences 

with large enough echo time (TE) in what is termed the slow motion regime (SMR)[265]. For 

single nanoparticles of radius rp in medium with self-diffusion constant (D), the transition between 

these two regimes is represented by the diffusional correlation time (τD = rp
2/D) and is predicted to 

occur at a point inversely proportional to the angular frequency shift at the particle surface 

(Δωr)[266]. More recent models attempt to describe this relationship for clustered SPIONs in the 

context of aggregation-based MRI sensing[264] reporting peak R2 transition value between MAR 

and SMR of 85.59 s-1 at τD = 5.02 × 10-4 msec for single particles/dots and 87.31 s-1 at τD = 5.24 × 
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10-4 msec for three-dimensional isotropic clusters.  Chemical exchange models of diffusion[261] 

demonstrated comparable peak R2 value of 0.45 s-1 for echo spacing τCP = 0.5 msec and Δωr = 472 

rad/s, at τD = 0.15 msec (τD/τCP = 1.97) with a volume fraction (v) of 0.005: normalizing by v yields 

τD
 = 1.47 × 10-4. The chemical exchange model posits that water molecules either diffuse past iron 

oxide nanoparticles (“outer sphere”) or contact and bind them (“inner sphere”) and that flux 

between these two states influences diffusion-related T2 relaxation behavior. A number of 

measurements have supported these studies indirectly[267–271] but a piecewise ground-truth 

experimental validation of this effect has not yet been performed.  

Here we use precise nano-scale lithography of SPION clusters to provide direct experimental 

observation of the concept of significant alterations in R2 due to aggregation. By extracting R2 

values from MRI measurements of nanofabricated arrays of SPION clusters, we demonstrate peak 

diffusion time correlating with model predictions, with peak τD measured at 7.85 × 10-4 msec for 

single particles. Peak τD for isotropic two-dimensional clusters was 7.88 × 10-4 msec and similarly 

correlated. Our results present a first validation and agreement with long standing theoretical 

predictions of the behavior of iron oxide nanoparticles and provide a novel protocol with broad 

implications on the analyses and development of MRI contrast agents and aggregation-based 

sensors and modulators. 

Methods 

Finite Element Analyses of Magnetic Fields 

Magnetic field profiles of SPION clusters were simulated using COMSOL Multiphysics 6.0 

(COMSOL Inc., Stockholm, Sweden). The Magnetic Fields (mf) module was used to emulate 

nanoparticle arrays under a 4.7T B0 bias field applied along the y direction within a hexagonal 
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simulation arena with periodic boundary condition. The Ampere’s Law boundary condition with a 

B-H curve magnetization model was applied on low carbon steel magnetite particles (COMSOL 

Materials Library) surrounded by cerebrospinal fluid (relative electrical permittivity εr = 81.2, 

electrical conductivity σ = 4.8 S/m). A Job Configurations node was used to perform a parametric 

sweep of interparticle distance (dpp) to particle radius (rp) ratio (dpp/rp) ranging from three to 40 in 

0.1 increments. The resultant magnetic field values were processed using Python 3.7 as follows: 

values were weighted by mesh element size within a region of radius ½*dpp at the center, left, or 

right region of the nanoparticle cluster, and an origin-centered circle with radius 2*dpp was used 

to define the field of view of the cluster. Statistical traces were further processed and visualized 

using MATLAB R2022a (MathWorks, Inc. Natick, MA, USA). A moving average centered 

between the current and previous elements with a sliding window of 4 frames was used to smooth 

the mean and standard deviation for all field traces against dpp/rp. Averages were truncated at 

endpoints where there were not enough elements to fill the moving mean window. 

