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Abstract 

Magnetic nanoparticles are gaining traction in a wide variety of biomedical applications, 

ranging from diagnosis to treatment. While these applications take advantage of a 

number of unique behaviors occurring at the nanoscale, including influences to 

biodistribution, cellular interactions, imaging contrast, and magnetic forces, the current 

work focused on the ability of magnetic nanoparticles to produce heat in the presence of 

an applied alternating magnetic field. Magnetic nanoparticle hyperthermia applications 

utilize this behavior to treat cancer and this approach has received clinical approval in 

the European Union, but significant developments are necessary for this technology to 

have a chance for wider-spread acceptance. 

 

Here then we begin by investigating some of the important limitations of the current 

technology. By characterizing the ability of superparamagnetic and ferromagnetic 

nanoparticles to heat under a range of applied fields, we are able to determine the 

optimal field settings for clinical application and make recommendations on the highest 

impact strategies to increase heating. In addition, we apply these experimentally 

determined limits to heating in a series of heat transfer models, to demonstrate the 

therapeutic impact of nanoparticle concentration, target volume, and delivery strategy. 

 

Next, we attempt to address one of the key questions facing the field- what is the impact 

of biological aggregation on heating? Controlled aggregate populations are produced 

and characterized in ionic and protein solutions and their heating is compared with 

nanoparticles incubated in cellular suspensions. Through this investigation we are able 

to demonstrate that aggregation is responsible for up to a 50% decrease in heating. 

However, more importantly, we are able to demonstrate that the observed reductions in 
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heating correlate with reductions in longitudinal relaxation (T1) measured by sweep 

imaging with Fourier transformation (SWIFT) magnetic resonance imaging (MRI), 

providing a potential platform to account for these aggregation effects and directly 

predict heating in a clinical setting. 

 

Finally, we present a new application for magnetic nanoparticle heating, in the thawing of 

cryopreserved biomaterials. A number of groups have demonstrated the ability to rapidly 

cool and preserve tissues in the vitreous state, but crystallization and cracking failures 

occur upon the subsequent thaw. Magnetic nanoparticles offer a potential solution to 

these issues, through their ability to provide rapid, uniform heating, and we illustrate this 

through experiments in several cryoprotectant solutions and by modeling the effects of 

heating at the bulk and micro-scales. 
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0. Preface 

 

While the core of this work is composed of four stand-alone publications, together they 

provide a cohesive story which maps out the field of magnetic nanoparticle based 

thermal therapies and the development of my research program in this area. With the 

exception of Chapter 4, these publications have been scrutinized through the peer-

review process and have been accepted (or submitted) for publication in well-known 

journals. This approach introduces some inconsistencies in organization and flow, but it 

ensures that the content of this thesis has been fully vetted by the scientific community 

and is up to the highest level of publication standards. Chapter 4 has been written with 

the same level of care, but is part of a larger work still in preparation for submission. The 

following provides a summary of the material covered in each of the chapters. 

 

Appendix A does not contribute directly to my thesis research, but did contribute 

significantly to my development during my program. This paper provides an in depth 

review of the field of nanomedicine and outlines my research conducted as part of a 

highly cross-functional (academia/legal/regulatory/industry) project considering the 

ethical and regulatory issues related to the development of medical nanotechnology and 

use in human subjects. My involvement in this process provided invaluable perspectives 

on the benefits, risks, and limitations of current nanomedical technologies and where 

magnetic nanoparticle heating fits into the broader landscape. 

 

Chapter 1 is a textbook chapter written in collaboration with one of the leading 

researchers in the field. Andreas Jordan’s group has studied the effects of magnetic 

nanoparticle based thermal therapies on a wide variety of cancers and his company is 
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the first (and only) to commercialize the technology and receive clinical approval. Dr. 

Jordan provided a general framework and list of suggested literature, but the chapter 

was authored entirely by myself, under the guidance of Dr. John C. Bischof. The work 

outlines the history, underlying physical mechanisms, benchmark research, current 

state, and clinical experience behind the field; but more importantly, it examines this 

information in the context of the strengths and limitations of the current technology, 

setting the stage for my research program developed under this Ph.D. thesis. 

 

Chapter 2 outlines the results of a series of studies further investigating some of the 

important limitations facing the field. These include the ability of different types of 

nanoparticles to heat within the limits of clinically applied fields, limitations to the 

achievable temperatures when heating micrometastases, and the impact of different 

techniques for delivering nanoparticles to the treatment site. Understanding these 

limitations is critically important for appropriately identifying and designing applications 

based on the current technology, while recognizing the priority areas for development of 

next generation technologies. 

 

Chapter 3 attempts to address one of the major questions facing the field by 

investigating the effects of biological aggregation on the heating and imaging behavior of 

magnetic nanoparticles. While it is widely understood that nanoparticle aggregation will 

occur in biological settings and that this will have an impact on their performance, 

systematic study of these events has been lacking in the field. In addition to 

demonstrating a significant drop in heating and imaging contrast due to aggregation, we 

begin to investigate the correlation between these behaviors, providing a potential 
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platform for clinical prediction of heating (accounting for both nanoparticle loading and 

aggregation state). 

 

Chapter 4 builds on the understanding gained through the previous studies, to develop a 

new biomedical application for magnetic nanoparticles, in the thawing of vitrified 

biomaterials for cryopreservation. While researchers have demonstrated successful 

techniques for storing biomaterials in the amorphous (vitrified) state at cryogenic 

temperatures, devitrification and cracking failures upon the subsequent thaw have 

limited wider-spread application. Here we demonstrate the ability of magnetic 

nanoparticles to generate a rapid and uniform thaw, capable of overcoming these major 

hurdles to further development in the field. 

 

Chapter 5 finally provides a summary of the major conclusions demonstrated through 

this body of work and discusses the implications on future study. 
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Chapter 1. Magnetic Nanoparticles for Cancer Therapy 

 

Contributing Authors: Michael L. Etheridge, Andreas Jordan, and John C. Bischof 

 

The following chapter appeared in publication:  

Etheridge, M.L., A. Jordan, and J.C. Bischof. Magnetic Nanoparticles for Cancer 

Therapy. In: Physics of Thermal Therapy. New York, NY: CRC Press, 2012, pp. 17:1–

25. 

 

 

1.1 Introduction 

Electromagnetic field–based thermal therapies have demonstrated the capability to 

selectively deposit large amounts of energy in tissue, resulting in localized temperature 

increases capable of hyperthermia and thermoablation. However, current clinical 

approaches have met with considerable limitations. Microwaves, radiofrequency (RF) 

waves, and lasers exhibit significant absorption at interfaces with differing electrical 

properties.222 This results in attenuation at surfaces, issues with focusing energy, and 

unintended hot spots, leading to difficulty in treating deep-seated tumors. In addition, the 

geometry of the treated region is limited by the shape of the probe or array,215 requiring 

overtreatment of the surrounding areas or skill- and time-intensive repositioning to 

ensure complete treatment of complex tumors. 

 

It has been well characterized that low-frequency, alternating magnetic fields show very 

little attenuation in biological tissues, and it was determined that implanted, energy-

absorbing materials provide a means of targeting heat into deep-seated tissues. Early 
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studies on magnetic-field-based therapies by Oleson et al.,160,161 Brezovich et al.,20,21 and 

Stauffer et al.197,198 utilized implanted ferromagnetic thermal seeds (on the order of 

millimeters), but the application was limited by the need to surgically implant each seed 

and because efficacy of heat generation was critically dependent on the correct 

orientation of the seeds within the applied field. However, this early work provided 

important observations and equations for understanding magnetic field and tissue 

interactions, which have been crucial in the development of the next phase of magnetic-

field–based therapies — magnetic fluid hyperthermia (MFH). Magnetic fluids are 

aqueous dispersions of nano- or microscale particles that are excited by alternating 

magnetic fields to produce localized heat and do not demonstrate the same critical 

alignment problems as thermoseeds. In addition, MFH offers significant advantages over 

traditional electromagnetic-based therapies, including: 

 

1. The potential for completely noninvasive treatment. Nanoparticles injected 

intravenously could preferentially collect in the tumor tissue through the enhanced 

permeability and retention (EPR) effect90 and tumor-specific targeting26. These 

deep-seated deposits can then be excited by an external field, with no need for 

surgical intervention. Current MFH techniques require minimally invasive, interstitial 

injection to attain adequate concentrations for treatment, but truly noninvasive 

procedures are the long-term ambition. 

 

2. The potential capability to treat complex tumor geometries, while minimizing effects 

to surrounding tissue. If the tumor is preferentially loaded with nanoparticles (either 

through interstitial delivery or targeting), heating can be better confined to the region 

of interest. 
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3. Iron oxide nanoparticles have been shown to form stable deposits in treated 

tissue98, providing the capability for repeated, cyclic treatments after a single 

administration.  

 

The dominant physical mechanisms behind heating in macroscale thermoseeds and 

magnetic nanoparticles differ and have been widely discussed in 

literature10,78,80,82,83,99,100,151,171,185. Thermoseeds mainly take advantage of resistive 

heating induced by eddy currents, whereas heating in magnetic nanoparticles occurs 

through hysteresis or superparamagnetic relaxation mechanisms. Early investigation 

demonstrated that nanoscale, superparamagnetic particles were superior to microscale, 

multi-domain particles in terms of specific absorption rate (SAR) due to these varying 

mechanisms100,105. This relaxation-based heating shows strong dependence on applied 

field strength and frequency, nanoparticle magnetic properties, and nanoparticle size 

distribution. The dependence on nanoparticle properties and size highlights the 

importance of well-controlled methods of synthesis. Wet-phase chemistry approaches, 

including coprecipitation and thermal decomposition, are the most common methods, 

generally producing colloidal iron oxide (magnetite (Fe3O4) and maghemite (Fe2O3)) 

particles, but multifunctional core-shell structures and surface functionalized particles 

(with drugs, isotopes, and biologics) are currently an area of heavy research73,117,131. 

 

A number of different groups have demonstrated the efficacy of magnetic nanoparticle-

based heating in vivo, utilizing a variety of nanoparticles, field applicators, field 

parameters, and thermometry methods17,29,64,70,125,132,146,149,177,190. This extensive 

preclinical work led to the initiation of several clinical studies utilizing interstitially injected 

aminosilane-coated magnetite nanoparticles activated under a specially designed clinical 
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field applicator. The results of the most advanced clinical studies, utilizing thermal 

therapy in combination with conventional irradiation, have demonstrated a clear clinical 

benefit in terms of survival for recurrent glioblastoma multiforme patients. Despite these 

promising initial indications, research continues in an attempt to (1) improve the 

efficiency of heat generation, reducing the required dosages, (2) optimize the field 

delivery to better focus energy deposition221, and (3) develop biological targeting, 

allowing for systemic delivery and a truly noninvasive procedure87,204. 

 

1.2 Scientific Background 

1.2.1 Physical Principles 

Although magnetic fields demonstrate minimal tissue interactions compared to other 

forms of electromagnetic radiation, alternating magnetic fields will induce eddy current 

losses in any conductive medium, and this limits usable fields for biological applications. 

Treatments utilizing magnetic nanoparticles attempt to minimize this field-tissue 

interaction while maximizing interactions between the field and the energy-absorbing 

nanoparticle deposits. Energy conversion in the particles occurs through hysteresis 

losses in multidomain particles or through relaxation losses (Brownian and Néelian) in 

superparamagnetic, single-domain particles. Domain and superparamagnetic behavior is 

determined by the magnetic material and particle size, with the latter mode generally 

appearing below about 20 nm (for iron oxide). Heating efficiency is mainly determined by 

the magnetic material properties, applied field parameters, and the nanoparticle size 

distribution. The following discussion will describe these physical mechanisms in detail. 
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1.2.2 Effects of AC Magnetic Fields in Human Application: Calculations and Clinical 

Experience 

Many forms of electromagnetic radiation exhibit strong interactions with tissue, and this 

allows direct application in thermal therapies, such as microwave, RF, and laser 

ablation. However, all these modalities exhibit significant attenuation in surface layers, 

complicating potential treatment of deep-seated tissues. In contrast, alternating magnetic 

fields with frequencies up to 10 MHz have demonstrated essentially no attenuation in 

tissue equivalents with radii equal to that of a human torso227, offering a platform for 

uniformly penetrating deep tissue areas. 

 

The components of human tissue are largely diamagnetic and, in general, magnetic 

effects are negligible. However, application of an alternating electromagnetic induction 

field will produce eddy currents in any conducting media, including biological tissue6, and 

like all currents, are subject to losses. These eddy currents increase radially, so in the 

human body, maximum losses will be expected in regions with the greatest cross-

sectional area (such as the torso). Assuming a uniform field and treating the torso as a 

cylinder, the volumetric power generation (P) can be estimated by integrating the time-

averaged current density over the cross-sectional area, giving: 

 

    𝑃𝑃 = 𝜎𝜎 (𝜋𝜋 𝜇𝜇0 𝑓𝑓 𝐻𝐻𝑎𝑎)2 𝑟𝑟2    (1.1) 

 

where σ is the bulk tissue conductivity, µ0 is the permeability of free space, f is the 

applied frequency, Ha is the applied field strength, and r is the effective torso radius. The 

eddy current losses demonstrate three quadratic dependencies, with frequency, field 

strength, and radius. Thus, losses will increase significantly with increases in field 
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strength and frequency, and will be most prominent near the exterior of large cross-

sections of tissue. 

 

Atkinson et al. performed a series of clinical studies to determine the range of tolerable 

parameters for alternating magnetic field-based treatments6. Results indicated that field 

tolerance could be roughly estimated as a limit to the product of frequency and field 

strength, ( f Ha ) < 4.85 × 108 A/m-s. These approximate limits were verified by Wust et 

al. through additional clinical study222,223 and were matched with early experimental 

ferrofluid heating data to demonstrate the promise of the field105. These results are 

illustrated in Figure 1.1, which shows expected power absorption for an experimentally 

characterized ferrofluid, maintaining a 25 mW/ml inductive heating limit for a 

representative torso (a) and cranium (b). This clinically determined limit correlates well 

with that of Atkinson et al. Field combinations above the curve will likely result in 

significant patient discomfort, while operating below the limits should provide safe 

treatment. Since tissue heating is proportional to the square of radius, it is quite apparent 

that higher field limits are achievable for the case of the cranium (noting that the ferrite 

concentration is 5 mg/ml for the torso and only 1 mg/ml for the cranium). In both cases, 

significantly higher ferrofluid heating can be achieved for higher field strengths and 

frequencies less than approximately 500 kHz, with optimal performance at around 100 

kHz48 and so all subsequent discussions will focus on the physical phenomena occurring 

in this lower frequency range. 
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Figure 1.1. Expected power absorption. Based on experimental heating data for 5 mg (a) or 1 mg 

(b) ferrite per ml tumor volume with an inductive tissue load of 25 mW/ml at a maximum radius of 

15 cm (a) or 10 cm (b), as a function of field frequency and magnetic field strength222,223. 
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1.2.3 Activation of Iron Oxide Nanoparticles in Alternating Magnetic Fields 

Detailed descriptions on the principles of magnetics and magnetic materials can be 

found in textbooks from Cullity42 and O’Handley156, and Gubin has recently published a 

textbook focusing specifically on magnetism in nanoparticles72. Briefly, however, 

magnetism arises at the atomic level from unpaired electron spins, which behave like 

atomic dipole moments. Ferromagnetism is the strongest form of magnetism and is due 

to strong exchange interactions between atomic moments in metals, most commonly, 

Fe, Ni, and Co. Ferrimagnetism is similar to ferromagnetism, but results from exchange 

interactions in ionic solids, such as metallic oxides. Both ferro- and ferrimagnetic 

materials demonstrate strong enough interactions to maintain a magnetic field in the 

absence of an applied field, but when a strong external field is applied, the atomic 

moments will align in the applied field direction. Diamagnetism, paramagnetism, and 

antiferromagnetism are additional forms of magnetic behavior, but will not be discussed 

in any detail here. Superparamagnetism is a unique form of magnetic behavior that 

arises in nanoscale particles and will be described in more detail below. 

 

Like many physicochemical properties, a material’s magnetic behavior can change as its 

characteristic dimensions approach the nanoscale, and this affects the loss mechanisms 

in an alternating field78,105,131. Heat generation in magnetic materials under alternating 

magnetic fields can be generally considered in three regimes: eddy current heat 

generation (bulk materials), hysteresis heating in multidomain structures (nanoscale and 

larger), and relaxation losses in single-domain, superparamagnetic nanoparticles78. A 

summary of size-dependent magnetic behavior and heating mechanisms is included in 

Figure 1.2 and will be discussed in more detail later. Eddy currents have already been 

described with regard to bulk heating in tissue and are a significant source of heat 
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generation in the use of magnetic seeds for hyperthermia6. However, eddy current 

effects are insignificant in the heating of nanoparticles, due to their small dimensions and 

the low conductivity of the iron oxides commonly used131, so the subsequent discussion 

will focus on hysteresis and relaxation losses in magnetic nanoparticles, which have 

both been shown to produce clinically relevant levels of heating48. 

 

Typical magnetic materials demonstrate unique domains of magnetism (parallel 

magnetic moments), separated by narrow zones of magnetic, directional transition 

termed domain walls. Domains form to minimize the overall magnetostatic energy of the 

material, but as dimensions approach the nanoscale, the energy reduction provided by 

multiple domains is overcome by the energy cost of maintaining the domain walls, and it 

becomes energetically favorable to form a single magnetic domain. A number of 

methods for estimating the critical radius for single-domain behavior have been 

proposed72,131, and the results can vary notably depending on the approach. Some 

estimated values from literature have been included in Figure 1.2, with typical diameters 

on the order of tens of nanometers. 
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Figure 1.2. Regimes of magnetic behavior and mechanisms of heat generation. Values for 

single-domain critical diameters taken from: a 72, b 117, and c 131. Values for superparamagnetic 

critical diameters calculated from properties in: d 185, e 156, f 116, and g 138. 
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When an external field is applied to a magnetic material, the potential energy of the 

magnetic moments is minimized by aligning with the external field, but energy is also 

required to rotate the moments. In a multidomain material, the domains that are aligned 

with the external field expand at the expense of the surrounding domains. This motion of 

the domain walls is associated with thermal energy losses. The strength of the external 

field determines the extent of domain wall motion, until the material reaches magnetic 

saturation (Ms) and is maximally aligned with the external field. Upon field reversal, the 

reverse process occurs, but in moving back through a zero field, the domain walls do not 

return all the way to their original position and there is a remnant magnetization (Mr). 

Thus, under an alternating field, the material’s magnetization creates a hysteresis loop. 

The coercivity (Hc) is the field required to reduce the magnetization back to zero. 

Comparisons of several example hysteresis curves adapted from data in Hergt et al. are 

included in Figure 1.378. Loop 1 demonstrates lower saturation magnetization than Loop 

2, but a much higher coercivity. The power loss can be approximated by integrating 

within the hysteresis B-H loop for each cycle, and so higher heating rates would be 

expected for Loop 1. Estimating the expected losses requires measurement of the 

hysteresis behavior at the fields of interest. Significant losses can be obtained for 

materials with high magnetic saturation and coercivity. However, magnetic saturation 

generally requires relatively high fields, and hysteresis loops produced under clinically 

relevant fields can shrink significantly, as shown in Figure 1.3. 

 

14 



 

Figure 1.3. Example hysteresis loops. Adapted from data for magnetite powder in Hergt et al.78, 

demonstrating differences in loops based on material (a) and applied field strength (b). 

 

Despite the absence of domain walls, hysteresis behavior can still occur in single-

domain particles, but involves more complicated processes for reversal, such as 

buckling and fanning. Classical physical treatments of these reversal losses (Stoner-

Wohlfarth model) have fallen short in explaining experimentally measured losses in this 

single-domain hysteresis range, but phenomenological modeling has demonstrated 

potential as a predictive tool. Hergt et al. utilized experimental data on various magnetic 

particles, ranging in size from 30 to 100 nm, to produce expressions that closely 

predicted losses based on the applied field parameters and particle size distributions80. 

The experimental values and theoretical predictions offered heating rates comparable to 

those of superparamagnetic nanoparticles. 

 

At even smaller dimensions, magnetic nanoparticles exhibit another type of unique 

behavior, superparamagnetism, in which thermal motion causes the magnetic moments 

to randomly flip directions, eliminating any remnant magnetization. Thus, a normally 

ferro- or ferrimagnetic material will only exhibit magnetism under an applied field. This 
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behavior arises because below a critical volume, the anisotropic energy barrier (KuVm) of 

the magnetic particle is reduced to the point where it can be overcome by the energy of 

thermal motion (kBT). The definition of superparamagnetism is somewhat arbitrary, in 

that it relies on the choice of a measurement time (τm), for which the behavior is 

observed and is generally taken to be 100 seconds. The approximate critical diameter 

(dc) for superparamagnetic behavior can be determined by assuming a spherical 

geometry and modifying the equation describing the probability of relaxation156: 

 

 𝜏𝜏𝑚𝑚
𝜏𝜏0

= exp �𝐾𝐾𝑢𝑢𝑉𝑉𝑚𝑚
𝑘𝑘𝐵𝐵𝑇𝑇

�  𝑑𝑑𝑐𝑐 = �− 6
π

 ln �𝜏𝜏0
𝜏𝜏𝑚𝑚
� 𝑘𝑘𝐵𝐵𝑇𝑇

𝐾𝐾𝑢𝑢
�

1
3    (1.2) 

 

where τ0 is the attempt time (generally taken to be 10−9 seconds), Vm is the volume of 

magnetic material, kB is Boltzmann’s constant, and T is the absolute temperature. The 

approximate critical diameters for superparamagnetism for several common magnetic 

nanoparticle materials are included in Figure 1.2. Although remnant magnetization and 

hysteresis behavior are eliminated in superparamagnetic particles, significant losses can 

still occur through moment relaxation mechanisms. 

 

The following description and equations are based on reviews provided by 

Rosensweig185 and Hergt et al.78. Relaxation of superparamagnetic particles is described 

by two mechanisms: Brownian and Néelian relaxation, illustrated in Figure 1.2. Brownian 

relaxation involves the physical rotation as the overall particle moment aligns with the 

external field, creating frictional losses. Néelian relaxation involves the rotation and 

losses of the individual moments within the particle. Characteristic time constants can be 

used to describe each process: 
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Brownian:    𝜏𝜏𝐵𝐵 = 3𝜂𝜂𝑉𝑉𝐻𝐻
𝑘𝑘𝐵𝐵𝑇𝑇

       (1.3) 

 

Néelian:   𝜏𝜏𝑁𝑁 = √𝜋𝜋
2

 𝜏𝜏0  𝑒𝑒
Γ

√Γ
  , Γ = 𝐾𝐾𝑢𝑢𝑉𝑉𝑀𝑀

𝑘𝑘𝐵𝐵  𝑇𝑇
     (1.4) 

 

where η is the viscosity of the suspending medium, VH is the hydrodynamic volume of 

the particle (including coatings), and Γ is used to represent the ratio of anisotropic to 

thermal energies. These two processes occur simultaneously, governing behavior much 

like two resistors in parallel. The shorter time constant will thus have a tendency to 

dominate, and the effective relaxation time (τ) can be found by: 

 

     𝜏𝜏 = 𝜏𝜏𝐵𝐵𝜏𝜏𝑁𝑁
𝜏𝜏𝐵𝐵+𝜏𝜏𝑁𝑁

      (1.5) 

 

Magnetic work is traditionally expressed as the product of the field strength and the 

change in magnetic induction. The work performed by the external field is going to result 

in a change in internal energy (U). Taking the fundamental relationship between 

induction (B), magnetization (M), and applied field: 

 

    𝐵𝐵 = 𝜇𝜇0(𝐻𝐻𝑎𝑎 + 𝑀𝑀)      (1.6) 

 

and integrating by parts, the cyclic increase in internal energy can be found by: 

 

    ∆𝑈𝑈 = −𝜇𝜇0 ∮𝑀𝑀 𝑑𝑑𝐻𝐻      (1.7) 
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For a sinusoidal alternating magnetic field, the time-dependent field and magnetization 

can be expressed in terms of the field strength and frequency: 

 

    𝐻𝐻(𝑡𝑡) = 𝐻𝐻𝑎𝑎 cos(2𝜋𝜋𝑓𝑓𝑡𝑡)     (1.8) 

 

   𝑀𝑀(𝑡𝑡) = 𝐻𝐻𝑎𝑎(χ′ cos(2𝜋𝜋𝑓𝑓𝑡𝑡) + χ′′ sin(2𝜋𝜋𝑓𝑓𝑡𝑡))    (1.9) 

 

where χ′ and χ″ are the in-phase and out-of-phase components of the ferrofluid magnetic 

susceptibility, respectively. Substitution and integration of Equation 1.7 yields the cyclic 

change in internal energy, which can then be multiplied by the frequency to give the 

volumetric power generation: 

 

    𝑃𝑃 = 𝜒𝜒′′ (𝜇𝜇0 𝜋𝜋 𝑓𝑓 𝐻𝐻0
2)      (1.10) 

 

Thus the rate of heating is dependent on the out-of-phase component of susceptibility 

(lagging the applied field) and the incident power density, which is the term in 

parentheses. This expression is equivalent to SAR in watts per cubic meter of fluid (or 

tissue). This can be easily converted into more standard units of cubic centimeters or 

grams tissue. In addition, absorption for magnetic nanoparticles is often expressed in 

terms of watts per mass iron, which can also be obtained through simple conversions. 

This value is often termed SARFe or specific loss power (SLP). Both SAR and SLP will 

be used throughout the remainder of the chapter, and it is important to keep the 

distinction straight. 
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The ferrofluid susceptibility is dependent on both nanoparticle and field properties, so it 

is helpful to express this term through more fundamental parameters. Frequency 

dependence can be given by: 

 

    𝜒𝜒′′ = 2𝜋𝜋𝑓𝑓𝜏𝜏
1+(2𝜋𝜋𝑓𝑓𝜏𝜏 )2  𝜒𝜒0      (1.11) 

 

where χ0 is the equilibrium susceptibility, which can be conservatively estimated by the 

chord susceptibility, following the Langevin equation185: 

 

  𝜒𝜒0 = 𝜒𝜒𝑖𝑖
3
𝜉𝜉
�coth(𝜉𝜉) − 1

𝜉𝜉
�,  𝜉𝜉 = 𝜇𝜇0 𝑀𝑀𝑠𝑠 𝐻𝐻𝑎𝑎  𝑉𝑉𝑚𝑚

𝑘𝑘𝐵𝐵  𝑇𝑇
    (1.12) 

 

where χ i is the initial susceptibility and ξ is the Langevin parameter. The initial 

susceptibility is determined by differentiating the Langevin relationship: 

 

    𝜒𝜒𝑖𝑖 = 𝜇𝜇0 𝜙𝜙  𝑀𝑀𝑠𝑠
2 𝑉𝑉𝑚𝑚

3 𝑘𝑘𝐵𝐵  𝑇𝑇
     (1.13) 

 

Equations 1.10 through 1.13 then provide the capability to predict SAR based on 

nanoparticle and field parameters, which is often expressed in the simplified form, which 

follows. In this form, SAR depends on nanoparticle concentration through the volume 

fraction in Equation 1.12. However, if it is converted to watts per gram magnetic material, 

the SLP will be constant for a given frequency and field strength (i.e., no concentration 

dependence). 
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   𝑆𝑆𝑆𝑆𝑆𝑆 = 𝜇𝜇0 𝜋𝜋 𝜒𝜒0 𝑓𝑓 𝐻𝐻0
2 2𝜋𝜋𝑓𝑓𝜏𝜏

1+(2𝜋𝜋𝑓𝑓𝜏𝜏 )2   ~ � 𝑊𝑊
𝑚𝑚3�    (1.14) 

 

Relaxation behavior depends strongly on nanoparticle size, and heating demonstrates a 

peak efficiency at a specific radius, depending on the magnetic material. Bulk values for 

saturation magnetization (Ms) and anisotropy (Ku) for some relevant materials are also 

included, as these are important for subsequent heating calculations. Characteristic size-

dependent heating curves for iron oxide (magnetite and maghemite) are also illustrated 

in Figure 1.4. Location of the peak is largely dependent on the material anisotropy, but 

will also vary slightly based on the frequency, viscosity, and temperature. Amplitude of 

the peak depends strongly on the material magnetization, and so larger moment 

materials will produce higher rates of heating (all other factors equal). Puri et al. 

completed a theoretical analysis, comparing the heating capabilities of some potential 

magnetic materials in a spherical, perfused tissue system111. The results suggested that 

barium-ferrite and cobalt-ferrite would not be able to produce sufficient heating at 

physiologically relevant concentrations and field parameters, but magnetite, maghemite, 

and FCC iron-platinum demonstrated adequate SARs for treatment. The authors also 

suggested the rate of heating for iron-cobalt was too high for safe application. However, 

treatment could be applied at lower nanoparticle concentrations or lower fields, and it is 

more likely that the potential cytotoxic effects of cobalt will be a larger hurdle to safe 

application in vivo. 
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Table 1.1. Properties for some potential magnetic nanoparticle materials 

(Values take from: a 185, b 156, c 116, and d 138). 

 

 

 

Figure 1.4. Size-dependent heating comparison for magnetite/maghemite (a) and polydisperse 

magnetite (b) in water. Field at 10 kA/m and 250 kHz. 

 

In addition, the strong size dependence indicates that polydispersity will be an important 

consideration. Most magnetic nanoparticle populations demonstrate significant 

polydispersity and often follow log-normal distributions with (r0, σ). The effective 

polydisperse SAR can be solved for by integrating across the probability distribution 

function, as shown in Equation 1.15. The general effects of polydispersity are illustrated 

for magnetite in Figure 1.4. It is clear that polydispersity significantly flattens the peak, 

but this broadening will also reduce the sensitivity to small shifts in the mean size. 

 

Material
MS

(kA/m)

Ku

(kJ/m3)
cp

(J/kg-K)

ρ

(kg/m3)

Magnetite a 446 23 670 5180

Maghemite a 414 4.7 746 4600

Iron b 1707 48 450 7870

Iron-Cobalt c 1815 15 172 8031

FCC Iron-Platinum d 1140 206 327 15,200
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〈𝑆𝑆𝑆𝑆𝑆𝑆〉 = ∫ 𝑆𝑆𝑆𝑆𝑆𝑆(𝑟𝑟) 𝑔𝑔(𝑟𝑟)𝑑𝑑𝑟𝑟∞
0   , 𝑔𝑔(𝑆𝑆) = 1

𝜎𝜎  𝑆𝑆 √2𝜋𝜋
exp �−

ln� 𝑆𝑆𝑟𝑟0
�

2

2 𝜎𝜎2 �  (1.15) 

 

The magnetic field parameters are another important factor in determining heating 

effects. Referring back to Equation 1.10, volumetric power generation depends directly 

on the applied frequency and square of the applied field strength. However, field effects 

on susceptibility also need to be taken into account. Figure 1.5 illustrates the effects of 

applied frequency and field strength on susceptibility and SAR for magnetite. 

Susceptibility (χ’’) reaches a slight peak for a frequency f = 250 kHz and demonstrates a 

linear decrease for increasing field strength. The power generation is roughly linearly 

dependent on both frequency and field strength, within the usable field parameters. 

Frequency effects will approach a plateau for frequencies on the order of several MHz, 

but again, other unintended heating effects will dominate in these ranges, limiting clinical 

use for MFH, so this is generally of no consequence. 

 

 

Figure 1.5. Effects of frequency (a) and field strength (b) on magnetic fluid susceptibility and 

SAR. Field fixed at 10 kA/m (a) or 250 kHz (b). 
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Brownian heating will also increase significantly in cases of very low fluid viscosity. This 

is not generally relevant in biological cases, where the particle is in aqueous suspension, 

but could have an impact for loosely attached coatings or particles in a multifunctional 

polymer matrix. In contrast, Brownian heating can be effectively eliminated if particles 

are bound to biological structures or form aggregates with large hydrodynamic 

diameters. Temperature also appears in a number of the equations and will have minor 

effects on both magnetic properties and relaxation behavior, but the impact is not 

significant within the temperature ranges relevant to biological heating. 

 

The previous description assumes uniformly dispersed, noninteracting particles. 

Interparticle interactions will considerably increase the complexity of the problem, but 

can be represented as a system of interacting dipoles. This problem has not been 

thoroughly addressed in literature, but is very relevant, as particles often will form tight 

aggregates in vivo, affecting their collective magnetic behavior. Contradicting effects 

have been shown in literature, with aggregation leading to both reported increases43 and 

decreases106 in heating effects for different nanoparticle systems. Thus interparticle 

interactions may provide another potential dimension of engineering analysis for 

optimizing heating. 

 

1.2.4 Alternating Magnetic Field Generation 

There are many different means of creating magnetic fields, but a great majority of 

developmental work is performed with fields created by inductive coils, due to the ease 

of application and high field uniformity within the coil. Basic characterization of heating 

for ferrofluid samples is often performed in experimental setups similar to that illustrated 
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in Figure 1.6. The strength of the uniform field within the coil can be theoretically 

estimated by156: 

 

     𝐻𝐻𝑎𝑎 = 𝑁𝑁𝑁𝑁
𝐿𝐿

      (1.16) 

 

where N is the number of turns in the coil, I is the coil current, and L is the coil height, 

but this will typically overestimate the actual field strength and so numerical techniques 

or direct measurement should be used to characterize the field distribution in a coil. The 

alternating field is applied and the temperature of the sample can be monitored through 

a temperature probe. The SAR can then be estimated through the rate of temperature 

rise method37. Another type of field generator more relevant to the clinical setting will be 

discussed in Section 1.5.1.4. 

 

Figure 1.6. Inductive coil-based experimental setup for SAR characterization105. 
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1.3 Synthesis and Modification of Iron Oxide Nanoparticles 

Elucidating the theory behind magnetic nanoparticle heating highlights the factors that 

are important for engineering optimization of nanoparticle systems, but it is the methods 

of synthesis and resulting nanoparticle constructions that ultimately determine the 

physicochemical and physiological behavior. Bare particles do not generally 

demonstrate stability or physiological compatibility without surface modification. Core-

shell structures are critical for providing viable in vivo application. Considerations 

regarding different core-shell structures and methods of synthesis will be discussed in 

the following section. More comprehensive reviews of magnetic nanoparticle synthesis 

and surface modification have been provided by Gupta et al.73, Lu et al.131, and 

Krishnan117. 

 

1.3.1 Synthesis and Core-Shell Structures 

Synthesis of magnetic nanoparticles for in vivo biomedical applications requires well-

controlled processes that can reliably provide particles with well-defined size 

distributions, consistent magnetic properties, good structural and chemical stability under 

physiological conditions, and high biocompatibility. Although the particles’ magnetic 

behavior is largely determined by the metallic or metallic-oxide core, this core must be 

functionalized with a coating (and/or shell) that determines subsequent interactions in 

solution and in biological systems. Chemical synthesis methods have been the dominant 

route for producing magnetic nanoparticle structures, and iron oxide has been the 

magnetic material of choice for in vivo applications, due to its well-documented 

biocompatibility and metabolic pathways218. 
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Coprecipitation and thermal decomposition are the preferred methods for synthesizing 

iron oxide nanoparticles, owing largely to good control over nanoparticle size, a large 

literature base supporting process development, and high economic viability117,131. 

Coprecipitation involves an aqueous solution reaction between an Fe2+/Fe3+ salt and a 

base under an inert atmosphere. Reactions can take place at room or elevated 

temperatures. Coprecipitation methods can produce large quantities of nanoparticles 

with highly reproducible quality once the kinetic synthesis parameters have been set, 

including ionic ratios, reaction temperatures, and solution pH. Thermal decomposition 

involves decomposition of organometallic compounds in high temperature organic 

solvents, containing stabilizing surfactants. Common surfactants include oleic acid, fatty 

acids, and hexadecylamine. Resulting nanoparticle properties, size, and polydispersity 

are largely determined by the ratios of reactants and surfactants, reaction temperature, 

reaction time, and aging period. 

 

Although coprecipitation and thermal decomposition methods can be used to synthesize 

highly reproducible nanoparticle populations, these populations often demonstrate 

notable polydispersity, and as discussed in previous sections, this can have a significant 

impact on relaxation behavior and heating. Some common methods exist for reducing 

polydispersity based purely on size and density, but a preferred method for magnetic 

fluids is magnetic fractionation101. In magnetic fractionation, the aqueous nanoparticle 

solution is poured through a column under a high, static magnetic flux and washed with 

deionized water until the washout is clear. The magnetic flux can then be decreased in a 

step-wise manner down to zero, performing a similar washout at each increment, ideally 

producing nanoparticle fractions with increasing magnetism. This technique was 

demonstrated on dextran coated, superparamagnetic iron oxide in a field decreasing 
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from 1100 mT, with results included in Figure 1.7. Two fractions were taken at the 

highest field. A clear increase in the specific saturation magnetization is demonstrated, 

with a correlated increase in particle size. SAR was also characterized in the study and 

followed the expected trends based on the measured core radii. 

 

 

Figure 1.7. Iron concentration (a) and radius distributions (b) created by magnetic fractionation 

technique101. 

 

Equally important to performance is the particles’ coating. The coating not only stabilizes 

the core structurally and in solution (preventing aggregation and settling), but also 

determines the biological interactions and pathways. Biological applications generally 

require water soluble particles, but the surfactants used in most chemical methods are 

hydrophobic and can be cytotoxic117. Therefore, aqueous stability and biocompatibility 

requires additional modification, most commonly a polymer surface coating consisting of 

dextran or polyethylene glycol (PEG)105. However, bioinert materials, such as silica and 

gold, are also under serious investigation as coatings117. Both shell materials provide 

excellent aqueous stability and facilitate surface modification. Gold, in particular, has 

been extensively characterized for biomolecular surface modification. However, one 

critical, and as of yet poorly understood, consideration in magnetic nanoparticle coating 
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is the effects on magnetic behavior. Different surface coatings have been shown to lead 

to either decreases (magnetic “dead layer”) or increases in the magnetic moment and 

anisotropy of core structures, with no clear, general correlations determined to date131. 

This becomes an even more significant consideration in vivo, as biological interactions 

can modify coatings, which can then subsequently affect magnetization. Most 

significantly, nanoparticles can be internalized into lysosomes38 and subjected to 

“cellular digestion” through intravesicle pH down to 4. Coatings that are not able to 

withstand these harsh conditions are broken down, leading to particle aggregation and 

other changes. 

 

Beyond purely chemically driven modifications, the particle surface can also be 

functionalized with biomolecular targeting agents. These ligands can be generally 

classified into proteins (antibodies and fragments), nucleic acids (aptamers, etc.), and 

other ligands (peptides, vitamins, carbohydrates), with complementary receptors that are 

overexpressed in certain forms of cancer38. These ligands can mediate cell-specific 

delivery and uptake. Aminosilane coated superparamagnetic magnetite particles with 

HIV-1 tat targeting peptides have been successfully synthesized and demonstrated 

improved uptake in vivo204. 

 

Combinations of various modes of synthesis and surface modification also provide the 

capability for multifunctional nanoparticle platforms. The ability to synthesize organic 

interlayer stabilized magnetite-gold195, silica-magnetite-gold131, iron-cobalt-gold116, and 

iron-iron-oxide228 nanoparticle core-shell structures offers the potential capability for 

multimodal platforms for diagnosis, imaging, and treatment. Plasma-reactor-based 

synthesis methods have also demonstrated the feasibility of producing such core-shell 
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structures in one continuous, in-line process116,229, which may offer benefits over the 

serial reactions required in many wet chemistry methods. In addition, iron oxide 

nanoparticles have been encapsulated in biodegradable, thermoresponsive polymer 

shells with the capability for drug-loading and stimulated release230. This provides a 

highly targeted mode for delivery of potential combinatorial therapies. 

 

1.3.2 Characterization 

The importance of the nanoparticle physical and magnetic properties has been 

highlighted, and so adequate characterization of these properties is another key to 

understanding performance. Nanoparticle size is generally characterized through 

standard techniques, including transmission electron microscopy (TEM), x-ray diffraction 

(XRD), and dynamic light scattering (DLS). Standard magnetic measurement techniques 

have also proved capable, with vibrating sample magnetometers (VSMs) or 

superconducting quantum interference devices (SQUIDs) providing key magnetic 

performance data. Additionally, as discussed briefly in Section 1.2.4, SAR can be 

measured readily in small samples subjected to an alternating magnetic field through the 

rate of temperature rise method37. This method is applied frequently throughout the 

literature, and despite a very wide range of reported SLPs, results are often in 

reasonable agreement with that predicted by theory52,172,231. Measured SLP for a number 

of in vitro studies utilizing superparamagnetic nanoparticles is included in Table 1.2, but 

there are many other studies available for a wide range of magnetic nanoparticle 

systems. 
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Table 1.2. Specific loss power (in watts per gram ferrite) for a number of in vitro heating 

characterization studies78,84,105. 

 

 

1.4 Biological Effects 

A nanoparticle’s surface coating is a major determinant for biological interactions and 

pathways. Upon administration into the body, the surface chemistry, in combination with 

size and geometry, determines which biological proteins adsorb to the particle surface, 

which in turn largely determines subsequent biological processing2. On the cellular level, 

the nanoparticle coating also determines the mechanism of cellular uptake. 

Nanoparticles are generally internalized through direct interaction with membrane-

embedded receptors or indirectly through association with the membrane lipid bilayer38. 

Both processes result in some form of endocytosis, in which the nanoparticles are 

internalized into a membrane-bound vesicle. Specialized cells, including macrophages, 

monocytes, and neutrophils, can also internalize particles through phagocytosis. 

 

1.4.1 Effects of Nanoparticle Surface Coating 

Nanoparticle coating and cell type have been shown to have a major impact on uptake 

of iron oxide nanoparticles in vitro104. Jordan et al. demonstrated differential endocytosis 

of dextran- and silane-coated magnetite nanoparticles in vitro with normal human 

fibroblasts, colonic adenocarcinoma (WiDr), malignant human glioma (RuSi-RS1), and 
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normal human cerebral cortical neuronal (HCN-2) cells. Cells were grown in medium 

containing one of two types of magnetite nanoparticles, both at a concentration of 0.6 

mg/ml. The first (#P6) consisted of 3.3 nm diameter cores with a dextran coating for a 

total hydrodynamic diameter of 50 to 70 nm with a negative surface charge. The second 

(#BU48) featured 13.1 nm diameter cores coated with aminosilane, for a total 

hydrodynamic diameter of 17 nm with a positive surface charge. Biocompatibility had 

been previously demonstrated for both particles. Uptake concentrations and cellular 

distribution were determined after 0, 6, 24, 48, 72, 144, 168, and 192 hours. Intracellular 

iron concentration was characterized by magnetophoresis and a colorimetric iron assay. 

Intracellular uptake was characterized by TEM, and surface attachment was 

characterized by SEM. Time-dependent uptake for two of the cell lines is summarized in 

Figure 1.8. The wide variety of uptake trends is apparent. The fibroblast cells 

demonstrate the most significant uptake. However, the uptake profiles vary significantly 

between the two nanoparticles. The #P6 nanoparticles exhibit high initial uptake followed 

by more gradual uptake through 192 hours. The #BU48 nanoparticles show low initial 

uptake, with a sharp peak in intracellular concentration around 168 hours, followed by a 

steep decline (which was attributed to exocytosis). All the cell lines demonstrated 

measurable iron uptake. 
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Figure 1.8. Time-dependent intracellular iron concentration for fibroblast (a) and malignant 

glioma (b) cells104. 

 

TEM indicated intracellular nanoparticles were contained in phagosomes or lysosomes. 

The #P6 particles often occurred as aggregates, which was due to the loss of their 

dextran coating in the low pH of the lysosomes. However, analysis of the diffraction 

patterns suggested that the exposed cores retained their magnetite structure. Nearly all 

the #BU48 particles appeared to remain clearly separated. SEM showed wide variance 

in the surface attachment behavior between the cell lines and nanoparticle types, which 

is likely a large determinant in the observed differences in uptake behavior. 

 

Similar results were obtained by Kalambur et al. in human prostate tumor cells 

(LNCaP)109. Two types of nanoparticles were studied, both with 10 nm magnetite cores. 

One had an anionic surfactant coating and the other a neutral dextran coating. The cells 
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were incubated in medium containing concentrations of nanoparticles at 0.05, 0.1, 0.5, 

and 1 mg Fe per ml, and uptake was measured by magnetophoresis and colorimetric 

iron assays at 1, 6, 24, 48, and 72 hours. The resulting uptake kinetics are included in 

Figure 1.9. The surfactant-coated particles demonstrated much higher uptake than the 

dextran-coated particles, with apparent saturation behavior for both concentration and 

time. It was suggested that this difference in kinetics was due to differences in the 

uptake mechanisms. The saturation behavior would suggest an adsorptive endocytotic 

pathway for the surfactant-coated particles versus a fluid-phase pinocytotic pathway for 

the dextran-coated particles, suggested by the linear increase with external 

concentration. The adsorptive process could potentially be further enhanced by 

specifically targeting the nanoparticles to receptors on the cell membranes or perhaps 

through cationic surfactants. 

 

 

Figure 1.9. (a) Time and (b) concentration dependent uptake kinetics for surfactant and dextran 

coated nanoparticles in LNCaP109. 
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Natarajan et al. characterized the in vivo uptake of PEG-coated iron-oxide nanoparticles, 

tagged with a breast cell targeting monoclonal antibody, ChL6154. Biodistributions for 

targeted and untargeted nanoparticles with mean core diameters of 20, 30, and 100 nm 

were characterized in mice bearing human breast cancer HBT 3477. The nanoparticles 

were intravenously injected, and blood and tissue data were collected at 4, 24, and 48 

hours. The tumor uptake for the targeted particles after two days was between 4% and 

9% of the injected dose, which was substantially higher than uptake for the untargeted 

particles, at less than 0.5% of the injected dose. This suggests significant interaction 

between the antibodies and cancer cell receptors, which is a promising result for 

prospective, clinical modes of systemic delivery. 

 

1.4.2 Thermal Dose In Vitro 

A large number of in vitro studies have demonstrated the ability of magnetic 

nanoparticles to heat cells to a cytotoxic level in the presence of an alternating magnetic 

field. Jordan et al. expanded the uptake studies described in Section 1.4.1 to include 

heating in a magnetic field at 520 kHz and 4 to 12.5 kA/m, for times between 5 and 120 

minutes104. Survival rates were compared with those of a treatment in a constant 

temperature water bath at 43°C and 45°C. One of the most prominent results was the 

inability of the dextran-coated particles to heat after intracellular uptake. It was expected 

that degradation of the dextran coating in the lysosomes led to tight particle aggregates, 

producing high interparticle interaction and eliminating the superparamagnetic heating 

behavior. However, extracellular #P6 and intra- and extracellular #BU48 produced 

significant heating in the alternating magnetic field, demonstrating cellular deactivation at 

levels (at least) equivalent to the water bath hyperthermia. In addition, the iron oxide 

treatments also appeared to result in some sort of sensitization effect over the first 60 
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minutes, in which decreased survival occurred. It was speculated that this might be a 

result of membrane disruption or organelle-specific damage, due to localized heating of 

the nanoparticles. However, the ability of magnetic nanoparticles to produce heating 

rates high enough to create localized, intracellular temperature increases has been 

questioned from an analytical perspective114,173, and thermal effects are more likely 

confined to macroscopic, bulk heating48,172. A more detailed discussion of scaling 

between nano-, micro-, and macroscale heating effects has been discussed 

elsewhere172. An alternative explanation suggests that ferric ions produced by the 

nanoparticles result in additional oxidative stress. In a separate study, it was found that 

iron concentrations of 1 mM produce no cytotoxic effects at 37°C, but became toxic at 

temperatures of 43°C62. 

 

1.4.3 Thermal Dose In Vivo 

Encouraged by the promising results demonstrated in vitro a number of groups have 

also pursued in vivo animal work, with successful results spanning over five decades. A 

summary of some of the most prominent studies is included in Table 1.3. In addition to 

the successful indications, the exclusive use of iron oxide (mainly magnetite) as the 

magnetic core material should be noted. This again is due to the demonstrated ability to 

produce heating and well-characterized biocompatibility. Additional detail on several 

studies will follow. 
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Table 1.3. Prominent preclinical magnetic nanoparticle heating 

studies43,64,70,85,89,96,97,103,113,122,152,154,159,177,193,209,226. 

 

 

Jordan et al. used intratumoral injection to administer superparamagnetic, dextran 

coated magnetite particles in intramuscularly implanted mammary carcinoma of the 

mouse103. Upon ferrofluid injection, a bandage securing six magnets was fixed on the 

tumor site. This static field gradient was intended to increase retention in the tumor. The 

resulting time-dependent biodistribution is included in Figure 1.10. Retention in the tumor 
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was increased significantly through the use of the magnetic array, as well as observed 

decreases in iron deposition for bystander organs. Intratumoral steady state 

temperatures of 47 ± 1°C were maintained for 30 minutes with a whole body field at 520 

kHz and 6 to 12.5 kA/m. No significant heating was observed in other tissues. The 

histological results were fairly heterogeneous and likely reflected inhomogeneity of 

nanoparticle deposition. Some of the tumors showed no evidence of regrowth after 50 

days, while others grew readily after treatment. 

 

Magnetic fluid hyperthermia was also used for treatment in rat tumor models with 

glioblastoma multiforme and prostate carcinoma92,102. Intratumoral injection of 

aminosilane-coated particles produced stable nanoparticle deposits, capable of multiple 

treatments under alternating magnetic fields variable from 0 to 18 kA/m at 100 kHz. 

Intratumoral temperatures in the glioblastoma model were measured at 43°C to 47°C 

(held for 30 minutes), and resulted in an increased survival rate of 1.7- to 4.5-fold over 

the control. Maximum intratumoral temperatures of up to 70°C were measured in the 

prostate carcinoma model, with mean maximum and mean minimum temperatures of 

54.8°C and 41.2°C, respectively. Treatment resulted in a 44% to 51% inhibition of tumor 

growth over the control. Post-mortem histological analysis showed mean iron 

biodistribution at 82.5% in the tumor, 5.3% in the liver, 1.0% in the lung, and 0.5% in the 

spleen. 
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Figure 1.10. Tissue iron content of selected organs of C3H tumor bearing mice after intratumoral 

magnetic fluid administration without (a) and with (b) an external magnet array103. 

 

An additional in vivo study demonstrated the potential for magnetic fluid hyperthermia as 

a combinatorial therapy, with adjunct radiotherapy treatment in a rat tumor model with 

prostate carcinoma95. Aminosilane-coated nanoparticles were injected intratumorally, 

with two subsequent thermal treatments or two radiation doses ranging from 2 × 10 Gy 

to 2 × 30 Gy. Thermal therapy was also combined with the lowest radiation dosage. 

Mean maximum and mean minimum intratumoral temperatures were measured at 

57.1°C and 42.5°C, respectively. The combined low-dose radiation thermal treatment 
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matched the effectiveness of the high-dose radiation therapies, with a reduction in tumor 

growth of 87.5% to 89.2% over controls. 

 

1.5 Clinical Application in Cancer Therapy 

1.5.1 Components of a Clinical MFH Thermotherapy System 

Following is a description of the components necessary for successful clinical application 

of magnetic nanoparticle-based thermal therapy treatment. Reference is made to the 

MagForce NanoTherapy (MagForce Nanotechnology AG, Berlin, Germany) system, as 

this is the only clinical magnetic fluid hyperthermia system in use at this time. However, 

equivalent or similar system components will be required for any clinical MFH-based 

treatment. A high-level treatment flow chart has been included in Figure 1.11, for 

illustrative purposes. Imaging is not explicitly described as a discrete system component 

in the subsequent discussion, but is an integral tool utilized throughout the process. 
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Figure 1.11. Components involved in clinical application of MFH. 
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1.5.1.1 Magnetic Nanoparticles 

Heating dependence on magnetic nanoparticle properties and potential core-shell 

structures have already been discussed. However, keys to an effective clinical 

application include high SAR, high biocompatibility (acute and long-term), and stability 

under physiological conditions. NanoTherm® (MagForce Nanotechnologies AG, Berlin, 

Germany) is an aqueous dispersion of 15 nm iron oxide cores coated with aminosilane, 

for a total hydrodynamic diameter of 100 nm45. The solution has an iron concentration of 

112 mg/ml and is directly injected as a number of 0.5 ml deposits. 