Nanostructure Fabrication 

We used electron beam nanolithography to create nanopatterned iron oxide arrays (Fig. 23a). A 

silicon N-type phosphorus doped <100> 1-10 Ω⋅cm 380 μm single-side polished wafer 

(UniversityWafer, Boston, MA, USA, Cat. Number 695) was spin-coated with poly methyl-

methacrylate (PMMA) 495 A4 photoresist (Kayaku Advanced Materials Inc., Westborough, MA, 

USA) at 4000 rpm for 45 sec. After verifying a film thickness of 185 nm (F20 Reflectometer, 

Filmetrics, Inc., San Diego, CA, USA), the wafer sample was baked on a hotplate at 180 °C for 90 

sec. The baked wafer was diced into 10 mm × 10 mm chips and patterned using an Elionix ELS 

G-100 electron beam lithography system (Elionix Inc., Tokyo, Japan) using the parameters shown 

in Table 4. Samples were developed at room temperature in 1:3 methyl isobutyl ketone (Thermo 
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Fisher Scientific Inc., Waltham, MA, USA, Cat. Number M2131):isopropanol (MIBK:IPA) for 60 

sec and rinsed first with IPA, then with deionized (DI) water. After inspecting the consistency of 

developed samples (Supplementary Fig. S2.1) using a Zeiss LEO 1530-1 field emission scanning 

electron microscope (Carl Zeiss AG, Oberkochen, Germany) a custom-built electron beam metal 

evaporator was used to deposit a 30 nm layer of iron oxide at 0.2 Å/sec at room temperature 

(~20 °C) and relative humidity of 23% or less. Samples were lifted off in room temperature acetone 

with gentle agitation to prevent re-adhesion of iron. Completed samples were rinsed first with IPA, 

then with DI water. Structures were visually inspected for cleanliness and consistency after each 

processing step using an Olympus BX51WI Upright Fluorescent Microscope (Olympus 

Corporation, Tokyo, Japan). 
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Figure 23: Iron oxide nanoparticle cluster fabrication and MR scan schematic. 

(a, from top to bottom) A layer of poly methyl-methacrylate is spin-coated onto a silicon substrate 

and patterned using electron beam lithography. The layer is then developed using a 1:3 mixture of 

methyl isobutyl ketone : isopropanol, coated with an ultra-thin layer of iron oxide using electron 

beam metal evaporation, then lifted off using room-temperature acetone with gentle agitation. (b) 

A scanning procedure schematic showing the iron oxide chip attached to the inside of a conical 

tube, placed into a birdcage coil (scale bar = 10 mm), and scanned using multi-slice fast spin echo 

(upper right) with variable echo time. Values from 15 msec to 300 msec in 15 msec increments 

were recorded. An image using an echo time of 85 msec was chosen for further analysis (see Fig. 

4). The full configuration is shown on the bottom right, with the perspective seen in the full panel 

shown as a red prism (scale bar = 10 mm). 
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Fast Spin-Echo Multi Slice MRI T2 Scans 

Nanofabricated samples were epoxied (R.S. Hughes Co., Inc., Sunnyvale, CA, USA, Cat. Number 

078143-14210) with the patterned side facing up on a cylindrical high density polyethylene surface 

(radius 10 mm, height 10 mm), which was itself epoxied into a 50 mL centrifuge tube cap, and the 

entire phantom tube was filled with reagent-grade DI water. Images were acquired using fast spin-

echo multi-slice T2-weighted scans (Table 5) on an Agilent 4.7T horizontal bore MRI/MRS system 

housing a 72 mm inner diameter Agilent/Varian #S190888200 108/38 1H 200 MHz Quad 

Birdcage volume coil (Varian Medical Systems, Inc., Palo Alto, CA, USA) (see Fig. 23b). For 

density-dependent and anisotropy-dependent samples (see Fig. 24), we used TE = 68 msec, TR = 

4000 msec, and a voxel size of 78.1 μm × 79.4 μm with a slice thickness of 700 μm and N = 10 

averages. For arrays of varying nanoparticle size and nanoparticle clusters, scans used TE = 85 

msec, TR = 5000 msec, and a voxel size of 70.3 μm × 71.4 μm with a slice thickness of 400 μm 

and N = 12 averages. 
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Figure 24: Magnetic resonance (MR) and scanning electron microscopy (SEM) images of 

nanopatterned iron oxide arrays reveal density dependence and a non-significant effect of 

anisotropy on R2. 

(a) T2-weighted fast spin-echo multi slice MR images reveal a density-dependent response to 100 

× 100 µm2 nanopatterned iron oxide arrays (diameter = 200 nm, scale bar = 200 µm × 200 µm). 

Blue, violet, and orange boxes denote regions corresponding to panels c-j, l, and m, respectively. 

(b) Viewing the nanopatterned iron oxide arrays under SEM (main panel, dpp/rp = 4, scale bar = 10 

µm) and optical microscopy (upper insets, left column scale bar = 50 µm, other columns scale bar 

= 100 µm) shows density-dependent darkening as well as differing anisotropy for chains (bottom 

left inset, scale bar = 200 nm) and clusters (upper left inset, scale bar = 200 nm). A single-

nanoparticle SEM shows consistency and uniformity when approaching single-atom resolution 

(right inset, scale bar = 30 nm). SEM scans of interparticle spacing to radius (dpp/rp) ratios of (c) 

4, (d) 6, (e) 8, (f) 10, (g) 60, (h) 40, (i) 30, and (j) 20 in the same order as panels a and b are shown 

below (scale bar = 1 µm). (k) Box plot of relative MR signal intensity versus dpp/rp. Black dots 

denote the median, notches denote bounds of statistical significance, and whiskers denote outlier 

thresholds (from Q1 – W × (Q3 – Q1) to Q3 + W × (Q3 – Q1) where W = 1.5). The orange line and 

data points represent a linear curve fit to the medians of each dpp/rp (m = 1.5850 × 104 (MR 

signal)/(dpp/rp)
-1, b = 2.7895 × 104 (MR signal); p = 8.9976 × 10-20, **** = p < 0.0001, one-way 

ANOVA, R2 = 0.9442). SEM images of (l) nanoparticle clusters and (m) randomly oriented 

nanochains (scale bar = 2 µm). (n) Pixel intensity analysis of both regions reveal no significant 

effect of anisotropy on R2 (p = 0.5924, unpaired t-test). 
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Quantifications of Density-Dependent MR Intensity Trends 

16-bit Digital Imaging and Communications in Medicine (DICOM) MR images were thresholded 

below a value of 1.47 × 104. For density-dependent DICOM images, ImageJ (National Institutes 

of Health. Bethesda, Maryland, USA) was used for background correction assuming a light 

background and a rolling ball radius of 50 px. A 4 px × 4 px selection window was applied to each 

density. Raw optical images were thresholded at 6.02 × 104 and a polygonal selection was 

manually applied to each region of interest (ROI). For both image analyses, a least-squares linear 

fit of iron oxide nanoparticle concentration to median pixel value was used to determine R2. 

Quantifications of Relative R2 Trends 

To determine R2 for each ROI, Python 3.7 was used to curve fit a Gaussian probability density 

function to a reference histogram of background pixel intensities according to: 

 𝒘 = 𝑛𝑜𝑟𝑚𝑎𝑙𝑝𝑑𝑓(min(𝜇𝐵, 𝑺) , 𝜎𝐵) [2] 

Where S is the raw MR signal matrix, µB is the mean background brightness, σB is the standard 

deviation of background brightness, and normalpdf is probability density function of the Gaussian 

distribution. We then shifted this mean by a constant value for each ROI to compensate for 

background field inhomogeneities before calculating R2 values. The resultant pixel weight vectors 

(w) were used to find T2 values for each voxel (ST2) using: 

 𝑺𝑻𝟐 = (1 − 𝒘𝜎𝐵√2𝜋) ∗ 𝑺 [3] 

The output was processed by a Gaussian filter to remove noise (see Table 6 for σ parameter and 

resultant signal-to-noise values for each ROI type) and estimated relative R2 with: 
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 𝜇𝑅2 =  𝑚𝑒𝑎𝑛(𝑙𝑜𝑔(𝑺𝑻𝟐)
−1) [4] 

with µR2 is the mean relative R2 over each ROI normalized to plots of simulated relaxivity changes 

with minor variations between the corresponding plots. 

The output was processed by a Gaussian filter to remove noise (see Table 6 for σ parameter and 

resultant signal-to-noise values for each ROI type) and estimated relative R2 with: 

 𝜇𝑅2 =  𝑚𝑒𝑎𝑛(𝑙𝑜𝑔(𝑺𝑻𝟐)
−1) [5] 

with µR2 is the mean relative R2 over each ROI normalized to plots of simulated relaxivity changes 

with minor variations between the corresponding plots.  