 

1.5.1.2 Pretreatment Planning and Nanoparticle Imaging 

Understanding the physical mechanisms behind magnetic nanoparticle heating and 

characterization of their performance in vitro and in preclinical study has provided an 

extensive knowledge base for predicting performance in vivo, but convenient tools are 

still required to effectively translate this understanding to the clinical setting. Robust and 

simple methods are necessary to help clinicians determine the required nanoparticle 

loading and expected treatment efficacy, without involved calculation. 

 

The Pennes bioheat equation is a well-accepted method for solving biological heat 

transfer problems163: 

 

  𝜌𝜌𝑐𝑐𝑐𝑐𝑐𝑐
𝑑𝑑𝑇𝑇
𝑑𝑑𝑡𝑡

= 𝑘𝑘∇𝑇𝑇 + �𝜌𝜌𝑐𝑐𝑐𝑐�𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑑𝑑 𝜔𝜔𝑏𝑏(𝑇𝑇 − 𝑇𝑇𝑎𝑎) + 𝑞𝑞𝑆𝑆𝑆𝑆𝑆𝑆    (1.17) 

 

where ρ and cp are the density and specific heat of the tissue and blood, T is 

temperature, Ta is the arterial blood temperature, t is time, k is the tissue thermal 

conductivity, ωb is blood perfusion, and qSAR has been added for nanoparticle heat 
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generation (i.e., SAR from Equations 1.14 and 1.15). Contributions of metabolic heat 

generation will be insignificant compared to nanoparticle SAR and has been neglected. 

This equation is often solved for the steady-state treatment temperature, in which case 

the left side can be set to zero. Perfusion can be estimated from values in literature or 

various imaging techniques—MRI219, CT47, or US191. Calculation and measurement of 

SAR (see Sections 1.2.3 and 1.3.2) has already been discussed, so a solution for either 

nanoparticle density or treatment temperature can be found, given the other value. This 

can be accomplished analytically for simple geometries or with finite element methods in 

more realistic cases. This relation then provides a tool for calculating the required 

amounts of nanoparticles or expected temperature profiles. 

 

Although magnetic nanoparticles are used as contrast agents to enhance MR imaging 

techniques, the high concentrations required for hyperthermia applications result in 

localized susceptibility artifacts, which eliminate the possibility for quantification. 

However, the ability to measure nanoparticle concentrations based on differences in 

density has been demonstrated with computed tomography (CT) imaging94. A 

comparison between signal intensities from MRI and CT is included in Figure 1.12. CT 

signal intensity is expressed in Hounsfield units (HU). Previous studies have 

demonstrated the capability to differentiate nanoparticle deposits down to a 

concentration of approximately 4 mg Fe/ml, correlating to a signal intensity change of 

about 20 HU per mg Fe/ml221. Thus CT imaging can be used to measure nanoparticle 

distribution after injection and subsequently determine appropriate field parameters and 

treatment time. In addition, while traditional MR techniques are limited in quantifying high 

concentrations of iron oxide nanoparticles, a new approach, sweep imaging with Fourier 
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transform (SWIFT) MR, has demonstrated preliminary capabilities to image at greater 

than 1 mg Fe/ml87. 

 

 

Figure 1.12. CT/MR signals in correlation with the concentrations of iron mass in the magnetic 

fluid67 (a); and CT/MR contrast images for Petri dishes containing varying concentrations of iron 

mass108 (b). 

 

The NanoPlan module (MagForce Nanotechnologies AG, Berlin, Germany) puts these 

methods to commercial use. The software package allows physicians to calculate needle 
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trajectories and deposit locations for nanoparticle implantation, based on 3D 

reconstructions obtained from previous imaging. Homogeneous deposition is attempted 

by planning trajectories that provide interdeposit spacing between 8 and 10 mm 

throughout the tumor212. In addition, the software can be used in conjunction with post 

implantation CT nanoparticle concentration data, to estimate field-dependent 

temperature distributions in the tissue, using perfusion estimates based on minimally 

invasive thermometry. Preliminary experience with these methods and software has 

yielded reasonable agreement with intratumoral temperatures, but considerable 

deviations are found outside of the tumor. 

 

1.5.1.3 Implantation Procedure 

Effective thermal treatment of a tumor requires that all areas of the tumor are heated to a 

therapeutic level, and this is best achieved through a homogenous distribution of 

nanoparticles. This, in turn, requires an effective method for implantation. Some success 

has been demonstrated for image-guided interstitial injection, while local arterial infusion 

indicates potential promise for some future applications. 

 

Interstitial injection is most effective under some form of image guidance. CT guidance 

has been used to control nanoparticle injection in the cranium (stereotactically 

administered), cervical area, and other soft tissue sites, while transrectal ultrasound 

(TRUS) with X-fluoroscopy guidance has been used in the prostate. While these 

techniques have generally met with success, some significant mechanical resistance 

has been encountered in tissues that received prior radiotherapy98,221. This provided 

difficulty in following the planned trajectories and raises concern over the subsequent 

ability of the nanoparticles to diffuse through the tissue. Overall, however, the interstitial 
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injection techniques have proved clinically viable. Computed images of planned and 

actual nanoparticle distributions are included in Figure 1.13, along with the resulting 

temperature maps during treatment. Intraoperative injection under direct visual and 

endoscopic guidance has also been attempted, with mixed results203,221. Transarterial 

injection has demonstrated some promise in preferential deposition of nanoparticles for 

treatment of liver carcinoma45, which would offer major advantages over minimally 

invasive methods. This procedure will be discussed in more detail in Section 1.5.2.5. 

 

 

Figure 1.13. Comparison of planned and actual nanoparticle distributions for treatment of cervical 

cancer (a), with resulting temperature distributions (b)221. 

 

Nanoparticle retention is another critical factor for successful implantation. Significant 

diffusion from the injection site can result in unwanted heating of surrounding tissues, 

and stable deposits provide the capability for repeated treatments over time with a single 

injection. No significant nanoparticle deposits have been identified outside of the 

injection site throughout the clinical imaging completed to date, and stable deposits in 
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the prostate have been detectable a year after implantation98. This provides for safe, 

repeatable treatment. 

 

1.5.1.4 Magnetic Field Applicator 

A means of safely and effectively applying an external magnetic field is necessary to 

activate the implanted nanoparticles. Major considerations in design of such an 

applicator include uniformity of field, patient comfort, and capability for treatment 

throughout the body. Although multiturn inductive coils provide an adequate platform for 

small animal preclinical studies, a more robust system is required for clinical 

applications. Currently, the only applicator under clinical investigation is the 

NanoActivator (MagForce Nanotechnologies AG, Berlin, Germany), illustrated in Figure 

1.14. Patients are placed horizontally on the bed and slid in the y-direction into the 

applicator. A ferrite yoke with pole shoes above and below the patient is coupled with a 

resonant circuit that creates an alternating magnetic field at 100 kHz. A roughly 

cylindrical field with 20 cm diameter is created between the two pole shoes. Field 

variability is shown in Figure 1.14. The magnetic field strength depends linearly on the 

coil current and is adjustable from 2 to 18 kA/m. An aperture can also control the gap 

between the pole shoes, adjustable from 210 to 320 mm, with some decrease in field 

strength for wider gaps. However, the field is relatively homogeneous with very little 

radial variance. 
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Figure 1.14. NanoActivatorTM with internal schematic67. 

 

Although the system has the capability to deliver fields up to 18 kA/m, practical field 

strengths have been limited in clinical application. Significant patient discomfort resulting 

from hot spots and subjective feelings of pain result in varying levels of tolerance for 

different regions of the body. Tolerated fields have typically been 3 to 5 kA/m for the 

pelvic region, 8.5 kA/m for the upper thoracic region, and >10 kA/m for the head221. Hot 

spots occur at skin folds, where the induced current densities are highest, and bone 

interfaces, where it is expected a phenomenon is occurring similar to RF heating at 

boundaries, due to mismatches in electrical properties94. 

 

1.5.1.5 Real-Time Thermometry and Dosimetry 

Real-time thermometry is critical for validation of predicted temperature distributions and 

determining the treatment effects in terms of the thermal equivalent dose. Unfortunately, 

compatible, noninvasive thermography techniques are not available for use with MFH. 

MR thermometry has demonstrated some promise for noninvasive thermal 

measurement170, but is ineffective in MFH due to the susceptibility artifacts created by 

the high concentration, magnetic nanoparticle deposits221. However, some potential for 
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noninvasive temperature measurement has been proposed with US4 and CT58 

thermography and could be developed for compatible application with MFH. An 

additional technique uses the fifth and third harmonic responses of magnetic 

nanoparticles in a sinusoidal field to estimate the bulk temperature, with an accuracy of 

0.3°C demonstrated in vitro217. 

 

Currently though, minimally invasive, probe-based thermometry is the only method of 

temperature measurement during MFH. Temperature mapping is accomplished through 

the insertion of single or multiple 1 mm catheters containing fiber-optic temperature 

probes. Catheters are positioned pretreatment and spatial temperature distributions are 

taken by sliding the probe longitudinally along the catheter’s axis141. 

 

A common and well-accepted method for describing thermal dosimetry was proposed by 

Sapareto and Dewey, in which the measured temperature-time curve is normalized to an 

equivalent, cumulative time at 43°C188. A representative temperature T90, can be taken 

as the temperature exceeded by 90% of the treated tumor volume, and can be used to 

calculate the cumulative equivalent minutes at 43°C (CEM43), based on the following: 

 

    𝐶𝐶𝐶𝐶𝑀𝑀43 = 𝑡𝑡 𝑆𝑆43−𝑇𝑇90       (1.18) 

 

where t is the time spent at the temperature T90 and R is either 0.25 for T < 43°C or 0.5 

for T > 43°C. This relation can be used to calculate the thermal dose at a constant 

treatment temperature or integrated across a temperature curve. 
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1.5.2 Clinical Results 

Seven clinical trials have been completed as of 2011, with two additional studies in 

progress. A summary of the trials is included in Table 1.4. Phase I trials are aimed to 

investigate feasibility, toxicity, and tolerability of MFH treatments. Demonstration of 

feasibility generally included homogeneous implantation of the magnetic fluid, the 

capability to maintain therapeutic temperatures in the treatment area, and validation of 

the calculated temperature distributions. Phase II study is intended to demonstrate 

efficacy and further evaluate safety. More specific results and outcomes will be 

discussed in the subsequent sections. 

 

Table 1.4. Summary of MagForce NanoTherm therapy clinical trials completed as of 

201145,95,140,141,203,221. 

 

NA = data not yet available 

 

Although the results have generally been promising, some side effects were 

encountered. In many cases, unwanted heating occurred at skin or bone interfaces, 

generally resulting in discomfort, but occasionally causing superficial burns. Other side 

effects have included tachycardia, headaches, elevated blood pressure, focal 
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convulsions141, and acute urinary retention94. In addition, in current practice, the 

concentrations of iron oxide required to create therapeutic temperatures are much higher 

than those optimally predicted by theory, so there is significant opportunity for increasing 

the heating efficiency of the nanoparticles used. 

 

1.5.2.1 Glioblastoma Multiforme 

Phase I and phase II trials have been completed investigating MFH for treatment of 

glioblastoma multiforme in combination with fractionated radiotherapy140,212. The phase I 

trial included 14 patients with locally recurrent or nonresectable tumors. Patients 

received between 4 and 10 biweekly thermal treatments, depending on the total weeks 

of irradiation. Single radiotherapy fractions of 2 Gy were administered, for complete 

dosage between 16 to 70 Gy. Nanoparticle injection was preplanned and administered 

under stereoscopic guidance with StealthStation® (Medtronic, Minneapolis, Minnesota). 

During treatment, field strength was increased until the patient experienced subjective 

feelings of discomfort, the field was reduced, and the temperatures were maintained for 

60 minutes. Field strengths from 3.8 to 13.5 kA/m were well tolerated. Invasive 

thermometry was used to monitor intratumoral temperature during treatment. Median 

maximum intratumoral temperature was 44.6°C and T90 ranged from 39.3 to 45.5°C, 

with a median of 40.5°C. Median calculated CEM43 was 7.7 minutes. There was no 

measurable increase in skin temperature, but body temperature increased by 1.0 to 

1.5°C on average. 

 

Implantation and treatment were well tolerated, with no signs of systemic toxicity. 

Median patient survival was 14.5 months, which was promising compared to survival 

prognoses ranging from 2.7 to 11.5 months. With appropriate consent, histology was 
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performed on sections of the treated tissue after death119. Multifocal deposits were found 

in the necrotic regions of the treated tissue. There was significant uptake by 

macrophages and the aggregates were partially surrounded by rings of macrophages. 

The glioblastoma cells demonstrated uptake to a lesser extent, with only about 5% of 

cells containing nanoparticles. Hemorrhage was also found along the canals of the 

instilled nanoparticles. One patient did not receive thermal treatment due to health 

complications after implantation and the postmortem histology showed significantly 

decreased phagocytotic activity, compared to patients receiving hyperthermia treatment. 

 

Phase II study has also been completed on 66 patients with glioblastoma multiforme141. 

The primary endpoint was survival following diagnosis of first tumor recurrence (OS-2), 

with a secondary endpoint of survival after primary diagnosis (OS-1). The same methods 

and procedures were utilized as in phase I study. Patients received six biweekly thermal 

treatments with fractionated radiotherapy occurring directly before or after, with median 

overall dose of 30 Gy. Median peak treatment temperature was 51.2°C, with an overall 

maximum of 82°C. Direct comparative analysis of endpoints is difficult, but results were 

promising with a median OS-2 of 13.4 months (as compared to 5.8 months for 

chemotherapy) and median OS-1 of 23.2 months (as compared to 14.6 months for the 

reference group). In addition, levels of key metabolites of iron were tested before and 

after injection, with no indication of iron release from the nanoparticle deposits. 

 

1.5.2.2 Prostate Carcinoma 

Two separate phase I trials have been completed investigating MFH treatment of locally 

recurrent prostate cancer as a monotherapy and with adjunctive permanent seed 

brachytherapy93,94,98,221. Ten patients received six weekly thermotherapy sessions and 
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for another eight patients, 125-Iodine seeds were also implanted at the time of 

nanoparticle injection. Injections were made transperineally with the aid of a template 

and under TRUS with X-fluoroscopy guidance. Deposit trajectories were preplanned, but 

significant mechanical resistance was encountered in the pre-irradiated tumors, and it 

was difficult to achieve a homogenous distribution. Treatments began at a field strength 

of 2.5 kA/m, which was gradually increased to the threshold before the patient 

experienced significant discomfort, and temperatures were held for 60 minutes. Hot 

spots generally occurred at skin folds of the scrotum or rectum and could be somewhat 

alleviated with cooling and by keeping the skin dry, but tolerated fields only reached 3 to 

5 kA/m. Skin temperatures up to 44°C were measured. Minimally invasive temperature 

mapping was conducted during the first and last sessions with four catheter-based 

probes, and intraluminal temperatures were monitored in the urethra and rectum 

throughout all treatments. Temperature mapping indicated fairly heterogeneous 

temperature distributions throughout the tumor. Treatment of the prostate is often 

complicated due to high perfusion rates of the surrounding structures, but this was also 

likely exacerbated by heterogeneous nanoparticle distributions. Intratumoral 

temperatures agreed reasonably well with the predicted temperatures, but the measured 

urethral temperature was on average 1.1°C lower than the calculated values. 

 

For the monotherapy group, a maximum temperature of 55°C was achieved, with a 

median T90 of 40.1°C, equating to a median CEM43 of 7.8 minutes (mean 20.9 minutes). 

The large variability in these values again demonstrates the heterogeneity of the 

temperatures achieved, which could be a significant obstacle for application as a viable 

treatment. Although it was not a specific end point, prostate-specific antigen (PSA) levels 

were also measured; 8 of the 10 patients demonstrated PSA decreases, ranging from 
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<25% to 70%, with some apparent correlation to the homogeneity of the nanoparticle 

deposits and temperatures reached. In the combined therapy group, median T90 of 

39.3°C and CEM43 of 5.8 minutes were achieved. These were adequate thermal doses 

for combination treatment, but fell short as a monotherapy95. 

 

1.5.2.3 Esophageal Carcinoma 

Phase I investigation of MFH treatment in 11 patients with incurable esophageal 

carcinoma is in progress203. Two patients received thermal monotherapy and nine 

patients received combination thermal chemoradiotherapy. Nanoparticle injection was 

performed endoscopically, under camera guidance. Preplanning of nanoparticle deposits 

was not possible, due to the flexible geometry of the esophagus. Significant mechanical 

resistance was encountered in pre-irradiated tissue, and some leakage occurred after 

injection, but was remedied by sealing with fibrin glue. Imaging of the nanoparticle 

deposits indicated that most of the injected load was focused in the center mass of the 

tumor. Insufficient loading occurred in two patients, and injection had to be repeated. 

Upon treatment, all patients complained of pain arising from hot spots (generally at bone 

interfaces) and tolerated an average field of 3.6 kA/m. Combination therapy involved 

simultaneous infusion of cisplatin, with adjunct radiotherapy at an average dose of 45 

Gy. Treatment had to be stopped in four patients due to pneumonia and decreases in 

general health conditions. Perforation of the esophageal wall occurred during injection in 

one patient. Results of the study are still under analysis and not yet available. 

 

1.5.2.4 Local Recurrences of Different Origins 

Phase I study was conducted on 22 patients with various forms of locally recurrent 

cancer, aimed mainly at investigating feasibility for several modes of implantation and 
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validity of calculated temperatures at various sites221. Groups included: implantation 

under CT guidance (sarcoma, cervical and ovarian carcinoma, rectal cancer), 

implantation under TRUS with X-fluoroscopy guidance (prostate), and intraoperative 

implantation under visual guidance (treatment of residual tumors after cervical 

resection). Implantation was preplanned for the image-guided injection methods, but 

intraoperative injection relied on the surgeon’s discretion and the magnetic fluid was 

administered liberally. However, no nanoparticle deposits were detected in two of the 

intraoperative implantation patients. It is suspected that the nanoparticle solution drained 

through tissue gaps and was suctioned during surgery. One to 15 thermal treatments 

were administered once to twice a week for 60 minutes. Tolerable field strengths varied 

between different regions of the body. Generally, field strengths of 3 kA/m to 6 kA/m 

were used in the pelvic regions and up to 7.5 kA/m in the thoracic and neck regions. All 

patients also received combination radio- and/or chemotherapy. Results of the study are 

still under analysis and are not yet available. 

 

1.5.2.5 Liver Carcinoma 

Phase I study was completed on 13 patients, intended to investigate the feasibility of 

transarterial injection of magnetic fluid for potential treatment of hepatocellular 

carcinoma (HCC)45. The patients underwent transarterial chemostabilization (TACE) in 

combination with the infusion of iron oxide nanoparticles. HCC draws its blood supply 

mainly from the hepatic arterial system, while normal hepatic parenchyma (NHP) are 

perfused by the portal venous system. Administration into the arterial system should 

then result in preferential delivery to HCC. Six patients received NanoTherm injections, 

while six patients received injections of ferucarbotran (Resovist, Schering, Berlin, 

Germany), with a 62 nm hydrodynamic diameter. In each case, patients received a total 
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of 3.92 mg of iron, which is a consistent dosage administered intravenously for MRI 

diagnostics. Chemotherapy agents included doxorubicin and cisplatin. After nanoparticle 

injection, the artery was infused with biodegradable starch microspheres until the tumor 

was occluded, to prevent excessive washout. Baseline and follow-up was conducted 

with 3.0 T MRI. The MagForce particles demonstrated significantly higher MR signal 

intensity than Resovist and it was speculated that this was due to mechanisms related to 

the differences in the particles’ coatings. The intratumoral concentration of nanoparticles 

was estimated at 0.032 to 0.01 mg/ml, and the surrounding NHP were largely clear of 

nanoparticles. One patient received a liver transplant 28 days after injection, and 

histological analysis was performed on the resected liver. No nanoparticles were found 

in the tumor vessels, but numerous macrophages in the interstitial tumor capsule 

demonstrated particle uptake. The nanoparticle concentrations achieved in this study 

were much too low for hyperthermic treatments, but some feasibility was demonstrated 

for arterial embolization hyperthermia151. 

 

1.6 What Comes Next? 

Decades of research have clearly demonstrated the promise of magnetic fluid 

hyperthermia, which is now being realized in clinical application. However, technology 

development is a long and arduous process, and despite years of critical advances, the 

field is still in its adolescent phase. Table 1.5 highlights some of the current technological 

strengths and areas for potential improvement. Moving beyond these current limitations 

is going to involve continued research in three key areas: furthering basic understanding, 

optimizing the heating efficiency, and improving nanoparticle delivery. 
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Table 1.5. Strengths and weaknesses of current technology. 

 

 

Although a fairly detailed knowledge base on the mechanisms behind MFH has been 

developed, specific areas of basic understanding still require some significant 

development. Magnetic fluids have been heavily characterized as dispersed solutions 

but exhibit significant interactions in biological systems. Theoretical modeling generally 

assumes noninteracting particles, but in vitro and in vivo study have demonstrated that 

particles will form aggregates and that this can have significant effects on magnetic 

behavior and heating. Current models need to be modified to factor in these interactions. 

In addition, although thermodynamic scaling arguments suggest that localized, 

intracellular heating does not occur, enhanced sensitization and/or cytotoxic effects have 

been demonstrated with MFH41,104,158,184. The mechanisms behind these enhanced 

effects need to be elucidated to fully realize the advantages of MFH. Another tool that 

will significantly advance basic understanding in the field is noninvasive thermometry. 

Currently, minimally invasive probe techniques offer few data points and introduce 

unneeded complications to experiments and procedures. Significant development will be 

required, but compatible MR, CT, or US thermometry techniques could produce three-

dimensional temperature maps that could be closely matched with histology and 
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modeling, providing an in-depth knowledge of in vivo heating and treatment efficacy. 

This level of information will be critical in developing the capabilities to provide well-

controlled treatment to complex tumor geometries. 

 

While current iron oxide nanoparticles provide adequate SARs to produce therapeutic 

temperatures, there is certainly room for improvement. Higher magnetic moment 

nanoparticles are an area of intense research, including iron-iron-oxide composites228, 

iron-cobalt core structures116, and magnetosomes83. Improved methods for synthesizing 

well-controlled, monodisperse, iron oxide nanoparticles at the optimal heating radii (refer 

back to Figure 1.4) would also significantly increase the SAR achieved. Beyond the 

nanoparticle construct, modifying the applied field provides another means of improving 

heat generation. Current field application has been largely limited by unwanted hot spots 

produced away from the treatment zone. The field geometry could be modified to better 

focus the fields in different regions of the body221. In addition, optimizing the alternating 

wave form (for example, square waves150 or pulsed waves61) could provide higher power 

input. 

 

Enhanced nanoparticle delivery is another major area of development. Uniform 

nanoparticle distributions confined to the tumor will provide more complete treatment 

and better selectivity in focusing treatment to the tumor. Enhanced delivery methods 

could employ biomolecular targeting to preferentially deposit nanoparticles in the tumor 

region after intravenous injection87,204, but such methods have yet to demonstrate 

adequate accumulation for heating. Magnetic nanoparticles incorporated into 

multifunctional platforms may also provide enhanced therapeutic, imaging, and 

diagnostic capabilities, in addition to improved biodistribution profiles. Thermally 
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responsive polymers230 and liposomes8 combined with iron oxide nanoparticles have 

already demonstrated the great potential for single-platform adjunctive therapies, and it 

is likely that the future of cancer medicine will be built on the promise of such synergistic 

approaches. 
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Chapter 2. Optimizing Magnetic Nanoparticle Based Thermal Therapies within the 

Physical Limits of Heating 

 

Contributing Authors: Michael L. Etheridge and John C. Bischof 

 

The following chapter (with the exception of SM2.2) appeared in publication:  

Etheridge, M.L. and J.C. Bischof. Optimizing magnetic nanoparticle based thermal 

therapies within the physical limits of heating. Ann Biomed Eng, 41, 78–88 (2013). 

 

Supplementary material SM2.2 includes an important, related discussion that was 

developed after publication of the original paper, but was presented at the following: 

Etheridge, M.L. and J.C. Bischof. Accounting for Aggregation in Magnetic Nanoparticle 

Based Thermal Therapies, in Proceedings of ASME NEMB2013, 93297 (2013). 

 

 

Magnetic nanoparticle (mNP) based thermal therapies have demonstrated relevance in 

the clinic, but effective application requires an understanding of both its strengths and 

limitations. This study explores two critical limitations for clinical use: (1) maximizing 

localized mNP heating, while avoiding bulk heating due to inductive coupling of the 

applied field with the body and (2) the limits of treatable volumes, related to basic heat 

transfer. Two commercially available mNPs are investigated, one superparamagnetic 

and one ferromagnetic, thereby allowing a comparison between the two fundamental 

types of mNPs (both of which are being evaluated for clinical use). Important results 

indicate that in dispersed solutions, the superparamagnetic mNPs outperform on a per 

mass basis (2X better), but the ferromagnetic mNPs outperform on a per nanoparticle 

59 



basis (170X better), at the fields of highest clinical relevance (approximately 100 kHz 

and 20 kA/m). We also demonstrate a new method of observing heating in microliter 

droplets of mNP solution, leading to scaling analyses that suggest treatable tumor 

volumes should be ≥2 mm in diameter (for mNP loading of ≥10 mg Fe/g tumor), to 

achieve therapeutic temperatures ≥43°C. This technique also provides a novel platform 

for quantifying heating from microgram quantities of mNPs. 

 

2.1 Introduction 

Magnetic nanoparticle (mNP) based thermal therapies are currently approved in Europe 

and poised for clinical translation in the US87,139. The main benefits include the ability to 

focally and repeatedly treat tissues, including cancers, with a minimally-invasive 

platform. However, effectively applying any therapy requires a detailed understanding of 

not only its strengths, but also its limitations. This study explores two critical limitations 

related to applying this therapy in the clinic: (1) maximizing localized mNP heating, while 

avoiding bulk heating due to inductive coupling of the applied field with the body and (2) 

the limits to the treatable volume, due to fundamental heat transfer mechanisms. Two 

mNPs are investigated in this study, one superparamagnetic and one ferromagnetic, so 

these analyses are also highlighted by a comparison between the two fundamental types 

of mNPs. 