We translate diffusion coefficient from two to three dimensions by applying the Taylor-Kubo 

formula: 

 
< |𝒓(𝑡) − 𝒓(𝑡0)|

2 > = < |Δ𝒓(𝑡)|2 > = 𝑣0
2 ∫ 𝑑𝑡′

𝑡

𝑡0

∫ 𝑑𝑡′′
𝑡

𝑡0

< 𝒆̂(𝑡′) ∙ 𝒆̂(𝑡′′) > 
[4] 

Where r(t) is the spatial dynamics of the self-propelled particle (SPP; i.e. water), e is the moving 

direction (or director), v0 is the constant speed of the SPP, and t is time and follow this derivation 

by defining the director correlation function C as: 

𝐶(Δ𝑡) = < 𝒆̂(𝑡′) ∙ 𝒆̂(𝑡′ + Δ𝑡) > [5] 

While defining the correlating time τc as 
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𝜏𝑐 = ∫ 𝑑Δ𝑡𝐶(Δ𝑡)

∞

0

 

[6] 

We assume < 𝒆(𝑡 → ∞) > = 0 and rewrite the Taylor-Kubo relation as 

< |Δ𝒓(𝑡)|2 > ~2𝜏𝑐𝑣0
2𝑡 = 2𝑑𝐷𝑡 [7] 

Where d is the number of dimensions, and find the spatial diffusion coefficient D to be equal to 

𝐷 =
𝜏𝑐𝑣0

2

𝑑
 

[8] 

To project our distilled two-dimensional system into three dimensions, we therefore applied: 

 𝐷2𝐷 = 3 ∗ 𝐷3𝐷 [9] 

where D2D is the diffusion coefficient in two dimensions and D3D is the diffusion coefficient in 

three dimensions[272]. 

Results 

T2 measurements of iron oxide nanoparticle arrays reveal density-dependent and 

anisotropy-independent behavior 

T2-weighted fast spin-echo multi-slice MR images of 200 nm nanopatterned iron oxide particles 

affirm a density-dependent (particles per unit area) response in 100 × 100 µm2 arrays and non-

significant effect of structure anisotropy (Fig. 24a). Scanning electron micrographs (SEMs) (Fig. 

24b, main panel and lower insets) and optical microscopy (Fig. 24b, upper insets) of nanopatterned 

particles verify consistent linear density-dependent signal decrease (Supplementary Fig. S2.2) and 

variable anisotropy for nanoparticle chains and clusters (Fig. 24b, upper left – optical, bottom left 
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– SEM). A single-nanoparticle SEM shows structural uniformity when at near single-atom 

resolution (Fig. 24b, lower right inset). SEMs of interparticle spacing to radius (dpp/rp) ratios of 4, 

6, 8, 10, 60, 40, 30, and 20 are shown in Fig. 24c-j, respectively and in the same order as Fig. 24a 

and Fig. 24b. Comparing MRI voxel intensity versus (dpp/rp)
-1

 reveals a density-dependent 

response (Fig. 24k). Shown in Fig. 24k are black dots denoting the median, notches denoting 

bounds of statistical significance, and whiskers denoting outlier thresholds from Q1 – 1.5 × (Q3 – 

Q1) to Q3 + 1.5 × (Q3 – Q1), where Q1 is the first quartile or 25th percentile, Q3 is the third quartile 

or 75th percentile, (Q3 – Q1) is the interquartile range, and 1.5 × (Q3 – Q1) is the outlier cutoff 

threshold. The orange curve in Fig. 24k and corresponding data points represent a linear curve fit 

to the medians of each (dpp/rp)
-1 (m = 1.5850 × 104 (MR signal)/(dpp/rp)

-1, b = 2.7895 × 104 (MR 

signal); p = 8.9976 × 10-20, **** = p < 0.0001, one-way ANOVA). Minor variations in brightness 

exist at lower densities (dpp/rp ranging between 30 and 60), independent of background gradient 

correction. SEM images of compact nanoparticle clusters and randomly oriented and positioned 

nanoparticle chains (Fig. 24l and 2m, respectively) confirm the consistency of our cluster 

fabrication method. MRI signal brightness of both regions reveal no significant effect of anisotropy 

on T2 decay (Fig. 24n; p = 0.5924, unpaired t-test). Based on these verifications of uniformly 

dense arrays of single nanoparticles, we turned to finite element analysis to predict the effect of 

non-uniform aggregation on magnetic fields. 

Finite element analysis of hexagonal nanoparticle clusters affirms proximity-dependent field 

enhancement 

We used finite element analysis to quantify B0-induced magnetization in single nanoparticles (Fig. 

25a), and clusters of nanoparticles with dpp/rp = 40 (Fig. 25b), dpp/rp = 20 (Fig. 25c), dpp/rp = 10 

(Fig. 25d), and dpp/rp = 5 (Fig. 25e). SEM reference images (Fig. 25a(i)-3e(i)) show proof of 
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principle structures for simulations of magnetic vector potential (Fig. 25a(ii)-3e(ii)), magnetic flux 

density (Fig. 25a(iii)-3e(iii)), and magnetic field intensity (Fig. 25a(iv)-3e(iv)) of varying cluster 

values of dpp/rp. Corresponding running-average mean and standard deviation of fields across a 

single nanoparticle (Fig. 25f-h, black curves), from the center, left, and right regions of a single 

nanoparticle (Fig. 25f-h, purple, blue, green curves, respectively), and across the entire cluster (Fig. 

25f-h, yellow) are shown for magnetic vector potential z-component (Az, Fig. 25f), magnetic flux 

density y-component (By, Fig. 25g), and magnetic field intensity y-component (Hy, Fig. 25h). The 

inverse coefficient of variation (ICV), defined as the mean field amplitude divided by the standard 

deviation (µ/σ) surrounding nanoparticles in the simulation arena (Fig. 25j-l) shows greater 

variability for clustered nanoparticles compared with single nanoparticles under the same 

simulation conditions, demonstrating a clear aggregation-related effect. Specifically, the residual 

sum of squares (RSS) for single nanoparticles for Az, By, and Hy are 0.0561, 0.0063, and 51.0562, 

while for the center nanoparticle in a cluster they are 0.3968 (7.0733×RSSsingle), 5.4398 (862.6164), 

and 168.2382 (3.2952), and for the whole cluster the values are 0.3537 (6.3044), 0.6542 

(103.7460), and 122.3860 (2.3971) (Fig. 25m). The larger RSS for clusters affirms that iron oxide 

nanoparticle clusters exhibit highly variable fields compared with single nanoparticles. While ICV 

increases relatively linearly for single nanoparticles, changes are more stochastic or highly 

nonlinear for the entire cluster and single nanoparticles at the cluster center. Subtracting the line 

of best fit yields standard deviations for Az, By, and Hy of 0.0123, 0.0041, and 0.3715 for single 

nanoparticles, 0.0327 (2.6596×σsingle), 0.1213 (29.3703), and 0.6743 (1.8153) for center 

nanoparticles, and 0.0309 (2.5109), 0.0421 (10.1856), and 0.5751 (1.5483) for the whole cluster 

(Fig. 25n). Of note are ICVs for magnetic flux density (Fig. 25k) which fluctuate from -0.0099 at 

dpp/rp = 20.9 to 0.0345 at dpp/rp = 3.0 for isolated single iron oxide nanoparticles compared to 



134 

 

 

fluctuations from -0.0077 at dpp/rp = 3.6 to 0.7086 at dpp/rp = 7.3 for center iron oxide 

nanoparticles. These simulations therefore predict that aggregation of nanoparticles produces 

fields that show asymptotic behavior with increasing dpp/rp and are spatially diverse compared to 

those of single nanoparticles. 
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Figure 25: Finite element analysis demonstrate highly diverse magnetic fields in proximity 

to nanoparticle clusters compared with single nanoparticles. 

Data for (a) nanoparticles, nanoparticle clusters with (b) dpp/rp = 40, (c) dpp/rp = 20, (d) dpp/rp = 10, 

and (e) dpp/rp = 5 (nanoparticle diameter = 200 nm, scale bar = 200 nm except (b) where scale bar 

= 1 µm). SEM a(i)-e(i), magnetic vector potential z-component Az a(ii)-e(ii), magnetic flux density 

y-component By a(iii)-e(iii), magnetic field intensity y-component Hy a(iv)-e(iv) of various dpp/rp. 