 

Beginning with a broader perspective, the major challenges facing mNP based thermal 

therapies can be generally described in terms of three interrelated categories (Fig. 2.1a) 

- (i) Nanoparticle design: The effects of mNP properties (material, magnetic behavior, 

size, coating, etc.) on heating, as well as their interactions with the applied field, must be 

well understood to make appropriate decisions in synthesizing efficiently heating 
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particles. In addition, aggregation is a significant factor in biological applications, so the 

effects of interparticle interactions must also be considered. (ii) Clinical planning: Once 

the mNPs are in the body, it is critical to know their quantity and distribution, so methods 

for imaging high concentrations of mNPs are necessary. If the mNP concentration is 

known, heat transfer modeling can be used to predict the expected temperature 

distribution (i.e., thermal dose). Understanding the field-mNP interactions again comes 

into play, as the field can be adjusted to achieve the desired temperatures. (iii) Biological 

interactions: Regardless of colloidal stability, nanoparticles will generally aggregate in 

the body due to interactions with blood proteins and during cellular uptake106,216. This will 

affect both their biodistribution and heating. In addition, several groups have reported 

enhanced efficacy of mNP heating over traditional thermal therapies66,106,184, so 

understanding the modes of cellular damage will be another key to taking full advantage 

of this innovative therapy. 

 

The present work attempts to address several key aspects related to both optimizing 

nanoparticle design (i) and clinical planning (ii) for thermal therapy. Specifically, we will 

discuss (a) the contrasts in heating between superparamagnetic and ferromagnetic 

nanoparticles (smNPs and fmNPs), (b) electromagnetic field-dependent mNP response, 

(c) performance at very low concentrations, (d) scaling of mNP volumetric heating, and 

(e) the ability of theory to predict these behaviors. Although pieces of the existing 

literature touch on some of these topics, this article attempts to provide a discussion that 

relates all of this in the context of planning for clinical application. Although we are 

presenting results to our specific studies, we are also trying to highlight perspectives that 

are important to development in the overall field. Future work plans to extend the 
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methods and results presented here, to investigate the complex interactions of these 

aspects within biological systems (iii). 

 

 

Figure 2.1. mNP thermal therapies. The applied field, type of nanoparticle, and 

volume/concentration of mNP laden tissue all have significant effects on the efficacy of mNP 

thermal therapies (a). Two aqueous nanoparticles with varying size and magnetic behavior were 

used in this study. TEM images of the commercially available Ferrotec59 (b) and Micromod66 (c) 

mNP solutions are shown. 
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2.2 Methods 

Ferromagnetic nanoparticles transition to superparamagnetic behavior below a critical 

diameter (about 20 nm for iron oxide nanoparticles78). The main physical mechanisms of 

heating in alternating magnetic fields (AMFs) differ between the two78, so it is expected 

that their heating response to an applied field may also differ. In this study, the specific 

absorption rate (SAR - heat generation per unit mass or volume) was measured for two 

aqueous nanoparticle solutions (one superparamagnetic and one ferromagnetic) at 

varying field strengths, frequencies, and concentrations. These results are discussed in 

the context of theoretical descriptions and similar studies from the literature. In addition, 

droplets of the smNP solution ranging in volume from 0.5 to 8 µL were heated to 

demonstrate the characteristic heat transfer. The results matched well with analytical 

and numerical solutions, which are expanded with scaling arguments, to investigate the 

limits in applying mNP based thermal therapies. In addition, this method of droplet 

heating provides a new platform for measuring the SAR from microgram quantities of 

mNPs. 

 

2.2.1 Nanoparticles 

Two commercially available, aqueous nanoparticle solutions were used (Fig. 2.1). The 

first nanoparticle has a 10 nm core with a surfactant coating (Ferrotec GmbH, 

Unterensingen, Germany) and the second features an approximate core diameter of 60–

80 nm (composed of 20 nm crystallites) with a starch coating65 (Micromod 

Partikeltechnologie GmBH, Rostock, Germany). Both nanoparticles are composed of 

iron oxide, specifically magnetite (Fe3O4). The Ferrotec solution demonstrates 

superparamagnetism (smNPs), while the Micromod solution behaves as a ferromagnetic 

cluster (fmNPs). 
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2.2.2 Alternating Magnetic Field (AMF) 

A 1 kW Hotshot inductive heating system with a 2.75-turn, water-cooled copper coil 

(Ameritherm Inc., Scottsville, NY) was used to generate the AMF. The coil current was 

adjustable from 30 to 280 A. Axial and radial inhomogeneity in the applied magnetic field 

was accounted for through numerical field simulations. COMSOL version 3.5a 

(COMSOL Inc., Burlington, MA) was used to calculate the volume-averaged value of the 

field strength across the samples (Fig. 2.2c). The resonant frequency was displayed on 

the power supply and could be adjusted by changing capacitors in the internal circuit, at 

nominal values of 190, 270, or 370 kHz ± 10%. A more detailed characterization of the 

AMF can be found in the supplementary material. 

 

2.2.3 Measuring SAR 

The stock solutions were diluted to the desired concentrations with distilled water. One 

milliliter samples in plastic, microcentrifuge tubes were insulated with styrofoam and 

centered in the inductive coil. The samples were heated for 5 min and the temperature 

was continuously recorded with a Luxtron 3100 fluoroptic thermometry system (Luxtron 

Inc., Santa Clara, CA). The SAR was estimated from the maximum linear fit within the 

initial minute of heating, based on the rate of temperature rise method37,105. Accurately 

predicting SAR can be very sensitive to the duration and method of fitting chosen15 and 

a detailed explanation of the fitting routines and analysis is included in the 

supplementary material. 

 

Heating for the two mNP solutions was investigated at varying field strengths (5, 10, 15, 

and 20 kA/m) and frequencies (190, 270, and 370 kHz). For these studies, the 
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nanoparticle concentrations were set at 2.5 and 5.0 mg Fe/mL, for the smNP and fmNP 

solutions, respectively. Pure distilled water was included as a control. 

 

Heating at very low concentrations was also studied. Both solutions were heated at 

concentrations of 0.05, 0.10, 0.25, 0.50, and 1.0 mg Fe/mL. A field of 15 kA/m and 190 

kHz was used for the smNP solution, while 20 kA/m and 370 kHz was used for the fmNP 

solution. The control was again pure distilled water. 

 

2.2.4 Theoretical Specific Absorption Rate 

Rosensweig185 has provided an excellent review describing the mechanisms behind 

heating of smNPs. The mathematical expressions go into much more detail, but at a 

high level, the volumetric heating (SARV) in a nanoparticle solution can be described by: 

 

𝑆𝑆𝑆𝑆𝑆𝑆𝑉𝑉 = (𝜋𝜋 𝜇𝜇0 𝑓𝑓 𝐻𝐻2) ∗ 𝜒𝜒′′      (2.1) 

 

where µ0 is the permeability of free space, f is the applied frequency, H is the applied 

field strength, and χ’’ is the out-of-phase component of magnetic susceptibility. This 

expression can be viewed as two terms—the power density (term in parentheses, W/m3) 

and susceptibility. This essentially represents the incident power and the nanoparticles’ 

efficiency in converting this to heat energy. The incident power is a function of frequency 

and field strength only. However, the susceptibility depends strongly on the mNP 

properties, as well as the medium properties and applied field. These properties are 

critically important, but have been discussed at length elsewhere52,111,185. Two variations 

of the mNP SAR are used throughout this study—SARV (W/m3) and SARFe (W/mg Fe). 

SARV represents the heating that occurs in a volume of mNP-laden tissue and will 
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depend on the concentration of mNPs present. SARFe is expressed on the basis of mNP 

mass and will be independent of concentration for noninteracting nanoparticles. 

Conversion between the two is accomplished by multiplying or dividing by the 

appropriately expressed mNP concentration. 

 

Although purely theoretical descriptions of heating for fmNPs have been discussed in the 

literature, they have demonstrated limitations in describing observed results27,80. 

However, the heating efficiency of mNPs can be described in terms of the intrinsic loss 

power (ILP), which reflects the SAR divided by (f H2)110 and so relates directly to the 

complex susceptibility. The two mNPs will therefore be compared with regards to the 

susceptibility calculated from the heating data. 

 

2.2.5 Measuring Heating in Microvolume Droplets 

Droplets of the smNP solution ranging in volume from 0.5 to 8 µL, were pipetted onto 

either (a) the surface of baby oil gel (Target, Inc., Minneapolis, MN) contained in a 3 mL 

glass bottle or (b) suspended on the tip of a 1/8” polyurethane post. The mNP droplets 

were roughly spherical in shape and settled into the baby oil so that just the tip of the 

sphere was still exposed to the air. The baby oil gel provides an analogue for 

microvolume heating in a conductive medium (such as tissue), while the 1/8” 

hemisphere of baby oil gel (subjected to free convection) behaved as if it was well-

insulated, providing higher temperature increases. Droplets of mNP solution exposed 

directly to air experienced significant evaporative losses and cooling, so submersion in 

the baby oil gel was critical for these measurements. 
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The mNP droplets were centered within the inductive coil and heated. A field of 15 kA/m 

and 270 kHz was applied to the bottles for 15 min and filmed with a FLIR A20M IR 

camera (FLIR Systems, Inc., Portland, OR) positioned about 40 mm above the sample. 

Heating leveled off between 8 and 10 min. Droplets suspended on the polyurethane post 

were heated at fields ranging from 5 to 24 kA/m at 370 kHz for 5 min, while the 

temperature was recorded with the IR camera. Heating leveled off after about 3 min. For 

both cases, the quasi-steady-state temperature was calculated as the average during 

the 60 s with the most horizontal slope. The field strengths and frequencies were chosen 

to provide a wide range of temperatures to demonstrate the range of this technique. A 

detailed description of the methods used to analyze the IR images is included in the 

supplementary material. 

 

2.2.6 Modeling Heating in Microvolume Droplets 

Analytical and numerical models were used to predict the temperature increase for the 

droplets suspended in the bottle of baby oil gel. Several groups have provided 

fundamental descriptions of volumetric heating and losses at the microscale and the 

maximum, steady-state temperature rise in a spherical microvolume, heated uniformly 

by nanoparticles can be predicted by68,114,173: 

 

Δ𝑇𝑇 = 𝑆𝑆𝑆𝑆𝑆𝑆𝑉𝑉  𝑟𝑟2

2 𝑘𝑘
      (2.2) 

 

where r is the radius of the loaded volume and k is the thermal conductivity of the 

medium. The surrounding baby oil will dominate conduction from the sphere and so we 

are treating our system as uniform. We also assumed the droplets behave isothermally, 

due to their small size, high thermal conductivity relative to that of the baby oil, and 
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convective equilibration within the droplet. Therefore, modeling the maximum 

temperature should be reflective of the temperature through the droplet. 

 

This analytical expression is somewhat idealized, so the measurements were also 

compared with a numerical simulation which accounted for the non-idealities in the 

setup. A 2D, axisymmetric, steady-state model was solved in COMSOL version 3.5a 

(COMSOL Inc., Burlington, MA). The bottle of baby oil gel was modeled as a cylinder 

with r = 0.7 cm and constant thermal properties. The droplet was positioned at the top-

center of the cylinder and subjected to a volumetric heat generation, SARV. The 

exposed surfaces were subjected to free convective boundary conditions, while the 

bottom surface was fixed at the ambient temperature. Initial temperatures were assumed 

equal to the ambient. Standard heat transfer relations were used for heat diffusion in the 

medium and losses at the boundaries. A more complete description of the model 

conditions is provided in the supplementary material. 

 

In both modeling cases, SARV was calculated from the value measured for the smNP 

solution at 15 kA/m and 270 kHz. 

 

2.3 Results 

The measured SARFe values for the smNPs and fmNPs are included in Figs. 2.2a and 

2.2b. The values were plotted vs. field strength for the different applied frequencies. Both 

mNPs demonstrated a roughly quadratic dependence on field strength and roughly 

linear dependence with frequency. However, the specific field-dependent responses for 

each did vary and this is illustrated with respect to the calculated susceptibility (Fig. 

2.2d). This value was calculated by dividing the measured SARV’s by the product of  
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(π µ0 f H2). For the smNPs, the susceptibility decreases by about 30% as the field 

strength increases from 5 to 20 kA/m. However, the fmNPs’ susceptibility increases 

across this same range (140–220%). Although the susceptibility does not vary as 

significantly with frequency for either nanoparticle, contrasting behavior is again seen 

between the two. Despite an inversion point at the lower fields, the susceptibility for the 

smNPs increases with frequency, while an inverse relationship is demonstrated for the 

fmNPs. The importance of characterizing this field-dependent response with regards to 

clinical planning is discussed in more detail in subsequent sections. 

 

The smNP heating data was compared with the theoretical modeling discussed by 

Rosensweig.185 The core radius was assumed to be 9.8 nm, with a lognormal standard 

deviation of 0.25 (based on TEM data provided by the manufacturer). The manufacturer 

also lists an initial magnetic susceptibility of 0.5, at the stock nanoparticle concentration 

of 1.2% by volume. The bulk saturation magnetization of magnetite was taken to be 446 

kA/m. The magnetic anisotropy for magnetite is in the range of 23–41 kJ/m3 185. The 

actual anisotropy value was not known and is difficult to measure directly, so it was 

varied in the model, to provide optimal fit with the data at 35 kJ/m3. This fit yielded an 

average error of 5.6% throughout the range of SARs measured. The most significant 

variation was seen at the highest field strength, but the estimated values were still within 

10%. 
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Figure 2.2. Characterizing SAR. Field strength and frequency dependence of SAR for aqueous 

smNP (a) and fmNP (b) solutions. The controls (distilled water) did not demonstrate significant 

heating compared to the mNP solutions. The smNP heating fits theoretical modeling (dotted lines) 

with an average error of 5.6%. The fmNP data was fit with a third order polynomial. Experimental 

SARs for similar mNPs from literature are also included in the plots22,29,65,78,107,110, for comparison. 

Calculated field strength distribution in the coil at an applied current of 258.4 A (c). Effects of field 

strength and frequency on the field susceptibility (d). Measured heating for smNP (e) and fmNP 

(f) nanoparticle solutions at concentrations below 1 mg Fe/mL. 
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Figures 2.2e and 2.2f illustrate SARV vs. mNP concentration below 1 mg Fe/mL for the 

two nanoparticle solutions. Assuming there is no interaction between the particles, SARV 

is expected to scale linearly with mNP concentration. Both the nanoparticles 

demonstrate a clear linear trend down to the lowest concentrations tested. In addition, 

these values correspond closely with the SARFe values measured in the field parameter 

studies. This suggests that the linear trend extends at least up to 2.5 and 5.0 mg Fe/mL 

for the smNP and fmNP solutions, respectively. The SARV’s direct dependence on 

concentration has also been demonstrated up to 9 mg Fe/mL for the smNP solution in 

previous studies52. 

 

The results of the microvolume droplet heating experiments are included in Figs. 2.3a 

and 2.3b. Close agreement between the measured and predicted temperature increases 

are demonstrated for both the analytical and numerical models. The observed 

temperature increases for the free convection droplets are plotted against the estimated 

power generation (Pmicro), calculated as the product of concentration, volume, and 

SARFe. Pmicro was adjusted by varying the mNP concentration, droplet volume, and 

SARFe (adjusted via field strength) (Fig. 2.3e), and in each case, the measured 

temperature increase closely followed a linear trend. 
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Figure 2.3. Microvolume droplet heating. Comparison of measured and predicted temperature 

change for heating 10 mg Fe/mL smNP solution droplets in 3 mL bottle filled with baby oil gel (a). 

Droplet volume was converted to an effective spherical radius. The analytical expression was 

also used to predict the effects of decreased SAR and increased conduction in water (k = 0.6 

W/m-K) vs. baby oil (k = 0.16 W/m-K). Images from the IR measurements and COMSOL 

simulation (c, d). Observed temperature change for droplets subjected to free convection (b) at 

varying droplet volume, concentration, and SAR (e). 

 

2.4 Discussion  

Reported SARs for similar mNPs (same approximate size and material) from several 

other groups are included in Figs. 2.2a and 2.2b. Although a number of the literature 

values fall above the trends measured for the smNPs here, these were measured at 

higher frequencies, so reasonable agreement is demonstrated. The observed heating for 

the fmNPs also fell in the range expected from comparison with literature. Giustini et al. 
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has published heating data with the same fmNP solutions. If our trends observed here 

are extrapolated to 32 kA/m and 163 kHz, their measured SAR is within 10% of our 

expected value. Although this heating rate has shown preclinical efficacy165, Hergt et 

al.79 has demonstrated heating rates as high as 960 W/g Fe at 10 kA/m and 410 kHz in 

their ferromagnetic magnetosomes (which is more than an order of magnitude higher 

than those observed at similar fields here). 

 

Direct comparison of the measured SARs for the two nanoparticles indicates that 

heating on a per mass basis is on average six times higher for the smNP solution. 

However, when the comparison is made on a per nanoparticle basis, heating is on 

average more than forty times greater for the fmNP nanoparticles. This comparison can 

have significant consequences when physiological interactions are considered. 

Nanoparticle size has been shown to have an effect on both tissue biodistribution and 

cellular uptake. One study showed that after extravastion into the tumor, nanoparticles 

on the order of 100 nm have significantly higher accumulation than those with a diameter 

of 20 nm. This is related to the blood half-life and because the smaller particles 

permeate the tissue more easily and can readily washout164. In addition, intracellular, 

endocytotic uptake of nanoparticles has been shown to be more than two orders of 

magnitude higher (on a per mass basis) for particles with diameters of 100 nm vs. 14 

nm33. Many factors (including administration route, coating, ligand (targeting), tumor 

type, etc.) will have drastic effects on a nanoparticle’s physiological interactions, but this 

illustrates the importance of taking these aspects into consideration for mNP thermal 

therapy performance. 
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Referring back to Eq. (2.1), the complex magnetic susceptibility reflects the mNPs’ 

efficiency at converting the applied field energy to heat energy and Fig. 2.2d shows that 

it can vary with the applied field strength and frequency. This suggests that this 

susceptibility could be used as an indirect measure of mNP SAR. While there are a 

number of standard techniques for measuring AC magnetic susceptibility, these are 

typically limited to field intensities well below those used in mNP based thermal 

therapies. Custom-built instruments are used to measure the susceptibility of mNP 

solutions up to the MHz range, but the associated field strengths are limited to the order 

of amps per meter153. 

 

Theoretical descriptions and intuition suggest that mNP concentration and SAR will be 

directly related, but increases in SARFe with decreasing concentration have been 

reported elsewhere, citing reductions in interparticle interactions214. However, the linear 

dependence of SARV with concentration measured here suggests that there are no 

significant interparticle interactions for the concentration ranges and mNP solutions 

studied. This is not surprising when it is considered that the minimum, volume-average 

interparticle distance (for the smNPs at 2.5 mg Fe/mL) was on the order of 10 µm. The 

effects of interparticle interactions will have a much larger impact for the case of 

aggregated mNPs. Although mNPs can retain dispersion in aqueous solution, 

aggregation is common in biological systems, due to protein interactions and 

sequestration in vesicles during cellular uptake38,216. Tightly aggregated mNPs will affect 

the magnetic response of neighboring particles, due to overlapping local magnetizations. 

These interactions have been shown to both augment and interfere with mNP 

heating65,106 and this is an area we plan to investigate further. 
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This direct relationship between heating and mNP concentration is also critically 

important from a clinical standpoint and methods for accurately quantifying nanoparticle 

loading are needed. Computed tomography (CT) is currently the clinical standard for 

characterizing in vivo iron oxide nanoparticle concentration67, but only offers accurate 

measurement for very high concentrations (typically greater than 10 mg Fe/mL). Current 

MR techniques suffer from an opposing problem, where the high local magnetization 

causes relaxations too fast to capture with echo techniques and signal voids are created 

above 1 mg Fe/mL67. Thus, new methods are urgently needed to accurately image and 

quantify iron oxide mNPs in tissues in the 1–10 mg Fe/mL range. 

 

If the mNP concentration is known, the applied field becomes the key parameter for 

achieving a desired clinical outcome. Increasing the field intensity will increase the mNP 

SAR, but an AMF incident on any conductive medium (including biological tissues) will 

induce eddy currents that are subject to resistive heating. Several clinical studies have 

investigated this issue6,223 and Atkinson et al. proposed limiting fully body fields below a 

field-strength-frequency product of (f H) ≤ 4.85 X 105 kA/m s for a thorax radius of about 

15 cm, where fields below this limit can be ‘‘thermally tolerated for extended periods of 

time.’’ However, it is likely this limit can be pushed for shorter duration treatments. They 

also provided a theoretical description for eddy current heating, modeling the volumetric 

power generation (Peddy) in a cylindrical section of tissue of radius r as: 

 

𝑃𝑃𝑒𝑒𝑑𝑑𝑑𝑑𝑒𝑒 = 𝜎𝜎 (𝜋𝜋 𝜇𝜇0 𝑓𝑓 𝐻𝐻)2 𝑟𝑟2     (2.3) 
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where σ is the electrical conductivity of the medium. Comparing this expression for 

unwanted heating, with the equation for heating in mNP-laden tissue, Eq. (2.1), provides 

a general expression for the localized heating specificity of the nanoparticles (ηSAR): 

 

𝜂𝜂𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑆𝑆𝑆𝑆𝑆𝑆𝑉𝑉
𝑃𝑃𝑒𝑒𝑑𝑑𝑑𝑑𝑒𝑒

∝ 𝜒𝜒 ′′(𝑓𝑓,𝐻𝐻)
𝑓𝑓

      (2.4) 

 

Therefore, heating focused to the mNP deposits can be best achieved through increases 

in the mNP susceptibility, but is inversely proportional to frequency. 

 

Figures 2.4a and 2.4b illustrate the clinical impact of field intensity on heating. The 

SARFe for both mNPs are plotted as contours in the field-strength-frequency space, 

interpolating based on the measured data and extrapolating the trends down to a 

frequency of 100 kHz. Atkinson et al.’s clinical field limit, scaled to an applied radius of 

3.5 cm (which could be envisioned for applications with small treatment areas, such as 

the breast), is also included on all the plots as a dotted white line. 

 

Optimal performance (i.e., the greatest achievable SARFe, while remaining below the 

clinical field intensity limit) for both nanoparticles is achieved at a field combination 

around 100 kHz and ≥ 20 kA/m. However, for the smNPs, the field limit line is almost 

parallel to the SARFe contours in this range, so further increases in the field strength are 

going to provide minimal gains in heating. In contrast, the susceptibility for the fmNPs 

increases with field strength, so increasing H will yield gains in heating for the fmNPs. 

Figure 2.4c provides the ratio of SARFe between the smNPs and fmNPs. Although the 

smNPs demonstrate higher heating throughout the plot, the discrepancy is reduced to a 
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factor of two at 100 kHz and 20 kA/m. This highlights two important points. Although the 

smNPs heat at higher levels throughout the field ranges analyzed here, further increases 

to the field strength will likely produce equivalent heating rates for the two mNPs. This 

also touches on the importance of characterizing a mNP’s heating at the frequencies 

and field strengths which are expected in the clinic, since the relative heating can vary 

significantly depending on the field parameters. 

 

This field optimization analysis is reflected in the developments for the first clinical 

applicator for mNP based therapies. The first-generation field applicator was designed to 

provide a 20 cm columnar field at up to 18 kA/m and 100 kHz67 and the manufacturer 

has been investigating even lower operating frequencies. In addition, subsequent 

designs may confine the field to the anatomical region of interest, such as the cranium or 

prostate221, reducing the collateral, eddy current heating. In both cases, this should allow 

application of higher field strengths. 

 

Heating of the microvolume droplets demonstrated the relevance of simple scaling 

arguments for mNP based thermal therapies. This modeling is used to demonstrate the 

effects of SAR and thermal conductivity on the resulting temperature increase (Fig. 

2.3a). Decreasing the SAR by a factor of two is expected to produce an equivalent 

decrease in the temperature rise. Increasing the thermal conductivity effectively 

increases the steady-state losses from the droplet, which also decreases the 

temperature change. The comparison of the cases of thermal diffusion in baby oil vs. 

water is an idealized case relevant to heating a mNP deposit in breast (or other) fatty 

tissue. The expected temperature increase is almost four times higher in the ‘‘fatty 
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tissue’’ vs. what we would find in normal tissues (i.e., higher water content and higher 

thermal conductivity). 

 

 

Figure 2.4. Clinical significance. Contour plots of SAR interpolated/extrapolated from the 

experimental data for the smNP (a) and fmNP (b) solutions. The dotted white lines represent the 

clinical field limit determined by Atkinson et al., scaled to an applied field radius of 3.5 cm. Taking 

the ratio of the two SARs, the smNPs demonstrate a higher magnitude throughout the fields 

analyzed, but the difference varies greatly across the field ranges (c). Required mNP SAR and 

nanoparticle tissue concentration to treat varying radii of micrometastases (d). Modeling assumes 

a 6°C temperature rise is required for treatment. The green box indicates the clinically relevant 

SARs observed in this study. 
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Much discussion in the field has been focused on scaling heating between the bulk-, 

micro-, and nanoscales and Rabin173 and Keblinski et al.114 have discussed this matter in 

the context of the limits of heating for electromagnetically-excited nanoparticles. 

Following their lead, this scaling can be used to describe the fundamental limits of mNP 

based thermal therapies (Fig. 2.4d). The SAR and nanoparticle concentration necessary 

to achieve a quasi-steady-state temperature increase of 6°C in tissue with a thermal 

conductivity of 0.6 W/m-K, is plotted for a number of radii of nanoparticle-laden volumes. 

A box is also drawn to include the range of clinically relevant SARs determined by the 

analyses in Figs. 2.4a and 2.4b. 

 

This analysis demonstrates two significant consequences for mNP based thermal 

therapies. First, much higher efficiency mNPs than are generally available will be 

required to treat isolated micrometastases on the order of 1 mm or smaller. Based on 

current technologies, treatment volumes are limited to around 2 mm diameter volumes 

for a hyperthermic temperature increase of 6°C and even larger volumes will be 

necessary for higher levels of heating. In addition, this scaling also suggests that 

diffusive mechanisms limit mNP heating rates to purely bulk effects and that they cannot 

produce heating localized within a cell (for clinically-relevant fields)109,172. Several groups 

have demonstrated enhanced efficacy of mNP based thermal treatment over traditional 

modes of hyperthermia65,106,184, but it is possible that the mNPs may be acting through 

additional, nonthermal modes of cellular damage, such as generation of free radicals106 

or triggering cell signaling pathways41. Further studies are planned to investigate the 

effects of cellular heating by mNPs and isolate the mechanisms involved. 
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It should also be noted that this modeling reflects the maximum temperature achieved in 

the heated region and does not take into account the effects of blood perfusion. This 

analysis was intended as a simple platform for discussing the effects of treated volume 

on mNP heating, however, realistic applications will require even higher SARs to ensure 

therapeutic temperatures are reached throughout a perfused tumor. 

 

IR camera observation of microvolume droplet heating also demonstrated a clear 

application for quantifying SARs with microgram quantities of mNPs. The observed 

temperature increase for the free convection case varied linearly with changes in 

concentration, droplet volume, and SAR. The smaller droplets were more spherical and 

had less area exposed to the air, so this accounted for some of the offset between the 

curves. In addition, the higher field intensities resulted in greater ambient heating, so this 

also caused some offset for the curves. However, the field and droplet volume can be 

fixed for a measurement protocol, so that the SAR can be calculated for a given quantity 

of mNPs based on the measured temperature rise. This can allow researchers to 

quantify SAR utilizing quantities of mNPs more than two orders of magnitude less than 

required for the milliliter, bulk samples. This is especially valuable for early phase mNP 

development, where scale up of synthesis can often require substantial cost and effort. 

 

While mNP based thermal therapies have demonstrated significant capabilities in clinical 

application, there is still much to learn in the field. Optimizing these treatments is going 

to require a more complete understanding of all the factors effecting nanoparticle design, 

clinical planning, the biological interactions of mNPs, the complex interactions between 

these areas, and the limits they impose. This study looked at several key aspects of 

nanoparticle design and clinical planning: 
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• The applied frequency and field strength response of heating for both smNP and 

fmNP solutions was investigated within the clinical limits of inductive tissue heating 

determined by Atkinson et al.6 It was estimated that optimal heating for both mNPs 

will be achieved at fields of approximately 100 kHz and ≥ 20 kA/m. 

• At these fields, the smNP solution heated better on a per mass basis (2X better), 

but the fmNP solution produced significantly higher heating on a per nanoparticle 

basis (170X better). 

• A new method for observing heating in microliter volumes of mNP solutions was 

demonstrated. The experimental results of the microvolume heating closely 

matched both analytical and numerical descriptions. 

• Scaling heating for mNP-laden microvolumes within the limits of SAR determined in 

this study, suggests that mNP thermal therapies will be limited to treatment volumes 

with an approximate diameter greater than 2 mm, based on current technological 

capabilities. 
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SM2.1 Supplementary Material – Detailed Methods 

SM2.1.1 Measuring Specific Absorption Rate 

The careful methodology employed in these studies highlights the sensitivity of 

techniques for determining specific absorption rate (SAR). Two major difficulties are 

identified and discussed in detail in this section- accurately characterizing the alternating 

magnetic field (AMF) and properly fitting the temperature data. Significant inhomogeneity 

in the magnetic field within the coil can occur and properly characterizing this is critical. 

In our case, idealized theoretical expressions might overestimate the field strength by a 

factor two, so methods accounting for the specific coil geometry (or direct measurement) 

are essential. In addition, adequate fitting routines are necessary to determine an 

accurate SAR. Different intervals within the first 60 seconds of heating can create 

misrepresentation of the calculated SAR by up to 20 to 40%, so measurement 

techniques need to take this into account. 

 

Characterizing the Alternating Magnetic Field Strength: 

For an idealized case, the magnetic field strength (H) in an inductive coil can be 

calculated as156: 

 

    𝐻𝐻 = 𝑁𝑁𝑁𝑁
𝐿𝐿

                (SM2.1) 

 

where N is the number of turns in the coil, I is the coil current, and L is the coil height. 

However, most coils used in labs are not ideal and so adjustments must be made for 

non-ideal behavior and inhomogeneity within the field. 
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COMSOL version 3.5a (COMSOL Inc., Burlington, MA) was used to model the coil 

geometry and resulting field. The coil dimensions are included in Table SM2.1. A 3D, 

steady-state simulation was used. The simulated space was bounded by a 45 mm X 45 

mm X 40 mm box centered around the coil, with magnetic insulating boundary 

conditions. A current was applied to the copper coil and the resulting field strength 

distribution within the coil is illustrated in Figure 2.2c. The outlines of the microcentrifuge 

tube and droplet samples are also pictured. Significant inhomogeneity in the radial and 

axial directions is apparent. The effective field strengths reported in the study were taken 

as the volume-average, calculated over these sample volumes. The ideal expression 

above (Equation SM2.1), overestimates the field strength by a factor of 1.85 for the 

microcentrifuge samples. 

 

Table SM2.1. Coil dimensions. 
 

More ideal coil constructions are certainly possible. More turns with a higher density 

and/or coil length much greater than the sample length, will provide more homogeneity 

in the axial direction. And a coil with a diameter much larger than the sample will provide 

more homogeneity in the radial direction. However, all of these modifications require a 

larger power supply and generate more resistive heating in the coil (requiring a larger 

cooling unit).  
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Characterizing the Alternating Magnetic Field Frequency Variation: 

The power supply allows the user to adjust the applied current, but the resulting 

resonant frequency is set by the internal circuitry. However, the frequency level can be 

adjusted by physically changing out capacitors in the system. The achieved resonant 

frequency still varies slightly with the applied current, but remains within 10% of the 

nominal value at each level, for the current range, 30 to 280 A. The frequency variation 

versus applied current is illustrated in Figure SM2.1. 

 

Figure SM2.1. Variation of resonant frequency with applied current. The actual frequency is 

within 10% of the nominal frequency at each level (190, 270, and 370 kHz), throughout the range 

of applied currents. 

 

Fitting the Temperature-Time Curve: 

In applying the rate of temperature rise method, two factors had a significant effect on 

finding the best linear fit to accurately predict the SAR. First, the method assumes that 

the heat lost from the sample is insignificant. The samples were well-insulated and so 

over a “short” period of time, this was true. However, the heating rate varied significantly 
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over the range of field parameters and so the duration over which this assumption was 

valid also varied. In addition, the fluoroptic thermometer demonstrated noise on the 

order of 0.15°C and this did have an effect on measurements in the lower heating 

samples. Thus, choosing too long a duration for the high-heating samples resulted in 

underestimation of the SAR. While, choosing too short a duration for the low-heating 

samples could result in noise skewing the results. 

 

Therefore, a MATLAB routine was used to find the optimal linear fit within the first minute 

of heating. In addition to looking at the duration for fitting, the routine also varied the start 

time, to account for delays in starting the applied field (due to operator error and 

equipment delay). The routine advanced through a series of steps with broadening 

criteria, until an adequate fit was achieved. This process is summarized in Table SM2.2.  

 

 

Table SM2.2. Linear regression fitting series for finding the optimal fit for the temperature-time 

curves in heating magnetic nanoparticle solutions. 

 

Outliers in the data were scrutinized further, by inspecting the full matrix of potential 

SAR’s and linear regression coefficients. The resulting standard deviation was on 

Fitting 
Hierarchy

Minimum R2 
Fit Criteria

Start Time 
Range

Minimum 
Duration

Maximum 
Duration

1 0.995 0-5 sec 10 sec 20 sec
2 0.99 0-7 sec 15 sec 20 sec
3 0.95 0-7 sec 15 sec 20 sec
4 0.90 0-7 sec 15 sec 20 sec
5 0.99 0-10 sec 20 sec 45 sec
6 0.97 0-10 sec 20 sec 45 sec
7 0.95 0-10 sec 20 sec 45 sec
8 0.99 0-10 sec 45 sec 60 sec
9 0.97 0-10 sec 45 sec 60 sec
10 0.95 0-10 sec 45 sec 60 sec
11 0.90 0-10 sec 15 sec 60 sec
12 Max R2 0-10 sec 15 sec 60 sec
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average only 6.5% of the measured SAR values. However, less rigorous techniques in 

fitting the appropriate duration could result in misrepresenting the actual SAR by as 

much as 20 to 40%, so careful effort is critical in measuring SAR for mNP solutions. 

 

SM2.1.2 Microvolume Droplet Heating - Infrared Camera Image Analysis 

Masking tape colored black with a marker was used as a standard blank for all IR 

thermal measurements. The emissivity of the tape was calibrated at 0°C and room 

temperature, providing a value of εs = 0.95. The emissivity of the baby oil gel was 

calibrated against this standard at room temperature, providing a value of εoil = 0.96. The 

emissivity of the diluted nanoparticle solution could not be accurately measured, due to 

significant evaporative effects at the surface exposed to air. 

 

The solution droplets were treated as isothermal, due to their small size, high relative 

thermal conductivity compared to the baby oil medium, and the convective equilibration 

in the liquid droplet. Since the emissivity of the nanoparticle solution could not be 

accurately measured, it was assumed the temperature of the baby oil in direct contact 

with the droplet would be equilibrated with the droplet at quasi-steady-state. The pixel 

size at the focal distance used is approximately 130 microns, so it was possible to 

discriminate the temperature at this resolution directly at the oil-droplet interface. 

 

A 1.5 cm diameter circular blank covered with the blackened masking tape was included 

in the field of view (outside of the coil), for all IR measurements. This provided a means 

to calibrate the reflected temperature for each run. In addition, drift was observed, so the 

blank was also used as a baseline, to offset any drift for each run. 
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Both droplet heating configurations reached quasi-steady-state behavior about 60% of 

the way through heating. A MATLAB routine was written to calculate the quasi-steady-

state temperature increase. The routine identified the 60 second interval during heating, 

with the most horizontal slope (approximately zero) and then calculated the average 

temperature over this duration. 

 

SM2.1.3 Microvolume Droplet Heating – Modeling Conditions 

COMSOL version 3.5a (COMSOL Inc., Burlington, MA) was used to 

model heating of the mNP droplets suspended in the bottle of baby oil 

as a 2D, axisymetric case. The default steady-state solver was used. 

 

The baby oil gel was modeled as a cylinder with r = 0.7 cm and 

constant thermal properties (ρoil = 0.8 kg/m3, koil = 0.16 W/m-K, cp,oil = 

1670 J/kg-K). The mNP solution droplet (with slightly elliptical shape 

and variable radii) was positioned at the top-center of the cylinder as 

shown in Figure SM2.2. The droplet was given the thermal properties 

of liquid water and subjected to a volumetric heat generation, SARV = 

2.56 X 106 W/m3. The governing heat equations were: 

 

Baby Oil Gel:    ∇ ∗ (𝑘𝑘𝑏𝑏𝑖𝑖𝑏𝑏  ∇𝑇𝑇) = 0              (SM2.2) 

 

mNP Solution Droplet:         ∇ ∗ (𝑘𝑘𝐻𝐻2𝑂𝑂  ∇𝑇𝑇) + 𝑆𝑆𝑆𝑆𝑆𝑆𝑉𝑉 = 0             (SM2.3) 

 

The exposed surfaces (top and right) were subjected to free convective boundary 

conditions, governed by (htop = 5 W/m2-K, hside 4.75 = W/m2-K)11: 

Droplet 

Figure SM2.2. 
Model geometry. 

Droplet 
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    −𝑘𝑘𝑏𝑏𝑖𝑖𝑏𝑏  ∇𝑇𝑇 = ℎ(𝑇𝑇𝑎𝑎 − 𝑇𝑇)              (SM2.4) 

 

while the bottom surface was fixed at the ambient temperature (Ta = 23°C). All, initial 

temperatures were assumed equal to the ambient temperature.  

 

The default “extremely fine” meshing was used, providing 4717 elements and 9694 

degrees-of-freedom. Solution time was approximately 3 seconds. 
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SM2.2 Supplementary Material – Impact of mNP Delivery and Loading 

One of the key challenges facing mNP based cancer hyperthermia is the ability to deliver 

sufficient quantities of nanoparticles to the tumor site to produce therapeutic levels of 

heating. Figure 2.4 discusses this problem in the context of the concentrations and heat 

generation rates necessary to produce therapeutic heating for the case of uniform heat 

generation. While it may eventually be possible to develop approaches for delivering 

sufficiently uniform mNP distributions at these concentrations (perhaps through the use 

of passive biodistribution90,137, active targeting26,168, and magnetic targeting133), current 

approaches for achieving highly localized mNP concentrations result in fairly non-

uniform mNP distributions and heating. The current clinical approach utilizes direct 

injection techniques, where stock mNP solution is directly introduced into the target site 

through a series of image-guided injections92. This typically results in a concentrated 

deposit at each injection site, with the uniformity in heating depending on the placement 

of the injections. An alternative approach, termed arterial embolization, involves the 

injection of micron-sized beads in a blood vessel directly upstream of the target site. 

These beads can be sized to occlude the microvasculature at the target site. The 

accompanying mNPs can be incorporated directly into the micron beads and/or 

delivered in a follow up injection into the occluded vascular branch. This approach has 

met with some clinical success in the targeted delivery of high-dose cancer 

chemotherapeutics130. The mNPs are expected to remain largely in or around the 

occluded vasculature, so the distribution of heating will depend on the structure and 

loading in these blood vessels. A comparison between these loading cases is illustrated 

in Figure 2A.1. The following section outlines a simplified modeling case comparing the 

effects of these expected mNP distributions on the efficacy of mNP based hyperthermia 

treatments. Here we demonstrate that while all three modes of administration are able to 
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provide therapeutic efficacy at roughly the same bulk concentrations, the high localized 

concentrations resulting from direct injection and arterial embolization lead to significant 

collateral tissue damage in the surrounding healthy tissue and other potential 

complications within the tumor. 

 

 

Figure 2A.1. Comparison of expected mNP distribution based on mode of delivery. Antibody 

targeted mNPs distributed across a glioblastoma multiforme tumor (MRI, a)75; direct injection of 

stock mNP solution into a prostate tumor results in a number of discrete deposits across the 

tumor (CT, b)92; arterial embolization with iron-oxide-containing microspheres results in a high 

concentration of iron oxide within the vasculature of a liver tumor (MRI, c)124. Idealized 

distributions resulting from each delivery case are also compared (d-f), with achievable 

concentrations ranging from about 0.1 to 200 mg Fe/ml. 

 

The following section looks at a simplified modeling case comparing the effects of 

expected mNP distributions resulting from each delivery technique. COMSOL 

Multiphysics was used to simulate steady-state heating of a 3 cm spherical tumor 

Arterial EmbolizationIntravenous Injection Direct Injection

Idealized mNP Conc. Tumor Distributions - Low High

a. b. c.

d. e. f.
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contained in a 20 cm spherical “healthy” tissue volume. This was determined to be large 

enough to avoid significant edge effects and so the tissue boundary was assumed to be 

adiabatic. The Pennes bioheat equation163 was modified to include a heat generation 

term (SARV) and applied throughout the solution domain, following: 

 

   0 = 𝑘𝑘 ∇𝑇𝑇2 + 𝜔𝜔(𝑇𝑇) 𝑐𝑐𝑏𝑏  (𝑇𝑇 − 𝑇𝑇𝑏𝑏) + 𝑆𝑆𝑆𝑆𝑆𝑆𝑉𝑉     (2A.1) 

 

where T is temperature, k is the thermal conductivity of the tissue, ω is the temperature 

and tissue dependent blood perfusion term, cb is the specific heat capacity of blood (cb ≈ 

3500 j/kg-°C), and Tb is the blood temperature (Tb ≈ 37°C)120. The thermal conductivity 

and blood perfusion parameters were defined separately for the tumor and healthy 

tissue domains, following estimations made by Lang et al.120: 

 

Tumor:   𝑘𝑘𝑡𝑡𝑢𝑢𝑚𝑚𝑏𝑏𝑟𝑟 = 0.642 𝑊𝑊
𝑚𝑚−°𝐶𝐶

  

   𝜔𝜔𝑡𝑡𝑢𝑢𝑚𝑚𝑏𝑏𝑟𝑟 (𝑇𝑇) =

⎩
⎨

⎧
0.833

0.833 − (𝑇𝑇−37)4.8

5,438
0.416

0

     ,     
𝑇𝑇 < 37

37 ≤ 𝑇𝑇 ≤ 42
𝑇𝑇 > 42

𝑏𝑏𝑐𝑐𝑐𝑐𝑏𝑏𝑢𝑢𝑑𝑑𝑒𝑒𝑑𝑑 𝑡𝑡𝑢𝑢𝑚𝑚𝑏𝑏𝑟𝑟

� 

 

Fatty Tissue:  𝑘𝑘𝑡𝑡𝑖𝑖𝑠𝑠𝑠𝑠𝑢𝑢𝑒𝑒 = 0.210 𝑊𝑊
𝑚𝑚−°𝐶𝐶

 

   𝜔𝜔𝑡𝑡𝑖𝑖𝑠𝑠𝑠𝑠𝑢𝑢𝑒𝑒 (𝑇𝑇) = �0.36 + 0.36 ∗ exp�− (𝑇𝑇−45)2

12
�

0.72
    ,    𝑇𝑇 ≤ 45

𝑇𝑇 > 45
� 

 

The SARV was modeled independently for each delivery case, based on: 

 

    𝑆𝑆𝑆𝑆𝑆𝑆𝑉𝑉 = 𝑆𝑆𝑆𝑆𝑆𝑆𝐹𝐹𝑒𝑒 ∗ [𝐹𝐹𝑒𝑒]     (2A.2) 
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where SARFe is the mNP heat generation rate (assumed to be 130 W/g Fe at 100 kHz 

and 20 kA/m, based on the experimental data in Figure 2.2) and [Fe] is the mNP 

concentration. The heating was then determined by the mNP concentration distribution 

defined for each of the delivery cases, illustrated in Figure 2A.2. 

 

 

Figure 2A.2. Simulated mNP distributions across the 3 cm tumor region. The idealized 

intravenous case was modeled as a uniform distribution across a 2D, axisymmetric sphere (a). In 

the direct injection case, symmetry was used to model one quarter of the 3D tumor region across 

which five mNP deposits were located (b). The occluded tumor vasculature was modeled as a 

branching structure in a 36° symmetric wedge (c). 

 

The ideal intravenous delivery case was approximated by a perfectly uniform mNP 

distribution across the tumor volume. The direct injection case assumed that two 

perpendicular injection tracks were used to deposit five mNP injections across the tumor, 

resulting in five 6 mm deposits (with a uniform mNP distribution within each of these 

deposits). Finally, a symmetric branching structure with vessel diameters ranging from 

250 to 500 microns was used to simulate occluded vasculature within the tumor. This 

Direct Injection Arterial 
EmbolizationUniform

a. b. c.
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geometry resulted in a 0.4% v/v occlusion loading in the tumor volume and the mNP 

concentration was assumed uniform within the occluded vessels. Geometric modeling 

limitations in COMSOL prevented finer simulation of the tumor microvasculature or 

analysis of the transient case. 

 

This provided a complete model formulation and the problem was iteratively solved to 

determine the minimum mNP concentration necessary for each delivery case, to achieve 

a minimum, steady-state, treatment temperature of 43°C throughout the tumor volume. A 

summary of the results is included in Figure 2A.3. 

 

In each case, the bulk mNP concentration required for treatment remains approximately 

the same at 0.7-0.8 mg Fe/ml tumor. However, since the mNPs are constrained to 

smaller and smaller volumes in the cases of direct injection and arterial embolization, the 

localized concentrations are about 30X and 260X times higher than the uniform 

distribution case, respectively. While this proves sufficient to provide treatment on the 

bulk scale, the highly localized concentrations result in inefficient distribution of the heat, 

producing significant collateral tissue damage and other potential complications within 

the tumor, such as thermal fixation39. 
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Figure 2A.3. Comparing results of modeled hyperthermic efficacy for the different cases of mNP 

administration. For each case, the concentration required to produce a minimum therapeutic 

temperature of 43°C throughout the tumor volume was iteratively solved for. Collateral tissue 

damage was determined as healthy tissue subjected to temperatures above 43°C. Post-analysis 

also looked at the volume of tissue subjected to temperatures above 45°C and 50°C (in the 

tumor), where these significantly elevated temperatures could result in other negative effects. 

 

 
  

Units Uniform Direct Inject Arterial Embolization

Local Concentration mg Fe/ml 0.7 21 180
mNP Loaded Volume ml 14.1 0.57 0.06
Tumor Volume ml 14.1 14.1 14.1
Percent Tumor Loading % 100% 4.0% 0.4%
Bulk Tumor Concentration mg Fe/ml 0.7 0.8 0.7

Volume T > 43°C ml 14.1 18.3 17.5
Collateral Tissue Damage ml 0 4.2 3.4
Volume T > 45°C ml 3.7 11.1 10.1
Volume T > 50°C ml 0 4.4 2.3

Temperature Cross-Section:

T OC

x-z

y-z
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Chapter 3. Accounting for Biological Aggregation in Nanoparticle Heating and Imaging 

Applications 

 

Contributing Authors: Michael L. Etheridge, Katie R. Hurley, Jinjin Zhang, Seongho 

Jeon, Christopher Hogan, Christy L. Haynes, Michael Garwood, and John C. Bischof 

 

The following manuscript is currently being revised for submission to Angewandte 

Chemie. This work is the product of a significant collaborative effort between a large 

group of researchers. The author of this thesis was lead author on the manuscript and 

contributed in varying degrees to all the experimental work, including- conceiving 

experimental design, sample preparation, performing the experiments, analyzing the 

data, and/or interpreting the results. However, the author would like to specifically 

acknowledge the following contributions to this work. 

 

• J. Bischof helped conceive the aggregation and heating experiments; oversaw 

the project; and contributed to the manuscript. 

• K. Hurley helped design the aggregation experiments; performed 

characterization of the IONPs; conceived and performed EM imaging; and 

contributed to the manuscript. 

• C. Haynes helped design the aggregation experiments; oversaw the project; and 

contributed to the manuscript. 

• J. Zhang performed and analyzed the MRI experiments and contributed to the 

manuscript. 

• M. Garwood conceived the MRI experiments; oversaw the project; and 

contributed to the manuscript. 
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• S. Jeon performed and analyzed the fractal aggregate experiments; performed 

fractal analysis of the EM images; and contributed to the manuscript. 

• C. Hogan conceived the fractal aggregate experiments and contributed to the 

manuscript. 

 

 

3.1 Introduction 

Nanoparticles are currently used for a wide variety of imaging and therapeutic 

applications in biomedicine126,155,207,51,73, but it remains unclear how nanoparticle 

aggregation affects their properties and functional performance. Using magnetic iron 

oxide nanoparticles (IONPs) as a model system, we show both the impact of biological 

(ionic and protein) based aggregation and a new method to measure it with sweep 

imaging with Fourier transformation (SWIFT) magnetic resonance imaging (MRI)88,232. 

First, aggregates ranging from 10s to 100s of nm were characterized in suspensions, 

gels, and cells. Next, the heating and imaging properties of these systems were 

characterized with and without aggregation. Specifically, heating of IONPs in a 

radiofrequency field was found to drop by up to 50% with aggregation. The MR contrast 

of IONPs in SWIFT MRI also exhibited a similar reduction in longitudinal relaxation rate 

(R1) due to aggregation. Interestingly, SWIFT MRI demonstrates a strong correlation 

between longitudinal relaxation rate (R1), concentration ([Fe]), and aggregation state, 

thus allowing a priori prediction of IONP heating under dispersed or aggregated 

conditions. Using cancer treatment by IONP hyperthermia as an example application, we 

then discuss the relevance for clinical use. These results suggest that biological 

aggregation is a critical factor for nanomaterial use in biological systems and that SWIFT 

MRI can be used to both measure and account for it in the case of IONP applications. 
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The presence of ions and proteins in the complex biological milieu of the body inevitably 

leads to nanoparticle aggregation3,216. Thus, biomedical application of IONPs requires 

knowledge of nanoparticle aggregation and its impact on imaging and heating behavior. 

This influence is not well understood, with a range of studies suggesting contradictory 

effects on heating and MRI contrast1,12,25,28,30,43,46,74,145,183,192. In addition, imaging is 

unable to accurately measure IONP concentrations within the range of 1 to 10 mg Fe/ml, 

which is used for clinical hyperthermia51,67. Therefore, there is a clear need to measure 

and account for aggregation effects on heating and imaging applications of IONPs. 

 

3.2 Characterizing Aggregates 

Aggregation studies were conducted with commercially available Ferrotec EMG-308 

composed of 10 ± 2.5 nm-diameter superparamagnetic magnetite (Fe3O4) nanoparticles 

coated with an anionic surfactant in aqueous suspension. This system has been 

previously shown to heat reproducibly in mono-disperse solutions48 providing a 

convenient model for study. Nanoparticle aggregation in biological media is typically 

caused by electrostatic screening and protein bridging (Figure 3.1a,b)3,216. Phosphate 

buffered saline (PBS) and fetal bovine serum (FBS) were used to mimic these biological 

aggregation processes under controlled conditions. Populations of aggregates with 

repeatable mean hydrodynamic diameters (DH) were produced by mixing the stock 

IONP solution with variable concentrations of PBS and FBS (Figure 3.1c). A mean DH of 

52 nm was measured for the nanoparticles in pure water, suggesting some clustering for 

even the “dispersed,” aqueous case. 
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Figure 3.1. Controlled formation and characterization of IONP aggregates. (a) IONPs are 

incubated in various concentrations of PBS and FBS to simulate biological aggregation. 

Aggregation occurs due to charge shielding effects (PBS) or physical adsorption to proteins and 

neighboring particles (FBS). (b) The media lowers the energy barrier required for aggregation, 
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allowing nanoparticles to escape a secondary energy minimum. (c) Mixing at controlled 

concentrations of PBS or FBS resulted in discrete populations of IONP aggregates, as measured 

by their hydrodynamic diameters (error bars: ± s.d., n = 4). (d-e) Cryo-EM image processing 

(image method) and NanosightTM/intrinsic viscosity (ensemble method) measurements are used 

to infer the average pre-exponential factor (kf) and fractal dimension (Df) of multiple and single 

aggregates, respectively, in suspensions, where N = kf (Rg/aNP)Df
 describes aggregate 

morphology. Reported values from image processing are the average of 20 or more aggregates 

for each suspension. Simulated aggregates with the average number of IONPS and the average 

reported Df and kf are displayed (image method: green, ensemble method: yellow). N = 49, 79, & 

91 for the 1X, 1.75X, and 2X PBS suspensions, respectively, and N = 54, 109, 98 for the 25%, 

50%, and 100% FBS suspensions, respectively. 