Corresponding running-average (n=4) mean and standard deviation of a nanoparticle and center, 

left, right, and entire cluster are shown for (f) Az (g) By and (h) Hy. Changes in inverse coefficient 

of variation (ICV) for varying interparticle distance to particle radius (c.f. panels f-h). The inverse 

coefficient of variation (ICV), defined as the mean divided by the standard deviation of field values 

around particles in the simulation arena, for (j) magnetic vector potential z-component Az, (k) 

magnetic flux density y-component By, and (l) magnetic field intensity y-component Hy of dpp/rp 

ranging from 3.0 to 40.0 in increments of 0.1. While the ICV increases relatively linearly for single 

particles, changes are more stochastic or highly nonlinear for the entire cluster, particularly the 
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nanoparticle at the center of the cluster. Comparing (m) the residual sum of squares (RSS) and (n) 

the adjusted standard deviation of the ICV versus magnetic field type shows that single 

nanoparticles are less variable than clusters and center nanoparticles. 
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MR scan-derived R2 trends agree with Monte Carlo simulations 

To corroborate nanoparticle aggregation- and nanoparticle size-dependent field effects predicted 

in theory, we performed MRI of varying nanopatterned iron oxide cluster arrays (Fig. 26). SEMs 

of constant dpp/rp = 10 and variable nanoparticle sizes of 800 nm (Fig. 26a), 200 nm (Fig. 26b), 

100 nm (Fig. 26c), and 70 nm (Fig. 26d) demonstrate consistent uniformity of nanoparticles and 

nanoparticle clusters (Fig. 26a-l). Four representative nanoparticle clusters (and corresponding 

zoomed insets) with nanoparticle diameter of 100 nm and dpp/rp = 5 (Fig. 26e (4i)), dpp/rp = 10 

(Fig. 26f (4j)), dpp/rp = 20 (Fig. 26g (4k)), and dpp/rp = 40 (Fig. 26h (4l)) are shown. Our R2 

analyses show agreement in diffusional correlation time τD=rp
2/D for single nanoparticles (Fig. 

26m; corresponding SEMs in Fig. 26a-d) and nanoparticle clusters (Fig. 26n; see Fig. 25e and Fig. 

26e) and dpp/rp for clusters of small nanoparticles (rp = 35 nm or 50 nm; Fig. 26o; see Fig. 26e-h) 

and clusters of large nanoparticles (rp = 400 nm; Fig. 26p; see Fig. 25b-e). When present, lines 

denote the median, notches denote bounds of statistical significance, and whiskers denote outlier 

thresholds from Q1 – 1.5 × (Q3 – Q1) to Q3 + 1.5 × (Q3 – Q1), where Q1 is the first quartile or 

25th percentile, Q3 is the third quartile or 75th percentile, (Q3 – Q1) is the interquartile range, and 

1.5 × (Q3 – Q1) is the outlier cutoff threshold. Shown in Fig. 26q are corresponding MRI ROIs 

for panel (m) after conversion to R2. We find negative quadratic relationships (-0.0045(log τD)2 - 

0.0655(log τD) - 2.7800)  (Fig. 26m) for single nanoparticles of varying sizes and for clusters (-

0.0045(log τD)2 - 0.0827(log τD) - 2.3249) (Fig. 26n) for varying diffusional correlation time 

τD=rp
2/D. Small clusters show changes smaller than the background noise level which we fit 

quadratically (3.2046 × 10-6 (dpp/rp)
2 – 2.6204 × 10-4

 (dpp/rp)  - 

2.0075), inverse quadratically (-7.9436 × 10-7 (dpp/rp)
-2 + 6.4888 × 10-5 (dpp/rp)

-1 - 0.4981) and 

exponentially (-2.0050(dpp/rp)
0.0010) (Fig. 26o). We applied Gaussian filtering to reduce noise in 
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this ROI and determined that the percent change in signal remained consistent (-0.2097% to -

0.2382%, Supplementary Fig. S2.3, see Table 6 for SNR values). We additionally found large 

clusters show positive quadratic relationships well above noise level (3.8615 × 10-6 (dpp/rp)
2 - 

9.3853 × 10-5 (dpp/rp) - 2.0393) (Fig. 26p). While our data show trends in agreement with previous 

Monte Carlo simulation studies[263, 264], we carefully and explicitly note the uncertainty in 

translating our results from two to three dimensions.  
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Figure 26: Scanning electron microscope (SEM) images and corresponding MR R2 plots of 

signal and noise show trends in agreement with previous Monte Carlo simulations. 