 

DH provides a measure of the degree of aggregation, but does little to describe the 

geometry of aggregates, which may also play a role in determining their effective 

magnetic behavior74. For improved description, the aggregates were assumed to be 

quasifractal in nature, for which the fractal dimension (Df) can be used to describe the 

aggregate morphology, such that the number of IONPs per aggregate (N) is proportional 

to (Rg/aNP)Df (Rg: radius of gyration, aNP: average IONP radius)60. Df was inferred in two 

ways- from direct examination of cryo-EM images (image method)19 and from analysis of 

the suspension intrinsic viscosity combined with DH measurements (ensemble method) 

(Figure 3.1d,e). Lower values of Df result from either oriented aggregation or weak 

repulsive interactions between particles, while higher Df result when IONPs are strongly 

attracted to one another, forming more densely packed structures. Despite the first 

method applying to individual aggregates and the second to characterizing a bulk 

suspension, reasonable agreement was demonstrated between the two. Further, the 
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estimated values for Df (>1.7) indicate slight attractive forces, leading to the branching 

structures observed for most of the aggregate cases. 

 

3.3 Heating 

IONP-based cancer treatment relies on the fact that superparamagnetic and 

ferromagnetic nanoparticles produce heat in response to an alternating magnetic 

field48,78,81,105,185. IONP heating is described by the specific absorption rate (SAR) which 

is a function of the excitation field (frequency and magnetic field strength), IONP 

properties, and suspending medium48,185. SAR was characterized for each of the 

aggregated suspensions as shown in (Figure 3.2a). Then heating versus IONP 

concentration was characterized for the suspended aqueous and 2X PBS (“highly 

aggregated”) populations (Figure 3.2b). SARV is expected to vary linearly with IONP 

concentration in the absence of significant interparticle (or inter-aggregate) 

interactions185. This trend has been shown for dispersed suspensions48 and appears to 

hold for the aggregated (2X PBS) case as well. Aggregates formed in PBS and FBS had 

comparable fractal descriptions and so heating in both suspensions followed a similar 

trend with DH (Figure 3.2c,d). Specifically, SAR is decreasing up to 30% with increasing 

aggregate size and plateauing for aggregate populations above about 500 nm in DH for 

solutions. Finally, to better simulate conditions in a tissue environment, the PBS-induced 

aggregates were embedded in a 1% agarose mixture (common tissue phantom) and 

heated. The agarose environment induced an additional 20% decrease in SAR.  
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Figure 3.2. Effects of aggregation on IONP heating. Two variations of SAR are used here - SARV 

(W/ml, heating in an IONP-laden volume) and SARFe (W/g Fe, heating normalized based on 

IONP density, SARV = SARFe x [Fe]). (a) SAR values were measured by placing the samples in 

an insulated induction coil, applying an alternating magnetic field at 190 kHz and 20 kA/m, and 

estimating heating from the temperature-time response. (b) Despite the observed changes in 
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SARFe with aggregation, SARV maintains a linear relationship with IONP concentration in the 

aggregated state. (c-d) SAR values decreased with increasing aggregate size and displayed 

significantly lower values in the 1% agarose gel. (e) Aggregate shape and packing density will 

determine the amount of interparticle magnetic interactions due to their dipolar behavior, but 

alignment of the randomly constrained IONPs within the aggregates may also play a role in the 

observed effects on heating. (All error bars: ± s.d., n = 4.) 

 

IONP heating in an alternating magnetic field is attributed to two loss mechanisms- 

Brownian rotation (frictional) and relaxation of the particles’ magnetization (Néelian or 

hysteresis)78,105,185. Néelian relaxation was the dominant mechanism in these IONP 

heating experiments (Supplemental S1.2) and aggregation can interfere with this 

process in two ways. First, it is likely that the IONPs within the aggregates experience 

interactions through their locally induced magnetic fields (Figure 3.2e). Such interparticle 

interactions are typically modeled in terms of dipole systems, where an increase in 

interactions is predicted to decrease the particles’ magnetization and heating30,74. 

Interparticle interactions in these cases are largely determined by spacing, although 

aggregate size and shape will have some impact. Second, theoretical modeling 

assumes the particles’ anisotropic axis is free to align with the applied field185, but here 

the superparamagnetic IONPs were randomly confined in the aggregates and will be 

unable to achieve optimal alignment when the excitation field is applied. Each aggregate 

will then have an effective anisotropic axis, which may be able to align in suspension, 

but may be further bound by the gel matrix (Figure 3.2e). This restriction may explain the 

additional decrease in heating observed in the 1% agarose samples. 

 

 

 
102 



3.4 SWIFT MRI 

SWIFT and gradient echo (GRE) MRI techniques were used to image IONP populations 

in 1% agarose gels (Figure 3.3a). The positive contrast generated by SWIFT shows 

clear advantages over GRE, where signal voids occur and intensity is reduced to the 

level of noise for IONP concentrations above ~ 0.1 mg Fe/ml (Figure 3.3b). Conversely, 

the SWIFT technique preserves the short-lived signal of the water protons interacting 

with IONPs, thereby maintaining signal integrity up to at least 3 mg Fe/ml. Thus, SWIFT 

can be used to measure the longitudinal relaxation rate (R1 =1/T1) versus IONP 

concentration in dispersed and aggregated suspensions (Figure 3.3c). Here, the 

dispersed IONP population maintains a linear relationship between concentration and R1 

throughout the range measured. The correlation remains, but weakens above 2 mg 

Fe/ml for the aggregated samples. Even more significant, the observed reductions in 

relaxivities (slope ~ r1 = R1/[Fe]) for the moderately (1.5X PBS) and highly (2X PBS) 

aggregated cases appear to correlate with the observed drops in heating, suggesting R1 

can be used as a measure of volumetric heating capacity, accounting for localized IONP 

concentration and aggregation state (Figure 3.3d). The implications for clinical imaging 

and pre-treatment planning are illustrated in Figure 3.3e, where a color map of R1 can 

be used to guide treatment planning for future use.  
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Figure 3.3. SWIFT MRI measures relaxivity and correlates it to the heating ability of concentrated 

IONPs in dispersed and aggregated systems. (a) Positive contrast is demonstrated with SWIFT 

MRI versus a decreasing signal-to-noise ratio with GRE. The increased intensity can be seen 

visually for phantoms with IONP concentrations ranging from 0 to 3.0 mg Fe/ml, where the signal 

voids are indistinguishable from one another in the negative contrast GRE images. (b) In the 
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SWIFT images, the signal-to-noise ratio remains high even at increased IONP concentrations 

(15° flip angle). (c) R1 values measured using SWIFT MRI show a strong correlation to IONP 

concentration and aggregation state, (d) offering the potential to use SWIFT MRI as a direct 

predictor for IONP heating, taking into account both localized concentration and aggregation state 

(R1 was correlated with the experimental heating measurements described in Figure 3.2). (e) 

Clinical planning can be achieved by converting the measured R1 map of in vivo IONPs directly to 

SAR for controlled heat treatments. 

 

3.5 In Vitro 

To further probe the relationship between IONP aggregation, heating, and MRI, human 

prostate cancer cells (LNCaP-Pro5) were incubated with IONPs for 24 hours and 

washed extensively to remove any loosely associated IONPs. TEM images of the IONP-

exposed cells reveal large intracellular and tightly associated extracellular aggregates. 

The majority of internalized IONPs are clustered in intracellular compartments, forming 

much larger aggregates (Figure 3.4a), but with similar fractal dimensions to those 

observed in PBS and FBS. Heating was measured for the IONP-loaded cells in 

suspension and agarose gel (Figure 3.4b). While the cellularly associated IONPs 

demonstrated a higher degree of aggregation, there was no additional decrease in SAR 

as compared to 2X PBS in agarose. This suggests that there may be a practical limit to 

the effects of interparticle interactions and confinement on heating. The IONP-loaded 

cells in agarose were also imaged with SWIFT MRI and displayed markedly lower r1 

values than the dispersed and aggregated gels (Figure 3.4c). We hypothesize two 

contributions to this decrease in intracellular relaxivity. First, TEM indicates that most 

intracellular aggregates are localized in cellular compartments, which limits the number 

of water protons able to access the IONPs and thus decreases the T1 signal intensity. 

Second, as intracellular aggregates are considerably larger than those in suspension the 
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accessible surface area of each IONP is reduced, again limiting access of water and 

decreasing signal intensity. These results and conclusions agree with previously 

published work13,118,183. 

 

Despite the observed shift, the linear relationship between R1 and [Fe] is maintained, so 

it is still possible to develop a correlation with heating for the case of cellularly 

associated IONPs (Figure 3.4d). In addition, the decrease in longitudinal relaxation is 

accompanied by a decrease in transverse relaxation (the signal that determines the 

upper limit for SWIFT MRI IONP quantitation). In the present study, we were able to 

measure cellular IONP concentrations greater than 4 mg Fe/ml and by capitalizing on 

this change it will likely be possible to push these limits further. 

 

In the future, the experimental characterization of IONP aggregate size, geometry, and 

behavior demonstrated here can be combined with previous descriptions of dynamic, 

magnetic dipole interactions12,25,30,74 and aggregated relaxation145,183 to improve our 

understanding of the physical processes driving these changes in IONP heating and 

imaging. We speculate that enhanced performance of IONPs can be obtained through 

coatings that prevent or control interparticle interactions and subcellular localization. 
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Figure 3.4. Heating and imaging of IONPs in vitro. LNCaP cells were incubated with IONPs for 

24 h before subsequent analysis. (a) TEM shows large IONP aggregates both localized on the 

cell membrane and internalized in cellular compartments (average observed N of 374 and 248 for 

intracellular and extracellular aggregates, respectively). The cell image was created from a 

collection of TEM images taken at the same magnification (scale bar ~ 5 µm). The aggregate 

shapes differ from those measured in PBS or FBS suspension (average Df ≈ 1.9 for both 

intracellular and extracellular aggregates), displaying more tightly packed structures of lower 

fractal dimension. (b) The reductions in SAR for the cellularly associated IONPs were similar to 

those for 2X PBS in agarose, (c) but a marked decrease in the longitudinal relaxivity was 

observed over the aggregated cases. (d) However, SWIFT MRI still appears to demonstrate a 

correlation with heating, even shifted to this lower relaxivity. (All error bars: ± s.d., n = 4.) 
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3.6 Conclusions 

In summary, our results demonstrate that aggregation can dramatically influence the 

ability of nanoparticles to image or treat disease in biological applications. Using IONPs 

as a model system, we have characterized the size, shape, and extent of their 

aggregation in solutions, gels, and cells. Using these well defined aggregates we then 

demonstrate a dramatic reduction in both heating potential and MR contrast by (SWIFT) 

magnetic resonance imaging6,7. Due to the correlation in these findings we also 

demonstrate that IONP SWIFT based MR contrast directly predicts reduced heating 

potential during aggregation. This suggests that SWIFT MRI can provide an imaging 

based prediction of IONP heating, accounting for aggregation in clinical cancer 

hyperthermia treatments. Together these results show that biological aggregation is a 

critical factor to consider for nanomaterial use in biological systems and that SWIFT MRI 

can help develop next generation uses of IONPs for imaging and heating applications.  

 

 

3.7 Methods 

Detailed information on all methods can be found in Supplementary S2. 

 

Preparation of IONP aggregates. Stock EMG-308 (Ferrotec USA Corp., Bedford, NH) 

IONP suspension was diluted in varying concentrations of PBS (0X, 1X, 1.25X, 1.5X, 

1.75X, and 2X) and FBS (0%, 10%, 25%, 50%, and 100%). The aggregation reaction 

was allowed to proceed for exactly 4 hours, at which point measurements were made or 

the aggregates were fixed. 
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Dynamic light scattering (DLS) measurement of aggregate DH. DLS was performed on a 

BIC 90Plus particle analyzer (Brookhaven Instruments Corp., Holtsville, NY). The 

incident 35 mW red diode laser generated 660 nm light and the specific solution 

viscosities were manually input based on intrinsic viscosity measurements. 

 

TEM preparation and imaging. Room temperature TEM images of IONPs were acquired 

with a FEI Tecnai T12 microscope (FEI, Inc., Hillsboro, OR) operating at 120 kV. A 200 

mesh copper grid with formvar and carbon supports was dipped into a ~1 mg Fe/ml 

IONP suspension, then removed and allowed to dry before imaging. The LNCaP cells 

underwent a standard process of fixation, staining, dehydration, infiltration of polymer 

resin, and curing. The final polymer block was cut into ~60 nm slices with a microtome, 

deposited on a 200 mesh copper grid with formvar and carbon supports (Ted Pella Inc., 

Redding, CA), and imaged on the same microscope at an operating voltage of 60 kV. 

Multiple images were taken at high magnification and later combined in a collage to 

obtain the high resolution image of the whole cell presented in Figure 3.4. Cryogenic 

TEM imaging was performed on a FEI Tecnai Spirit Bio-Twin microscope (FEI, Inc. 

Hillsboro, OR) at 120 kV and -179°C. 

 

Characterization of IONP aggregate fractal geometry. Aggregates were assumed to be 

quasifractal in nature, such that each aggregate approximately obeys the relationship N 

= kf (Rg/aNP)Df, where N is the number of IONPs comprising the aggregates, Rg is the 

aggregate radius of gyration, aNP is the average core radius, and kf and Df are the pre-

exponential factor and fractal dimension, respectively60. Df was inferred in two ways. In 

the first (image method), individual aggregates were imaged via Cryo-EM, and the two-

dimensional radius of gyration, the perimeter, area, and longest end-to-end distance in 
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the aggregate were measured and compared to values for computer generated 

aggregates of prescribed Np, ap, kf, and Df. In the second (ensemble method), the 

IONP’s hydrodynamic radii distribution functions were measured using a NanosightTM 

and the suspensions’ intrinsic viscosities were characterized. This information, along 

with the IONP mean radius (measured by TEM), were compared to the expected 

hydrodynamic radii distributions and intrinsic viscosities of computer generated 

aggregates of prescribed kf and Df, with the most probable kf and Df then selected for 

each suspension. 

  

Heating (SAR) measurements. A 1 kW Hotshot inductive heating system with a 2.75-

turn, water-cooled copper coil (Ameritherm Inc., Scottsville, NY) was used to generate 

the alternating magnetic field, adjustable up to 24 kA/m (volume-averaged peak-

amplitude across the sample) with an applied frequency fixed at 190 ± 10% kHz. Each 1 

ml sample in a plastic microcentrifuge tube was insulated and centered in the inductive 

coil and heated for 3 minutes and the temperature was continuously recorded with a 

Luxtron 3100 fluoroptic thermometry system (Luxtron Inc., Santa Clara, CA). The SAR 

was estimated from the maximum linear fit within the initial minute of heating (typically 

the first 15-20 seconds), based on the rate of temperature rise method105 and a custom 

fitting routine48. 

 

SWIFT MRI measurements. The longitudinal relaxation time (T1) was measured by the 

Look-Locker method with an ultra-short T2 sensitive MRI sequence (SWIFT) as the read 

out sequence. Measurements were performed using a 9.4T magnet equipped with a 

DirectDrive spectrometer with a volume transmit/receive coil (Agilent Technologies, 

Santa Clara, CA). The pulse duration of the adiabatic saturation pulse was 500 μs. 
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Repetition time = 1.13 ms, flip angle = 1°, spectral width = 125 kHz, and field of view = 

50 x 50 x 150 mm3. The total scan time is ~10 minutes. The T1eff map was generated by 

performing three-parameter non-linear least squares fitting to the saturation-recovery 

equation on a pixel-by-pixel basis. The real T1 map was acquired by doing Look-Locker 

correction on the T1eff map. 

 

Preparation of in vitro samples. A prostate cancer cell line (lymph node cancer of the 

prostate, LNCaP-Pro5) was incubated with 0.5 mg Fe/ml IONPs for 24 hours in 

monolayers in 75 cm2 T-flasks at 37°C and 5% CO2. The cells were then washed with 

phenol-red free Hank’s balanced salt solution (HBSS) five times, to remove any non-

cellularly associated IONPs, detached, pelleted, and then resuspended in cell media or a 

1% agarose/HBSS mixture. 
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SM3.1 Supplemental Materials - Additional Results and Discussion 

 

 

Figure SM3.1. TEM characterization of aqueous EMG-308 IONPs. Commercially available EMG-

308 was purchased from Ferrotec and used within 3 months. (a-b) TEM images reveal that the 

IONPs are polydisperse in size and shape. (c) The longest radius and the radius normal to it were 

measured using Image J (NIH), resulting in the values shown in the table. Scale bars represent 

50 nm. 
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Figure SM3.2. X-ray diffraction pattern of EMG-308 IONPs. EMG-308 displays peaks 

characteristic of Fe3O4 and γ-Fe2O3 phases. The small peak at 52 °2θ arises from the aluminum 

sample holder. A cobalt source was used for data collection, shifting the entire data set to higher 

degrees 2θ as compared to literature indices. 

 

 

 

Figure SM3.3. Digital photographs of IONP aggregation over time. While the well-dispersed 

solutions remain transparent, the PBS-incubated suspensions become increasingly cloudy over 

time as the aggregate sizes increase. The aggregates will settle out of suspension when they 

reach a large enough size, but can be temporarily resuspended for measurements by gently 

shaking by hand. These photos were taken at an IONP concentration of 0.25 mg Fe/ml for visual 

clarity. 
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Table SM3.1. Hydrodynamic diameters of IONP aggregates in PBS. Dynamic light scattering 

measurements were collected after 4 hours of incubation in various concentrations of phosphate 

buffered saline (± s.d., n = 4). 

 

Concentration 
PBS 

Average Hydrodynamic 
Diameter (nm) 

0 52 ± 1 
1X 70 ± 1 

1.25X 109 ± 3 
1.5X 243 ± 23 
1.75X 495 ± 58 

2X 665 ± 150 
 

 

Table SM3.2. Hydrodynamic diameters of IONP aggregates in FBS. Dynamic light scattering 

measurements were collected after 4 hours of incubation in various concentrations of fetal bovine 

serum (± s.d., n = 4). 

 

Concentration 
FBS 

Average Hydrodynamic 
Diameter (nm) 

10% 72 ± 2 
25% 103 ± 2 
50% 157 ± 7 

100% 332 ± 33 
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SM3.1.1 Heating in Redispersed Suspensions 

The reduction in heating attributed to aggregation in suspension (here the maximal case 

at 2X PBS) appeared to be at least partially reversible if the aggregates were 

redispersed. In this experiment, the IONPs were allowed to aggregate following the 

standard protocol, however, following the 4 hour aggregation period, the aggregated 

IONP solution was diluted with distilled water down to a 1X PBS concentration, 

vigorously pipetted, and then sonicated for 15 minutes. Afterwards, the IONP heating 

returned to 90% of the SAR value for well-dispersed conditions (Figure SM3.4), 

suggesting that the aggregation process and accompanying reduction in heating are 

reversible. 

 

Figure SM3.4. Heating in redispersed suspensions. While the significant amount of aggregation 

induced in 2X PBS results in a 30% decrease in SAR, this appears to be at least partially 

reversible when redispersing at lower PBS concentrations, resulting in a significant recovery in 

heating capability (error bars: ± s.d., n = 4). 
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SM3.1.2 Heating in Glycerol Suspensions 

IONP heating in an alternating magnetic field is generally attributed to two loss 

mechanisms, Brownian relaxation and relaxation of the particles’ magnetization (Néelian 

or hysteresis)78,105,185. Brownian heating relates to the frictional losses as the particles 

rotate with the dynamic field, while heating is also derived from the reversal of the 

IONP’s internal magnetization. To isolate the two effects, heating experiments were 

performed in glycerol, which is three orders of magnitude more viscous than water and, 

according to theory, should effectively eliminate the Brownian mode of heating. There 

was no significant difference in heating between glycerol and water for any of the fields 

studied (Figure SM3.5), suggesting that Brownian contributions are absent even in the 

dispersed, aqueous suspensions. Therefore, heating is dominated by Néelian relaxation 

for these superparamagnetic IONPs78,185. 

 

 

Figure SM3.5. Heating in glycerol suspensions. SAR was measured for a range of field strengths 

(5, 10, 15, and 20 kA/m) in aqueous and glycerol suspensions (error bars: ± s.d., n = 4). 

Glycerol’s extremely high viscosity is expected to completely dampen any Brownian contributions 

to heating. The lack of significant difference between heating in aqueous and glycerol 

suspensions, suggests that Brownian contributions are absent even in the dispersed, aqueous 

suspensions. (Note: the SAR calculations take into account the specific heat and density 

differences between water and glycerol48.) 
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SM3.1.3 Heating at Different Field Strengths 

The heating response at a variety of field strengths was also compared for several of the 

aggregation end points. A complete summary of the SAR results is included in Figure 

SM3.6. While the general trends observed at 20 kA/m remain consistent across the field 

strengths studied, there are some differences in the relative drops observed between 

aggregation states at the different field strengths. This can likely be attributed to changes 

in the complex magnetic susceptibility, which relates directly to heating48,185, and is likely 

affected by the IONP aggregation state, in addition to the applied field. 

  

  

Figure SM3.6. Heating at different applied field strengths. The IONP heating measurements in 

distilled water, 1% agarose, 2X PBS, 2X PBS in 1% agarose, LNCaP cell suspensions, and 

LNCaP cells in 1% agarose were repeated at a variety of field strengths (5, 10, 15, and 20 kA/m) 

and 190 ± 10% kHz (error bars: ± s.d., n = 4). 
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SM3.2 Supplemental Materials - Detailed Methods 

SM3.2.1 Iron Quantitation 

A bulk colorimetric assay was used to quantify the IONP concentration in terms of mass 

iron per volume109,178,205. This assay relies on the detection of a complex formed when 

Fe2+ ions react with ferrozine dye, so complete digestion and release of the iron was 

required. First, 300 µl of each sample (in triplicate) was added to a glass tube and 

concentrated hydrochloric acid was added at a 1:1 ratio. The tubes were sealed and 

held at 60°C for 2 hours, vortexing every 30-45 minutes. The samples were then 

centrifuged at 400 RCF and 4°C for 10 minutes. Next, 200 µl of the resulting supernatant 

was mixed at a 1:4 ratio with 2X PBS buffer. A serial 1:1 dilution with distilled water was 

used to prepare seven 500 µl samples of decreasing concentration. Then, 50 µl of 

ferrozine reagent (6.5 mM ferrozine (Acros Organics, Inc., New Jersey, NJ), 13.1 mM 

neocuproine (Sigma-Aldrich Co., St. Louis, MO), 2 M ascorbic acid (Alfa Aesar, Ward 

Hill, MA), and 5M ammonium acetate (Sigma-Aldrich Co., St. Louis, MO)) was added to 

each sample and set at room temperature for 30 minutes. Iron standards at 0, 1.25, 2.5, 

5, 8, and 10 µg per ml were similarly prepared from a diluted stock iron standard (Sigma-

Aldrich Co., St. Louis, MO). Duplicate 200 µl aliquots from each sample were then plated 

in a 96-well plate and the absorbance at 562 nm was measured in a Synergy HT 

spectroscopic plate reader (BioTek Instruments, Inc., Winooski, VT). The final iron 

concentrations were calculated from comparison with the absorbance of the iron 

standards. 

 

SM3.2.2 X-ray Diffraction 

X-ray diffraction was performed on a PANalytical X’pert MPD diffractometer 

(PANalytical, Inc., Westborough, MA) utilizing a cobalt source and an X’Celerator 
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detector. Measurements were taken from 2θ = 15 to 85° with a step size of 0.02° and a 

dwell time of 100 seconds. Samples were prepared by drop coating from a concentrated 

aqueous IONP suspension onto a single quartz crystal sample holder. 

 

SM3.2.3 Preparation of IONP Aggregates 

The IONPs used in this study are designed to retain colloidal stability in aqueous 

suspension via an anionic surfactant; however, interference with the double-layer can 

lead to significant aggregation of the dispersed particles31,32,121,127,169. Here we 

demonstrate that incubation with phosphate buffered saline (PBS, ionic) and fetal bovine 

serum (FBS, protein) solutions led to varying degrees of aggregation, depending 

strongly on the concentration of the aggregating solute. The stock IONP solution was 

diluted in varying concentrations of PBS (0X, 1X, 1.25X, 1.5X, 1.75X, and 2X) and FBS 

(0%, 10%, 25%, 50%, and 100%). While the aggregation protocol varied slightly 

depending on the sample preparation required for each measurement assay, the 

following consistencies allowed for repeatable aggregation between the protocols. 

 

1. The aggregation reaction was allowed to proceed for exactly 4 hours, at which 

point measurements were made or the aggregates were fixed. The aggregation 

kinetics had slowed sufficiently by this point (data not shown) such that 

repeatable aggregate populations were formed. 

2. Pipetting appeared to partially break up some of the larger aggregates. Once the 

aggregates were formed, mixing was accomplished by light vortexing or gentle 

shaking. If a pipette transfer was required, a large bore pipette was used. 

3. All dilutions performed maintained the concentration of the aggregating solute 

(i.e. aggregates formed in 1X PBS were diluted only with 1X PBS). 
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Preparation of PBS solutions: Stock cellgro 10X PBS (Mediatech, Inc., Manassas, VA) 

was diluted with distilled water to the required concentrations. Dilutions involving the 

aqueous IONP solution accounted for this included volume, such that the reported PBS 

concentrations are that of the final solution. 

 

Preparation of FBS solutions: Stock FBS (SAFC, St. Louis, MO) was diluted with distilled 

water to the required concentrations. The reported FBS concentrations are that of the 

initial FBS solution used for dilutions, without accounting for the added IONP suspension 

volume. 

 

Preparation of agarose samples: 2% (by weight) agarose powder (Bio-Research 

Products Inc., North Liberty, IA) was dissolved at high temperature in PBS solution. This 

was then added at a 1:1 ratio to the aggregated solution (after the 4 hour time point), 

vortexed to mix thoroughly, and then immediately placed in an ice bath for 15 minutes to 

set. 

 

Dynamic light scattering (DLS): Stock IONP suspension was diluted to 6 mg Fe/ml in the 

aggregating solution for a volume of 500 µl. After 4 hours, this was diluted to a final 

volume of 2 ml and immediately measured. 

 

Heating measurements in suspension: Stock IONP suspension was diluted to 6 mg 

Fe/ml in the aggregating solution for a volume of 500 µl. After 4 hours, this was diluted to 

a final volume of 1 ml and immediately measured. 
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Heating measurements in agarose: Stock IONP suspension was diluted to 6 mg Fe/ml in 

the aggregating solution for a volume of 500 µl. After 4 hours, this was diluted to a final 

volume of 1 ml with the 2% agarose/PBS solution and measured after setting. 

 

SWIFT MRI measurements: Stock IONP suspension was diluted to 6 mg Fe/ml in the 

aggregating solution, for volumes of 17, 83, 167, 333, 417, and 500 µl. After 4 hours, all 

solutions were diluted to a volume of 500 µl. These solutions were then diluted to a final 

volume of 1 ml with the 2% agarose/PBS solution and vortexed at a low speed to mix 

thoroughly. Lastly, 400 µl of this solution was quickly pipetted into an NMR tube and 

placed in an ice bath to set. 

 

Cryo-EM imaging: Stock IONP suspension was diluted to 6 mg Fe/ml in the aggregating 

solution for a volume of 250 µl. Aggregates at the 4 hour time point were diluted 1:10 

and a small drop (2-4 uL) was slowly pipetted to a 200 mesh lacey carbon grid at 100% 

humidity. The sample was blotted once for 2.5 s with 0 offset (no wait or drain times), 

then plunged into a small cup of liquid ethane surrounded by liquid nitrogen. Samples 

were vitrified with a FEI Vitrobot (FEI, Inc., Hillsboro, OR). All subsequent sample 

processing and transport were performed under liquid nitrogen (-179°C). 

 

Viscosity and Nanosight measurements: Stock IONP solution was diluted to 3.75 mg 

Fe/ml in the aggregating solution, for a volume of 20 ml. After 4 hours, 5 ml was 

aliquoted out for Nanosight measurements and 15 ml was used for viscosity 

measurements. 
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SM3.2.4 Preparation of LNCaP-IONP Samples 

A prostate cancer cell line (lymph node cancer of the prostate, LNCaP-Pro5)166 was 

used for all cell studies. The cells were cultured in media composed of Dulbecco’s 

modified Eagle medium (DMEM F12) supplemented with 10% FBS, 1% penicillin-

streptomycin, and 10-9 M dihydrotestosterone. The cells were grown in monolayers in 75 

cm2 T-flasks at 37°C and 5% CO2. When they were about 60-80% confluent, they were 

seeded with cell media containing 0.5 mg Fe/ml IONPs and incubated for 24 hours. This 

concentration and time point have previously been shown to provide maximal cellular 

loading109. The cells were then washed with phenol-red free Hank’s balanced salt 

solution (HBSS) five times, to remove any non-cellularly associated IONPs and then 

trypsinized (2.0 mL of 0.05% trypsin with 0.53 mM EDTA for 6-9 minutes) to detach the 

monolayer. The cells did not always fully detach from the trypsinization and so a cell 

scraper was employed in these cases. The detached cells were then resuspended in 

fresh media and counted. The average cell count was 7.5 ± 2 million cells per flask. 

While the specific treatment for cells depended on the measurements to be performed 

(below), generally they were then centrifuged at 400 RCF for 10 minutes to form a pellet. 

The resulting supernatant was removed and the pellet was resuspended in 2 ml or less 

of media. The bulk IONP concentration was measured by ferrozine assay after the other 

characterization was complete. The average intracellular IONP concentration was 47 ± 

29 picograms iron per cell. 

 

TEM imaging: One flask was prepared and centrifuged as described above. This cell 

pellet was resuspended in 2 ml of media and pipetted repeatedly to ensure cell clumps 

were separated and the cells were fully suspended. One ml of this cell suspension 

underwent a standard process of fixation, staining, dehydration, infiltration of polymer 
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resin, and curing. The final polymer block was cut into ~60 nm slices with a microtome 

and deposited on a 200 mesh copper grid with formvar and carbon supports (Ted Pella 

Inc., Redding, CA). In detail, cells were washed with 0.1 M cacodylate buffer (‘buffer’) 

twice to remove excess cell growth media and then fixed by exposure to 2.5 M 

gluteraldehyde in buffer. The pellet was washed another two times and then exposed to 

1% osmium tetroxide in buffer for 1 hour. After another two buffer washes, the pellet 

went through a series of dehydration steps wherein ethanol at 50%, 70%, 80%, 95%, 

and 100% was applied in sequence (multiple exposures at each concentration). Finally, 

the pellet was exposed to three rinses of propylene oxide to fully remove any ethanol. 

Following this dehydration, the pellet was infiltrated with a 2:1 mixture of propylene 

oxide: EPON epoxy mix for 2 hours (uncovered), then two more exposures of a 1:1 

mixture for 1 hour each (covered). The final wash was replaced with pure epoxy mix and 

allowed to infiltrate overnight. The following day, the resin was replaced. The mixture 

was placed in a curing oven at 40°C for 24 hours, then 60°C for 48 hours. The hardened 

block was removed from its casing (a 1 ml centrifuge tube) and allowed to cure for 

another 8 hours at 60°C to ensure complete polymerization. The embedded block was 

then sectioned with a Leica EM UC6 Ultramicrotome (Leica Microsystems Inc., Buffalo 

Grove, IL). 

 

Heating measurements in suspension: Four flasks were prepared and centrifuged into a 

single pellet, as described above. This cell pellet was resuspended in 1 ml of media and 

pipetted repeatedly to ensure cell clumps were separated and the cells were fully 

suspended. The cells were pipetted for resuspension before each heating measurement. 
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Heating measurements in agarose: Four flasks were prepared and centrifuged into a 

single pellet, as described above. This cell pellet was resuspended in 0.5 ml of media 

and pipetted repeatedly to ensure cell clumps were separated and the cells were fully 

suspended. This cell suspension was then mixed with 0.5 ml of 2% agarose in HBSS 

and vortexed at a low speed. The gel was then placed in an ice bath to set. 

 

SWIFT MRI measurements: Five flasks were prepared and centrifuged into a single 

pellet, as described above. This cell pellet was resuspended in 0.7 ml of media and 

pipetted repeatedly to ensure cell clumps were separated and the cells were fully 

suspended. Aliquotes of 200, 150, 100, 50, 25, and 0 µl of cell suspension were placed 

into NMR tubes and each was diluted with cell media to a final volume of 200 µl. Next, 

200 µl of 2% agarose in HBSS was added and the samples were vortexed at a low 

speed. The gels were then placed in an ice bath to set. 

 

SM3.2.5 Dynamic Light Scattering of IONP Aggregates 

Dynamic light scattering was performed on a Brookhaven Instruments 90Plus particle 

analyzer (Holtsville, NY). The incident 35 mW red diode laser generated 660 nm light. 

Hydrodynamic diameters were measured for four independent samples, each with five 

one-minute data collections (the average and standard deviation values were calculated 

from all the cumulative measurements). Solution viscosities were manually input based 

on the results of the kinematic viscosity measurements performed on the base solutions. 

Suspensions which yielded aggregate populations larger than 1000 nm were discounted 

as this size extends beyond the reliable operating range of the instrument. 
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SM3.2.6 Transmission Electron Microscopy (TEM) 

Room temperature TEM images of IONPs were acquired with a FEI Tecnai T12 

microscope (FEI, Inc., Hillsboro, OR) operating at 120 kV. A 200 mesh copper grid with 

formvar and carbon supports was dipped into a ~1 mg Fe/ml IONP suspension, then 

removed and allowed to dry before imaging. LNCaP cells, prepared as described above, 

were imaged on the same microscope at an operating voltage of 60 kV. Multiple images 

were taken at high magnification and later combined in a collage to obtain the high 

resolution image of the whole cell presented in Figure 3.4. Cryogenic TEM imaging was 

performed on a FEI Tecnai Spirit Bio-Twin microscope (FEI, Inc. Hillsboro, OR) at 120 

kV at -179°C. 

 

SM3.2.7 Aggregate Quasifractal Characterization – Image Method 

Individual aggregates, from both suspensions and those observed in cells, were imaged 

via (cryo-)EM, and the two-dimensional radius of gyration (Rg2D), perimeter (Pe) , area 

(Ap), and longest end-to-end distance (Lmax) in the aggregate were measured and 

compared to these four parameters for computer generated aggregates of prescribed 

Np, aNP, kf, and Df. This procedure is similar to that employed by Brasil et al.19 

Computer-generated aggregates were produced via the cluster-cluster algorithm 

described by Filippov et al., with N ranging from 10-1000, kf = 1.0 – 2.0, and Df = 1.5 – 

2.5. For Df = 1.3 and Df = 2.7, the sequential algorithm, also described by Filippov et al., 

was used to produce aggregates, providing an additional range for structural 

comparison. Over 10,000 aggregates, with random structures (note the employed 

algorithms produce distinct aggregates each time they are run) but the prescribed kf, Df, 

and N, were constructed and for each and 3 orthogonal projections were used as 

simulated TEM images to determine Rg2D, Pe, Ap, and Lmax. The three noted lengths 
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were normalized by the radius of an IONP in the simulated aggregates, while Ap was 

normalized by an individual IONP’s projected area. The radii of each IONP in each 

examined aggregate was determined from the cryo-EM images, with the aNP used for 

normalization taken as the projected area weighted average primary particle radius: 

 

 𝑎𝑎𝑁𝑁𝑃𝑃 =
∑ 𝑎𝑎𝑖𝑖

3𝑁𝑁0
𝑖𝑖=1

∑ 𝑎𝑎𝑖𝑖
2𝑁𝑁0

𝑖𝑖=1
        (SM3.1) 

 

where ai is the measured radius of IONP i and N0 is the observed number of IONPs in 

an aggregate’s cryo-EM image (though not the total number, N, of IONPs bound in the 

same aggregate). Defining Rg2D/aNP, Pe/aNP, Lmax/aNP, and (Ap/paNP
2) as C1, C2, C3, and 

C4, respectively, for each measured aggregate and simulated aggregate projection, the 

square error (Ej) between the aggregate and the image was calculated as: 
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where the subscripts j and meas denote simulated image j and the measured image 

properties, respectively. With Ej for each simulated aggregate image (over 30,000), 

number weighted average kf and Df were calculated as: 
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 where b is the bias factor, taken to be 300 (values between 100-500 are found to 

change results by 2% at most). The average number of IONPs in an aggregate was 

calculated as: 
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The values reported in Figure 3.2 result from calculations with equation (S.3a-c) for 20 or 

more aggregates observed under the noted conditions, with the average kf and Df noted 

for all observed aggregates. In addition to average reported values, selected cryo-EM 

images of aggregates observed in 100% FBS suspension are shown in Figure SM3.7. 

 

 

Figure SM3.7. Comparison of 100% FBS aggregate EM images with simulated fractal 

geometries. The background has been removed in the cryo-EM images (left) for clarity and the 

line segments displayed result from the measurement of individual IONP radii. Included is the 

computationally generated aggregrate with the minimum calculated Ej, for each image (right). 
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SM3.2.8 Aggregate Quasifractal Characterization – Ensemble Method 

IONP hydrodynamic diameter/radii distribution functions were measured using a 

NanosightTM, yielding f(RH), the fraction of particles by number per unit hydrodynamic 

radius with hydrodynamic radius RH. Using the average IONP radius (from EM), this 

distribution was normalized to f(RH/aNP). For the noted simulated quasifractal 

aggregates, RH/aNP was calculated using the Hubbard-Douglas approximation44, 

specifically with the algorithm provided by Gopalakrishnan et al.69 For each Df, kf, N 

combination, 10 aggregates were randomly generated in the manner noted above, and 

the resulting average RH was determined. From these calculations, with a prescribed Df 

and kf (assumed constant for all aggregates in a suspension) f(RH/aNP) can be 

converted to f(N, Df, kf). To then determine the Df,ave and kf,ave which best describe the 

measurements, suspension intrinsic viscosities (which are functions of the sizes and 

shapes of the suspended aggregates) were inferred from kinematic viscosity 

measurements with an Ubblelohde 9721-R50 series Viscometer (Cannon Instrument 

Company Inc., State College, PA) of both the IONP containing suspensions and control 

PBS and FBS solutions (at identical solute concentrations to those in suspensions). 

Measurements were made at two shear rates to ensure that the suspensions and 

solutions were Newtonian; negligible differences between kinematic viscosities were 

measured at different rates. For intrinsic viscosity inference the densities of all 

suspensions and baseline solutions were measured gravimetrically (pipetting known 

volumes onto a calibrated mass balance). Similar to hydrodynamic radius calculation, 

the expected intrinsic viscosity (ηagg) for simulated aggregates of prescribed Df, kf, and 

N were determined using the methods of Mansfield et al.142, with further details on these 

calculations provided by Thajudeen & Hogan211. The difference between the 
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measurement determined intrinsic viscosity (ηmeas) and that expected from theory (ηtheo) 

for a prescribed Df and kf was determined, calculating ηtheo through the relationship: 
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The approximate Df,ave and kf,ave from the ensemble approach (the reported values) were 

then determined using the equations: 
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where imax denotes the total number of Df, kf pairs for which RH and ηagg were 

calculated. The results of equations (S.4b-c) as compared to those from equations 

(S.3a-b) are shown in Figure 3.2c. 

 

SM3.2.9 IONP Heating (SAR Measurements) 

A 1 kW Hotshot inductive heating system with a 2.75-turn, water-cooled copper coil 

(Ameritherm Inc., Scottsville, NY) was used to generate the alternating magnetic field. 

The resulting field has been previously characterized48 and was adjustable up to 24 

kA/m (volume-averaged peak-amplitude across the sample) and the applied frequency 

was fixed at 190 ± 10% kHz. A majority of the heating measurements were conducted at 
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20 kA/m due the high clinical relevance of these field parameters48, but some 

measurements were also made at 5, 10, and 15 kA/m. Each 1 ml sample in a plastic 

microcentrifuge tube was insulated and centered in the inductive coil. The samples were 

then heated for 3 minutes and the temperature was continuously recorded with a Luxtron 

3100 fluoroptic thermometry system (Luxtron Inc., Santa Clara, CA). The SAR was 

estimated from the maximum linear fit within the initial minute of heating (typically the 

first 15-20 seconds), based on the rate of temperature rise method37,105 and a custom 

fitting routine48. 

 

SM3.2.10 T1 Measurement by Sweep Imaging with Fourier Transformation (SWIFT) 

Sequence 

The longitudinal relaxation time T1 was measured by the Look-Locker method with an 

ultra-short T2 sensitive MRI sequence (SWIFT) as the read out. The samples were 

constructed from six 5-mm NMR tubes containing Ferrotec EMG-308 iron-oxide 

nanoparticles of different known concentrations and different aggregation states. These 

tubes were immersed in deionized water within a 3 cm diameter tube. Measurements 

were performed using a 9.4T magnet equipped with a DirectDrive spectrometer (Agilent 

Technologies, Santa Clara, CA), with a volume transmit/receive coil having an inner 

diameter of 3 cm (Agilent Technologies, Santa Clara, CA). Sixty-four total images at 

128x128x128 size along the recovery curve for different recovery times were acquired. 

The T1eff map was fitted to a saturation-recovery equation (three parameters fitting) on a 

pixel-by-pixel basis. The real T1 map was acquired by doing Look-Locker correction on 

the T1eff map40.  
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Figure SM3.8. SWIFT T1 map for well dispersed IONPs in 1% agarose. Measured 

concentrations ranged from 0.0 to 3.0 mg/ml. 
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Chapter 4. Radiofrequency Heating of Magnetic Nanoparticle Cryoprotectant Solutions 

for Improved Cryopreservation Protocols 

 

Contributing Authors: Michael L. Etheridge, Yi Xu, Jeunghwan Choi, and John C. Bischof 

 

The following chapter is intended to serve as the foundation for a developing publication 

describing this new technique for thawing vitrified biomaterials. On-going work in 

biological systems (cells and tissues) will supplement the fundamental studies presented 

here. In addition, a provisional patent has been filed on this technology: 

 

Bischof J.C., Etheridge M.L., and Choi J. Cryopreservation Compositions and Methods. 

US Provisional Patent 61/790,410, March 15, 2013. 

 

I would also like to acknowledge the contributions of Dr. Yi Xu, who conducted the 

differential scanning calorimetry measurements described herein. 

 

 

While vitrified cryopreservation holds great promise, practical application has generally 

been limited to smaller systems (cells and thin tissues) due to diffusive heat and mass 

transfer limitations, which are typically manifested as devitrification and cracking failures 

during thaw. Here then we describe a new approach for rapidly and uniformly heating 

cryopreserved biospecimens with radiofrequency (RF) excited magnetic nanoparticles 

(mNPs). Importantly, heating rates can be increased several fold over conventional 

boundary heating techniques and are independent of sample size. Proof-of-principle 
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experiments in aqueous and cryoprotectant solutions are presented and scaled heat 

transfer modeling is used to illustrate the potential of this innovative approach. 

 

4.1 Introduction 

Typical freezing processes can cause significant damage to biomaterials through ice 

crystallization and cellular dehydration86. However, with the aid of cryoprotectant 

solutions, biospecimens can be stabilized in the vitreous (i.e. “glassy” or “amorphous”) 

state, allowing for long-term cryopreservation. Vitrification involves cooling a liquid 

medium rapidly enough that the material is able to reach the glass transition temperature 

before significant nucleation occurs. At this point, the viscosity is high enough that any 

further crystallization is arrested and the medium maintains an amorphous phase 

indefinitely55. While it is possible to vitrify water, critical cooling rates on the order of 107 

°C/min are necessary5,220, so vitrification of materials with high water content (such as 

biological tissues) represents a significant challenge. However, for more than 50 

years135,136, the field has been researching the use of cryoprotective agents (CPAs or 

cryoprotectants), which are typically sugars and alcohols that stabilize mediums against 

crystallization and allow for vitrification at more reasonable cooling rates (10s of °C/min 

or less)55,167. The trade-off is that these cryoprotectants can often induce toxicity at the 

concentrations necessary for vitrification and so developing cryopreservation protocols is 

a fine balance between lowering the critical cooling rate and avoiding toxicity, with a 

significant amount of work in the field devoted to the design of more effective 

cryoprotective “cocktails.” While this is not trivial, a number of groups have employed 

successful techniques for cooling bulk systems to the vitreous state (including entire 

rabbit kidneys)54,56,57, but devitrification and cracking failures during the subsequent thaw 

remain a significant issue.  
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Achieving high enough critical cooling rates to vitrify biomaterials is a significant 

engineering challenge, but the critical warming rates necessary to avoid devitrification 

(i.e. crystallization) during thaw are typically an order of magnitude higher (100s of 

°C/min) even with the use of cryoprotectants167,210. In addition, non-uniformity in the 

temperature field produces thermal stresses which can crack the brittle material, and so 

both speed and uniformity of thaw are key. Rapid thawing and rescue of cellular systems 

can often be realized by reducing the size of the sample, increasing the conductivity of 

the sample holder, and creating a highly convective environment (i.e. heated water 

bath)162, and this has been successfully applied to sperm, ova, embryos, and a host of 

other small systems9,55,57,176,196. However, uniform and rapid thawing from the boundary 

of larger samples (beyond several mm in characteristic dimension) is simply not possible 

due to heat transfer limitations112. This has driven the field to search for opportunities 

beyond boundary warming and prompted pursuit of approaches that can generate 

uniform heating within the material (i.e. volumetric heating). The most well recognized 

attempt has been with microwave rewarming53,76,134,175,180,181,186,225. These previous 

attempts using microwaves (100s of MHz to GHz) have produced heating rates up to 

100s of °C/min76,180,186, but they also demonstrated the inherent limitation of heating at 

these high frequency fields, which is non-uniformity. More specifically, microwave 

heating is due to dielectric coupling of the field with polar molecules. Although this is an 

effective means to deposit energy into tissues with high water content (used routinely in 

our kitchens to heat food), inhomogeneity will occur even with the use of uniform fields 

due to variations of the dielectric properties in the tissue, attenuation of the field (i.e. skin 

depth), and even the shape of the sample23,24,53,181. This results in hot spots, which are 

then compounded by “thermal runaway,” where the localized heating accentuates the 

mismatch in the (temperature-dependent) dielectric properties. However, at lower 
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radiofrequencies (RF < 1 MHz) alternating magnetic fields (AMFs) can uniformly 

penetrate tissues without attenuation and negligible dielectric coupling6. Coupling 

through induction of eddy currents is still possible6, but these are not expected to be 

significant given the extremely low electrical conductivities of vitrified solutions144,224. 

Although these lower frequency fields will be unable to rapidly heat the tissue on their 

own, they are able to produce significant losses through coupling with mNPs. The 

mechanisms of heating for mNPs under an AMF have been discussed in detail 

elsewhere78,81,185, but are predominantly attributed to dominant modes of Néelian and 

ferromagnetic relaxation and are described in terms of the specific absorption rate 

(SAR). 

 

A number of systems capable of applying uniform AMFs at the frequencies of interest 

have been demonstrated16,67,198 and so the uniformity in heating will depend mainly on 

the mNP distribution (where the volumetric heating is directly proportional to the local 

mNP concentration48,52,185). Fortunately then, one of the major benefits of nanoparticles 

in biomedical applications is their ability to achieve unique biodistributions due the 

particles’ small relative size to that of microscale tissue structures49,115. In addition, a 

number of groups have demonstrated various approaches for achieving relatively 

uniform cryoprotectant distributions within tissues and organs (and washing techniques 

for subsequent unloading)57, so it should be possible to modify these protocols for the 

inclusion of mNPs. 

 

The present work describes this new approach for rapidly and uniformly heating vitrified 

biomaterials through the use of radiofrequency-excited magnetic nanoparticles. The 

addition of mNPs in two well-known cryoprotectants is shown to have negligible effects 
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on their freeze-thaw behavior through differential scanning calorimetry measurements. 

We then demonstrate the ability of these mNPs to generate heating rates as high 

300°C/min, reducing or altogether avoiding devitrification in the vitrified cryoprotectant 

samples. Finally, the experimentally characterized heating is used to model thawing 

across several length scales to demonstrate the ability of this approach to provide rapid 

and uniform heating, independent of sample size or shape. 

 

4.2 Investigating the Impact of mNPs on Freeze-Thaw Behavior 

Two cryoprotectant solutions were investigated. Glycerol was one of the earliest 

cryoprotectants studied136, but is also considered fairly inefficient by today’s standards. 

Here we look at a 6M mixture of glycerol in 1X phosphate buffered saline (PBS) (hereto 

referred to as “6M glycerol”)35,36. In contrast, “VS55” is an optimized cryoprotectant 

cocktail which has demonstrated successful vitrification of a wide variety of biological 

systems9,55,57,176,196. VS55 solution is composed of 3.1M dimethyl sulfoxide (DMSO), 

2.2M propylene glycol, and 3.1M formamide in a base Euro-Collins solution, for a total of 

8.4M148,174. These choices of cryoprotectant solutions should bracket a range of potential 

behaviors which could be observed for cryoprotectants used in the field. Distilled water is 

also included as a control reference. 

 

These studies were conducted with commercially available Ferrotec EMG-308 solution 

composed of 10 ± 2.5 nm-diameter superparamagnetic magnetite (Fe3O4) nanoparticles 

coated with an anionic surfactant in aqueous suspension. This system has been 

previously shown to heat reproducibly48, providing a convenient model for study. The 

stock solution was diluted in the cryoprotectant solutions to provide a concentration of 10 

mg Fe/ml. The cryoprotectant-mNP mixtures were formulated to account for the volume 
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of aqueous mNP solution, such that the final mixtures were at 6M glycerol in 1X PBS or 

8.4M VS55 in Euro-Collins. Methods for characterizing biomaterial thermal properties 

have been discussed in great detail elsewhere34, but a general discussion is provided 

below and additional details can be found in Supplemental Materials SM4.1. 

 

Both 6M glycerol35,36 and VS55148 solutions have been previously characterized through 

differential scanning calorimetry (DSC) and some of the important values are 

summarized in Table 4.1; but we wanted to investigate the impact of the addition of 

nanoparticles on their freeze-thaw behavior, so further study was warranted. Figures 1a 

and 1b then illustrate a thermal trace on heating for the two vitrified solutions, with and 

without nanoparticles. Two things are apparent. First, the nanoparticles appear to have 

negligible impact on the freeze-thaw behavior of the solutions (i.e. the mNPs do not 

produce a significant shift in the phase transitions experienced by each solution). This is 

not surprising, since the nanoparticles account for less than 0.3% v/v fraction at the 

concentrations studied. However, the notable difference in vitrified behavior between the 

two solutions is apparent. Both solutions experience a glass transition, but the absence 

of any additional latent heat in the VS55 thermal trace indicates that the solution 

maintained the amorphous phase without crystallization. In contrast, the 6M glycerol 

solution experiences a significant heat release during devitrification and latent heat 

during melting. These heat traces were performed at a heating rate of 150°C/min, which 

is well above the critical warming rate for VS55. However, heating rates on the order of 

104 °C/min would be required to avoid devitrification in 6M glycerol18. Also included in 

Figures 1c and 1d are the specific heat and densities for 6M glycerol and VS55, based 

on these DSC studies or literature35,36,77,91,179. These values will be important in the 

subsequent analysis and modeling of heating. 
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Table 4.1. Important thermal behavior parameters for the cryoprotectant solutions18,36,148,174,208. 

 6M Glycerol VS55 

Melt Temperature -26°C -38°C 

Glass Transition Temperature near -100°C -123°C 

Critical Cooling Rate -85°C/min -2.5°C/min 

Critical Warming Rate 3.2 X 104 °C/min 50°C/min 
 

 

Figure 4.1. Freeze-thaw behavior of mNP-cryoprotectant solutions. The addition of nanoparticles 

in the 6M glycerol and VS55 solutions appeared to have very little impact on the freeze-thaw 
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behavior of the solutions, as demonstrated by the DSC thermal traces for heating at 150°C/min 

after cooling at -150°C/min (a,b). The specific heat of VS55 was estimated from the apparent 

specific heat measured by DSC, while the remainder of the thermal property data was estimated 

from literature (distilled water was included as a standard reference, c,d)35,36,77,91,179. Cooling 

below the critical rate for 6M glycerol required a liquid nitrogen quench and the rapid (non-

uniform) cooling resulted in significant cracking in the samples (e). While the VS55 samples were 

still cooled in a liquid nitrogen bath, several insulating layers provided for a more controlled 

cooling rate (with an annealing step), allowing the samples to be vitrified and cooled to -192°C 

without cracking (f). Additional details on the cooling protocol for VS55 are included in 

Supplemental Material SM4.2. 