Shown are SEMs of different nanopatterned iron oxide arrays with dpp/rp = 10 of sizes (a) 800 nm, 

(b) 200 nm, (c) 100 nm, and (d) 70 nm (scale bar = 1 µm). Below are SEMs of four representative 

nanoparticle clusters of rp = 50 nm and (e) dpp/rp = 5, (f) dpp/rp = 10, (g) dpp/rp = 20, and (h) dpp/rp 

= 40 (scale bar = 2 µm), corresponding to magnified panels (i-l, scale bar = 400 nm). Relative T2 

relaxation rates (R2) (left axis) and noise levels (right axis) normalized to previous simulations 

show agreement in diffusional correlation time τD=rp
2/D for (m) single nanoparticles (panels a-d) 

and (n) nanoparticle clusters of nanoparticles (panel e (inset panel i) size differs). Relative R2 

values from nanoparticle clusters of (o) small nanoparticles (rp = 35 nm or 50 nm as in panels e-h 

(inset panels i-l))) where I corresponds to raw data (light blue), II corresponds to Gaussian blurred 

data (navy blue), and * denotes noise level after Gaussian blurring. and (p) large nanoparticles (rp 

= 400 nm patterned like panels e-h (i-1), size differs) also show R2 trends versus dpp/rp in 

agreement with Monte Carlo simulations. When present, lines denote the median, notches denote 

bounds of statistical significance, and whiskers denote outlier thresholds from Q1 – 1.5 × (Q3 – 

Q1) to Q3 + 1.5 × (Q3 – Q1), where Q1 is the first quartile or 25th percentile, Q3 is the third 

quartile or 75th percentile, (Q3 – Q1) is the interquartile range, and 1.5 × (Q3 – Q1) is the outlier 

cutoff threshold. Shown in (q) are corresponding MRI ROIs for panel (m) after conversion to R2. 
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Discussion and Conclusions 

Here we leveraged nano-scale lithography to precisely pattern clusters of iron oxide nanoparticles 

and quantify their R2 using fast spin-echo multi-slice MR scan data. We found nonlinear 

polynomial R2 dependence for both single and diversely clustered iron oxide dots with varying 

interparticle distance and particle radius. Further, we report an exponential aggregation-dependent 

relationship between interparticle distance and particle radius, verified by nonlinear least squares 

trust region reflective fit strategy. A two-dimensional array of SPIONs situated on a planar silicon 

surface also mainly effects field perturbations for water molecules diffusing near the plane of the 

nanoparticle cluster array, which may help explain relatively low SNR for exponentially-fitted 

small nanoparticles without Gaussian filtering. To characterize magnetic field behavior for a 

continuum of varying interparticle spacings for nanoparticle clusters, we analyzed magnetic field 

maps from our finite element nanoparticle cluster model and found increasing variability 

quantified by both inverse coefficient of variation (ICV) and residual sum of squares (RSS) with 

decreasing interparticle distance to particle radius ratio (dpp/rp). We note that while we investigated 

T2 relaxation effects for nanoparticles with radius as small as 35 nm, some clinically used SPIONs 

can be as small as 4 nm[236]. Earlier theoretical work shows that MNPs below 10 nm in diameter 

are expected to continue trends predicted by microscopic outer sphere theory[260]. Extrapolating 

our experimental results yields a similar decline in the form of relative R2 of -2.006 s-1 for 10 nm 

nanoparticles and -2.214 s-1 for clusters, correlating with theoretical predictions and 

corresponding to the quadratic nature of diffusion distances versus time, whereby water molecules 

are expected to diffuse past small particles (<10 nm) more than an order of magnitude faster than 

35 nm particles. Nonetheless, smaller particle sizes usually result in more efficient tissue clearance 

and the effect on diffusing water molecules described here coincides with the overall applicability 
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of biomedically relevant single nm SPIONs.[273, 274]. Some discrepancies could be a result of 

nano- and pico-scale variations in fabricated structures compared with chemical synthesis of 

SPIONs. The ability to determine precise peak R2 values by nanopatterning diverse cluster 

topologies can drive the design of new sensor technologies for MRI. Our fabrication protocol could 

be expanded for patterning other particle material compositions and even patterning of widely used 

molecular agents. Broadening the scope of both native and modified nanoparticles for MPI[275], 

ODMR[276], and fluorescent imaging[277]  could help optimize static and dynamic image contrast, 

signal-to-noise ratio, and sensitivity to analytes without sacrificing biocompatibility or resolution. 

Future experiments will comprise nanofabricating two- and three-dimensional array combinations 

composed of self-assembling modules with additional geometries to confirm that our work extends 

to three dimensions and performing multimodal magnetic imaging of array samples implanted in 

vivo. In conclusion, our analyses agree with and contribute further understanding into iron oxide 

nanoparticle aggregation-dependent field behavior observed in theoretical predictions. Our results 

lay a robust and adaptable foundation for the design and development of nanometer- and 

micrometer-scale contrast agents and probes for MRI and related modalities. 
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Table 4: Parameters used for electron beam lithography patterning of Si/PMMA 

substrate 

Array Type Density/Anisotropy Size/Cluster 

Field Size (μm) 250 250 

Dot Number 500,000 500,000 

Exposure (μC/cm2) 800 [800, 1600, 2400] 

Feed Pitch 10 10 

Scan Pitch 10 10 

Beam Current (nA) 2 10 

Exposure Time (μs/dot) 0.10 [0.02, 0.04, 0.06] 

Matrix Size (μm × μm) 100.0 × 100.0 (Density) 

122.5 × 70.0 (Anisotropy) 

100.0 × 100.0 
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Table 5: Parameters used for magnetic resonance scans of iron oxide nanoparticle arrays 

 

 

 

 

 

 

 

Scan Parameters Density and Anisotropy 

Arrays 

Size and Spacing 

Arrays 

Pulse Sequence FSEMS FSEMS 

Field Strength (T) 4.7 4.7 

Echo Time (msec) 68 85 

Repetition Time (msec) 4000 5000 

Voxel Size (μm × μm) 78.1 × 79.4 70.3 × 71.4 

Slice Thickness (μm) 700 400 

Number of Averages 10 12 
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Table 6: Gaussian blurring (GB) parameters and corresponding signal-to-noise (SNR) values 

for R2 plots in Fig. 26 

 

 

 

 

 

 

Analysis 

Type 

ROI size Gaussian 

Kernel  σ 

µ Noise (s-1) σ Noise (s-1) SNR (dB) 

Single 3×3 1 -2.071 1.071×10-3 44.530 

Cluster 2×2 0 -2.076 2.173×10-3 24.983 

Small 

Clusters 

2×4 0 -2.074 3.349×10-3 25.134 

Small 

Clusters GB 

2×2 2 -2.070 2.652×10-4 43.198 

Large 

Clusters 

2×3 2 -2.070 3.800×10-4 37.429 
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Figure 27: Scanning electron microscope (SEM) images of developed poly methyl-

methacrylate before iron oxide deposition. 

Shown are SEMs of representative hexagonal nanovoids patterned on poly methyl-methacrylate 

with (a) dpp/rp = 5, (b) dpp/rp = 10, and (c) dpp/rp = 20, and nanovoids with spacing (d) dpp/rp = 6, 

(e) dpp/rp = 8, and (f) dpp/rp = 10 (scale bars = 200 nm). 
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Figure 28: Linear fit of iron oxide nanostructure array optical image intensity. 

Box plot of optical image intensity (see square insets in upper right of Fig. 2b) versus dpp/rp. Black 

dots denote the median, notches (present but not visible) denote bounds of statistical significance, 

and whiskers denote outlier thresholds (from Q1 – W × (Q3 – Q1) to Q3 + W × (Q3 – Q1) where 

W = 1.5). The orange line and data points represent a linear curve fit to the medians of each dpp/rp 

(m = 1.6475 × 105 (Optical intensity)/(dpp/rp)
-1, b = 6.0603 × 104 (Optical intensity); p = 0, one-

way ANOVA, R2 = 0.8915). 

 

 

 

 

 