 

4.3 Heating Cryoprotectant-mNP Suspensions 

Aqueous, 6M glycerol, and VS55 solutions with and without mNPs were heated in a 

radiofrequency AMF at 22.8 kA/m (peak, volume-averaged field strength) and 360 kHz 

(Figure 4.2a). The cryoprotectant solutions were cooled down to -192°C at sufficient 

rates to produce vitrification (Figures 4.1e and 4.1f) and then quickly transferred into the 

inductive coil for immediate heating inside of a sealed plastic vial, to lessen direct losses 

to the environment (Figure 4.2c). Fine thermocouples (40-gauge) were embedded in the 

samples prior to cooling and provided continuous temperature monitoring in conjunction 

with a NI-DAQ data acquisition system (National Instruments, Inc.). RF fields are 

expected to produce interference in metallic thermocouples, but this was characterized 

and found to be negligible in the ultrafine gauge thermocouples used (Supplemental 

Material SM.3). 

 

The sample temperature data from the control and RF heated samples were used to 

estimate two important values as a function of temperature- the heating rate and the 
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mNP SAR. The sample temperature was acquired at a frequency of 1 Hz, so the heating 

rate was calculated from the temperature difference between each measurement point, 

divided by the elapsed time; and the temperature was then taken as the average 

between those two points. The heating rates (as a function of temperature) for the 

aqueous, glycerol, and VS55 samples are included in Figure 4.2a-c. While losses to the 

ambient, room temperature surroundings did result in some heating in the control 

samples, the RF field did not induce any additional heating in the samples without 

nanoparticles. Importantly, however, heating rates on the order of 100s °C/min were 

achieved in the mNP-laden samples. These heating rates were high enough to 

significantly reduce devitrification in the glycerol samples (Figure 4.2b) and avoid it in the 

case of VS55 (Figrue 4.2c). 

 
To better understand IONP heating for this application, SAR was also estimated from an 

energy balance on the samples, following11: 

 

  𝑐𝑐𝑐𝑐(𝑇𝑇𝑠𝑠)𝜌𝜌(𝑇𝑇𝑠𝑠) ∗ 𝑑𝑑𝑇𝑇
𝑑𝑑𝑡𝑡

(𝑇𝑇𝑠𝑠) = ℎ𝑆𝑆(𝑇𝑇𝑠𝑠) ∗ (𝑇𝑇𝑠𝑠 − 𝑇𝑇𝑎𝑎) + 𝑆𝑆𝑆𝑆𝑆𝑆𝑉𝑉(𝑇𝑇𝑠𝑠)   (4.1) 

 

where Ts is the sample temperature (f(Ts) indicates a function of sample temperature), 

cp and ρ are the specific heat and density of the solution, dT/dt is the measured heating 

rate, hA is an estimated ambient loss coefficient, Ta is the ambient room temperature, 

and SARV is the volumetric heating due to the IONPs (equivalent to q’’’ in a typical 

energy balance). The ambient loss coefficient was estimated from the control samples 

by assuming SARV = 0 and solving for hA at each sample temperature. The SARV could 

then be estimated for each radiofrequency heating case, as a function of sample 

temperature. The estimated SAR for a number of cases is compared in Figure 4.3a-c. 
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Figure 4.2. Radiofrequency heating of mNP-cryoprotectant solutions. The samples were heated 

from an initial temperature of -192°C in an inductive coil (c). The cryoprotectant solutions 

containing mNPs heated at rates up to 300°C/min (a,b,d); these rates were fast enough to reduce 

devitrification in the 6M glycerol samples (d) and avoid it altogether in the VS55 samples (b).  
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Figure 4.3. SAR for mNPs heating in the cryogenic regime. Analysis of the heating data provided 

estimates of the SAR as a function of temperature, demonstrating very complex behavior (a-c). It 

is likely that the observed heating reflects the effects of nanoparticle aggregation (b), suspending 

phase (c), and temperature dependent magnetic behavior (a). 

 

While it is difficult to clearly differentiate all the important physical mechanisms involved 

based solely on these heating measurements, we do believe that these results can be 

explained by three important factors: (1) IONP aggregation, (2) suspending phase, and 

(3) material magnetization. First, we have already shown that aggregation and 

confinement lead to reductions in heating at room temperature for the mNPs studied 

(refer to Chapter 3). Significant aggregation was visually observed on mixing of the 
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mNPs with the VS55 solution and this accounts for the drop in heating observed for the 

room temperature VS55 suspensions (Figure 4.3b). However, if we concentrate on the 

phase transitions encountered during heating (Figure 4.3c, the solid-liquid transition in 

the aqueous sample and the glass transition in the glycerol and VS55 samples) it 

appears the IONPs heat much less efficiently in the more rigid phases. The IONPs heat 

nearly 70% less in -5°C crystalline ice than they do suspended in liquid water at room 

temperature. And while not as significant, there also appears to be a reduction in heating 

observed between the glass and liquid phases in glycerol. Finally, IONP magnetization is 

known to have a major influence on heating, with significant increases in heating 

expected to accompany increases in material magnetization78,185. It is also common for 

the magnetization of materials to increase at lower temperatures and this has been 

shown to hold true for iron oxide nanoparticles156,182. This is likely the cause of the 

increasing trend in heating observed at lowering temperatures observed in some of the 

phases (Figure 4.2d).  

 

One as yet unexplained phenomenon observed for the crystallized ice and glassy VS55 

phases, is the apparent increase in SARFe for the 10 mg Fe/ml case over the 5 mg Fe/ml 

case (Figure 4.3a). In the absence of interparticle interactions, SARFe is expected to be 

independent of mNP concentration. However, the increase in SARFe with increased 

mNP concentration might suggest an inverse trend to the aggregation effects observed 

at room temperature. This begins to paint a very complicated picture of the interacting 

effects of aggregation, structure of the suspending phase, and temperature-dependant 

magnetic behavior. This suggests the need for further study and opens the door to an 

interesting area of fundamental investigation for magnetic nanoparticles.  
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4.4 Modeling Bulk Heating of a Vitrified Volume 

COMSOL Multiphysics (COMSOL Inc., Burlington, MA) was used to compare the case 

of uniform volumetric heating to convective boundary warming. A cylindrical volume was 

chosen as a representative case. While this is a rather generic geometry, these results 

should be broadly applicable to a wide range of tissue systems. Organ geometries do 

vary greatly, but cryopreservation protocols will typically take place submersed in a 

volume of cryoprotectant held in a container (likely cylindrical, Figure 4.3a). The 

cylindrical volume was simulated by a 2D, axisymmetric case where the height was 

equal to two times the radius. This radius was scaled from 0.2 to 3 cm to demonstrate 

the effects of sample size on heating. Two heating cases were compared in a transient, 

conductive heat transfer simulation. For the traditional warming case, a convective heat 

transfer coefficient of h = 25 W/m2-K and ambient temperature of Ta = 37°C were 

applied to the boundary of the simulated volume (i.e. a hot water bath). For the mNP 

thaw case, it was assumed that the boundaries of the volume were insulated (adiabatic, 

𝜕𝜕𝑇𝑇/𝜕𝜕𝜕𝜕 = 0), but that a uniform heat generation rate (q’’’ = SARV) was applied throughout 

the volume. SARV was applied based on the data in Figure 4.2 for concentrations of 5 

and 10 mg Fe/ml (SARV = SARFe X [Fe]). In all cases, the volume was initially assumed 

to be at -196°C and the temperature dependent specific heat and density were applied 

as interpolation functions (based on the data for VS55 in Figure 4.1). The default 

“Extremely Fine” mesh settings were used and the number of elements depended on the 

size of the volume simulated. The default transient solver conditions were used. 

 

A parametric study was used to solve each warming case for cylindrical radii varying 

from 0.2 to 3 cm (in 0.2 cm increments) and the minimum warming rates were 

compared. The greatest risk of devitrification is expected to occur around -85°C148,174 
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and, based on diffusive mechanisms, the slowest warming rate will be at the center of 

the sample. Therefore, the minimum warming rates are compared for the spatial and 

temporal point when the center of the sample reaches -85°C. The calculated minimum 

warming rates are illustrated in Figure 4.4b. While convective warming is able to produce 

fairly high rates for dimensions on the order of 1 mm, the warming rates are slowed 

dramatically for geometries greater than about 5 mm. In contrast, the uniform heat 

generation for the mNP thaw case is independent of sample size (and shape), providing 

for rapid heating rates even in bulk samples. The other benefit of uniform heat 

generation is illustrated in Figure 4.4d. While a uniform temperature field is 

demonstrated for the mNP thaw case, significant temperature gradients exist for the 

convective case, which can produce thermal stresses199–202 (discussed in more detail 

below). 
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Figure 4.4. Modeling uniform radiofrequency heating of mNPs in bulk vitrified biomaterials. While 

tissues and organs can feature a variety of complex geometries, vitrification protocols will typically 

involve submersion and cooling in more simplified geometries. Here we chose to compare the 

general case of a vitrified cylindrical volume, which can apply to a broad spectrum of 

cryopreservation applications (a). The cases of convective, boundary warming and uniform 

heating generation (c) were compared for a range of characteristic dimensions and the calculated 

minimum heating rate (b) demonstrates the independence of this technique on sample size. The 

thermal gradients which result from boundary warming are also quite apparent for the convective 

case (d). 
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4.5 Modeling the Impact of Non-Uniform Heating 

The idealized case of uniform heat generation implies a sufficiently uniform distribution 

of nanoparticles. However, there are many cases where the mNP distribution may not be 

perfectly uniform and we wanted to investigate the application’s sensitivity to this. To 

accomplish this, we looked at a one-dimensional planar case (Figure 4.5a) where a 

section of tissue with thickness L without heat generation, is contained within a semi-

infinite medium subjected to a heat generation term (SARV). This case is analogous to 

an unloaded thin tissue being submersed in a mNP-cryoprotectant solution or 

incomplete perfusion of mNPs within a cryoprotectant loaded bulk tissue. Symmetry was 

applied along the tissue’s centerline and semi-infinite behavior was approximated by 

simulating the domain out to 50 X L (where an adiabatic boundary was applied). The 

transient heat equation was then solved in Mathematica (Wolfram Research, Inc., 

Champaign, IL), for thicknesses ranging between 1 and 15 mm (additional details in 

SM4.4). The SARV was calculated as above for a mNP concentration of 10 mg Fe/ml 

and the temperature-dependent specific heat and density were input from an 

interpolation function based on the data in Figure 4.1. 

 

The minimum heating rates were again calculated for each case when the center 

reached -85°C. In addition, since the heat generation was no longer uniform, the 

imposed temperature gradients produce thermal stress in the biomaterial. This was 

approximated based on a modification to the “thermal shock” equation, following143,200: 

 

    𝜎𝜎𝑇𝑇 = 𝑔𝑔 ∗ �𝐶𝐶 𝛽𝛽  ∆𝑇𝑇
1−𝜈𝜈

�     (4.2) 
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Figure 4.5. Modeling the effects of non-uniform mNP distribution. A one-dimensional model (a) 

demonstrates the effects of non-uniform heat generation within the biomaterial on limiting the 

minimum heating rate (b) and imposing thermal stresses (c). Included in the plots are the critical 

warming rate (νcrit)91 and critical tensile stress (σtens,crit)200 for VS55. However, the stresses 

imposed during heating (expansion) will be compressive, so the critical stress is expected to be 

much higher in compression. 

 

where σT is the thermal stress, g is a geometric coefficient (estimated as 0.33), E is the 

modulus of elasticity (estimated as 1 GPa), β is the coefficient of thermal expansion 

(calculated as a function of temperature based on data by Rios and Rabin91), ∆𝑇𝑇 is the 

maximum temperature difference in the material, and ν is Poisson’s ratio (estimated as 

0.2)200. The greatest risk of fracture is expected at a point roughly around the glass 

transition temperature, below which elastic behavior dominates. And so the thermal 
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stress analysis focused on temperatures below about -123°C200. Above this point, the 

viscosity begins to decrease dramatically and so nucleation becomes the central 

problem. 

 

Significant additional thermal stresses induced during cooling will likely exist in the 

vitrified biomaterial199–202, but these are a product of the cooling protocol and the current 

analysis is focused on rewarming. More detailed thermal stress analyses plan to take 

these into account, but the stresses calculated in Equation (4.2) should be viewed as an 

additional stress imposed on top of any existing stresses already present in the vitrified 

material. 

 

The minimum heating rate and thermal stress approximations as a function of unloaded 

thickness (L) are included in Figures 4.5b and 4.5c. While the non-uniformity in heating 

does induce some thermal stress, the material is expected to expand on heating and 

these stresses will be compressive, so the magnitudes experienced should not be 

detrimental. In contrast, the minimum heating rate again appears to be the limiting factor. 

For thicknesses above about 5 mm, the heating rate at the centerline drops below the 

critical warming rate and some devitrification is expected. However, this thickness is 

large enough to accommodate many thin tissues (including luminal tissues, such as 

veins and arteries) and assumes a worst case loading. It is expected that protocols will 

generally allow equilibration with not only the cryoprotectant, but allow distribution of 

mNPs as well, so these limitations will be relaxed further as the mNPs permeate even 

partially into the tissue. 
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4.6 Conclusions 

The present study provides proof-of-principle data and modeling in support of a new 

approach for mNP thawing of cryopreserved tissues. The benefits include faster, more 

uniform heating rates that reduce devitrification and other detrimental effects on 

cryopreserved biospecimens. Further, it may facilitate cryopreservation of larger systems 

with lower molarity cryoprotectants, thereby reducing toxicity issues. In addition, it is 

known that mNP design and the applied RF field are major determinants in the level of 

heating achieved. The mNPs studied demonstrated complex behavior while heating in 

the cryogenic regime. This can be characterized further, along with the effects of higher 

applied field strengths, in an attempt to further increase the heating rates achieved. 

Finally, the basic experiments in cryoprotectant solutions can be expanded to include 

study of the impact on biological systems, including cellular suspensions and simple 

tissue systems. This will include a characterization of heating in these systems, as well 

as the effects on viability, structure, and function.  
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SM4.1 Supplemental Materials – Detailed Methods 

SM4.1.1 Differential Scanning Calorimetry Methods 

The freeze-thaw behavior of 6M glycerol and VS55, both with and without the addition of 

10 mg Fe/ml nanoparticles, was measured with a Diamond differential scanning 

calorimeter (PerkinElmer Inc., Waltham, MA) from -150°C to 25°C. Ten milligram 

samples were placed in aluminum sample pans. Water, sapphire, and an empty sample 

pan were used as calibration standards during each day of measurements. All 

experimental measurements were repeated for n = 3. The samples were cooled at -

150°C/min to ensure complete vitrification of the cryoprotectant samples. Various 

warming rates were included in the preliminary investigations (5, 20, 50, 100, and 

150°C/min) to verify the previously observed freeze-thaw behaviors (i.e. phase 

transitions and critical warming rates)18,36,148,174,208. The heat flows for each 

(heating/cooling) rate were calibrated for cyclohexane and n-decane. The DSC protocols 

included 2 minute hold times at the end-point temperatures between each ramping 

period. The specific heat for VS55 was characterized between -150°C and 25°C for a 

heating rate of 50°C/min. The specific heats of pure water/ice77 and pure glycerol63,157 

were also measured following the same protocol, to provide quantitative reference 

standards. The measurement protocol demonstrated good agreement for both 

standards. The apparent specific measured by DSC included some latent heat 

associated with the glass transition and a small amount of melting (50°C/min is just 

below the critical warming rate for VS55). The baseline specific heat of VS55 was then 

extracted based on previously demonstrated methods (Figure SM4.1)34–36,50. The density 

for VS55 included in Figure 4.1d was estimated based on the experimentally determined 

thermal expansion coefficient for VS55 (as a function of temperature)91, extrapolating 

from the room temperature density measured at 1069 kg/m3. 
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Figure SM4.1. Estimation of baseline specific heat for VS55. The baseline specific heat of VS55 

was extracted from the measured apparent specific heat through previously demonstrated 

methods34–36,50. 

 

 

SM4.1.2 Cryoprotectant Cooling Protocols 

The very high critical cooling rate required to vitrify 6M glycerol (-85°C/min)208 

necessitated direct quenching in liquid nitrogen. While this did provide rapid cooling, the 

extreme gradients experienced also produced significant cracking in the sample (Figure 

4.1e). The lower critical cooling limits for VS55 (-2.5°C/min)148,174 allowed for a more 

nuanced approach. While the samples were still cooled in a liquid nitrogen bath, they 

were first placed in a series of containers which provided several plastic and air barriers 

that insulated the cooling rate (Figure SM4.2a). In addition, the sample temperature was 

closely monitored and when it reached the glass transition, the innermost sample 

container was removed and held out in the room temperature air for 30 seconds, wiped 

of any frost that had formed (with a gloved hand), and then returned to the cooling 
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container. This process repeatedly produced about a 10°C increase in the sample 

temperature before cooling resumed (Figure SM4.2b). This should produce an 

“annealing” effect in the sample, in which some of the thermal stresses induced during 

cooling are relaxed55,148. Through this process, the VS55 samples were successfully 

cooled to -192°C while maintaining an amorphous state without cracking (Figure 4.1f). 

 

 

Figure SM4.2. Cooling protocol for VS55 samples. The VS55 samples were cooled in a liquid 

nitrogen bath inside a series of containers to provide insulating air gaps and control the cooling 

rate (a). An “annealing” step at the glass transition was also included to help relax thermal 

stresses that might have built up and avoid cracking (b). 
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SM4.1.3 Validation of Thermocouple Measurements 

Fiber optic thermometry systems are typically used for RF heating measurements48, but 

the plastic probes used with these devices are not rated for use down to cryogenic 

temperatures. It was therefore necessary to use thermocouples in these studies. 

However, the strong inductive fields used for heating the mNPs are also expected to 

produce significant coupling with metals, so we needed to characterize the interference 

produced in the (type T, copper-constantan) thermocouples. Fortunately, two 

investigations demonstrated negligible interference with the ultrafine (40-gauge) 

thermocouples chosen (OMEGA Engineering, Inc., Stamford, CT). It should also be 

noted that the thermocouples were calibrated at three phase transition temperatures 

before any measurements were made (liquid nitrogen at -196°C, ice bath at 0°C, and 

boiling water at 100°C). 

 

First, metals in an inductive field will be subject to heating. To characterize this, a 

thermocouple was sandwiched between two pieces of insulation and the tip was 

centered in the inductive coil. While the thermocouples did experience almost 6°C of 

heating under these conditions (Figure SM4.3a), the thermal mass of the wires is 

extremely low and so this equates to an energy of only about 0.5 millijoules. Under the 

actual experimental conditions, the heat generated in the tip will be quickly transferred 

into the surrounding medium, where this small amount of energy will have negligible 

impact on the measured temperature. Second, the electrical currents generated in the 

inductive field could also interfere with the fundamental operation of the thermocouples 

(which is based on changes in electrical potential). To characterize this, the 

thermocouples were placed in an uninsulated, 1 ml sample of room temperature water in 

a cryovial, along with a fluoroptic temperature probe (Luxtron Inc., Santa Clara, CA), and 
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this was placed in the inductive coil. When the field was activated, no noticeable 

increase in noise was observed (Figure SM4.3b). While the fluoroptic probe did not 

indicate any temperature change, a 0.2-0.3°C temperature offset was observed for the 

thermocouples. This is likely a combination of the thermocouple heating and interference 

effects, but the practical impact will be negligible over the large temperature range 

analyzed in these studies. 

 

 

Figure SM4.3. Measured RF interference in metallic thermocouples. While a measurable 

temperature rise was observed for insulated thermocouples in the RF field (a), the interference 

and offset were negligible when compared in aqueous samples (b). 

 

 
SM4.1.4 One-Dimensional, Non-Uniform Heating Analysis 

The following system of partial differential equations was solved numerically in 

Mathematica utilizing the NDSolve function, based on the problem formulation presented 

in Figure 4.5a. 
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Governing Transient Heat Transfer Equation: 

 

𝜌𝜌(𝑇𝑇) 𝑐𝑐𝑐𝑐(𝑇𝑇)
𝑑𝑑𝑇𝑇
𝑑𝑑𝑡𝑡

= 𝑘𝑘
𝑑𝑑2𝑇𝑇
𝑑𝑑𝑒𝑒2 + 𝑆𝑆𝑆𝑆𝑆𝑆𝑉𝑉(𝑒𝑒,𝑇𝑇) 

 

Boundary Conditions: 

 

@ 𝑒𝑒 = 0 , 𝑑𝑑𝑇𝑇
𝑑𝑑𝑒𝑒

= 0  and  @ 𝑒𝑒 = 50 ∗ 𝐿𝐿 , 𝑑𝑑𝑇𝑇
𝑑𝑑𝑒𝑒

= 0 

 

Initial Conditions: 

 

@ 𝑡𝑡 = 0 , 𝑇𝑇(𝑒𝑒) = −196°𝐶𝐶 

 

where t is time, x is one-dimensional position, T is temperature as a function of time and 

position, ρ is the density, cp is the specific heat, k is the thermal conductivity, and SARV 

is the volumetric specific absorption rate of the mNPs. The specific heat and density for 

VS55 were input as functions based on the data in Figure 4.2. The thermal conductivity 

of most amorphous cryoprotectants does not vary significantly34 and so 0.5 W/m-K was 

used as an estimate of the thermal conductivity of VS55, based on that measured for 6M 

glycerol in 1X PBS35,36. The SARV was 0 for x ≤ L and input as a function of temperature 

based on the data in Figure 4.3 for x > L. This system was solved for thicknesses (L) of 

1, 2, 4, 8, 10, and 15 mm over 360 seconds, for a maximum step fraction of 0.0005. 
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Chapter 5. Conclusions and Future Research Directions 

 

Referring back to Figure 2.1, improved application of magnetic nanoparticles in 

biomedicine is going to require greater understanding in three critical areas- magnetic 

nanoparticle design, tools for clinical planning, and the biological impact of treatment. 

While the current body of work did provide some insight into several key questions in the 

field, scientific research is an ever expanding endeavor and so more importantly, it 

helped set the stage for the next phases of development in these important areas. 

 

5.1. Nanoparticle Design 

One of the most important advances for the future of the field is the development of an 

efficiently heating, biologically compatible magnetic nanoparticle. The Ferrotec EMG-308 

nanoparticle which served as the basis for most of the studies here demonstrated 

heating on par or greater than other magnetic nanoparticles in literature (Figure 2.2), but 

theory suggests further improvements are attainable. Beyond the increases suggested 

for higher magnetic moment materials83,111,116,228, nanoparticle size80,185 and 

shape71,147,147,187 are expected to have an impact on heating behavior. Simple fractioning 

of the currently studied platform may provide a path to higher heating, without the 

significant effort in developing a whole new nanoparticle system. The theory of 

superparamagnetic heating185 suggests that concentrating a polydisperse population 

around an optimal heating radius can lead to about an eight-fold increase over our 

experimentally measured heating values (Figure 5.1a); and it is possible this could be 

accomplished through size-based fractioning of the original bulk population (Figure 

5.1b). 
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Figure 5.1. Improved heating of Ferrotec EMG-308 nanoparticles based on size-fractioning. 

Heating of Ferrotec IONPs with mean core diameter of 9.8 nm and stdev = 0.25 was measured at 

20 kA/m and 185 kHz. Theory predicts significant increases in heating based on optimizing the 

IONP size distribution (a). We demonstrate this through differential gradient centrifugation (DGC), 

where the heating of a bulk in-house synthesis sample was increased more than two-fold with this 

size-dependent separation technique (b). Synthesis of the in-house nanoparticles and DGC 

fractioning were performed by Katie Hurley (Department of Chemistry). 

 

However, all the existing theoretical descriptions of mNP heating ignore the complexity 

introduced through biological aggregation, which we demonstrated here is an important 

consideration. This motivates the need for more comprehensive, fundamental study of 

magnetic nanoparticle behavior under a wider range of conditions. Included in this is the 

investigation of heating under cryogenic conditions, a new area of study introduced 

through our development of mNP based thaw for cryopreservation applications. 

Required here is careful study of the magnetic behavior (VSM, SQUID, etc.) under 

different aggregated conditions and a broader temperature range, combined with 

improved modeling of the dynamic magnetic processes, taking into account the 
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interactions between the nanoparticles in aggregates. These investigations may shed 

some light on the contradictory results published on the effects of aggregation on 

heating1,12,25,28,30,43,46,74,145,183,192, and help determine if there are cases that 

aggregation may even enhance the nanoparticles’ heating capabilities. 

 

Regardless, it is clear that aggregation has an impact and so effective nanoparticle 

design requires a means for controlling it. Complex molecular linking mechanisms have 

been proposed for controlling aggregate formation and geometry189,194,206, but it is likely 

these processes will be severely complicated in biological environments. In addition, 

since we’ve demonstrated that aggregation reduces heating, the clearest path forward is 

to protect against it. One robust platform which can accomplish this, provide biological 

compatibility, and has the potential to provide other theranostic capabilities is 

mesoporous silica (Figure 5.2)128,129. A silica coating provides a very stable matrix to 

protect against aggregation, is likely to withstand even the harshest biological and 

thermal environments, and provides straight-forward surface modification. In addition, 

the mesoporous structure features porous channels on the order of nanometers, which 

may provide the opportunity for drug-loading or other future modifications. 

 

Figure 5.2. Mesoporous silica coated iron oxide nanoparticles. A TEM image shows < 60 nm 

discrete mesoporous silica nanoparticles with 1-2 iron oxide nanoparticle cores per particle. The 

particles and TEM images are courtesy of Katie Hurley (Department of Chemistry). 
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5.2. Clinical Tools 

Even the best nanoparticle design is going to require appropriate tools for planning their 

application. SWIFT MRI demonstrated a significant enhancement over current imaging 

techniques, in the ability to quantify mNP concentrations up to 3 mg Fe/ml and the 

potential to directly predict heating potential regardless of aggregation state. However, 

further development of this acquisition technique may allow quantitation at even higher 

mNP concentrations. In addition, the significant drop in relaxivity observed for the 

cellularly associated nanoparticles complicates the development of an all-inclusive 

prediction for heating potential. Further study on the important physical mechanisms 

driving these changes is necessary and if the changes are largely a result of 

aggregation, the mesoporous silica coating may again provide a path towards a solution. 

 

While Figure 1.12 does suggest that clinical CT has limitations in quantifying mNP 

concentrations below 10 mg Fe/ml, CT may still prove a useful tool for applications 

related to mNP based cryopreservation thaw. In addition to reflecting the density 

changes associated with varying concentrations of mNPs, CT has also demonstrated 

correlations with CPA concentration and the liquid versus vitrified versus crystalline 

phases14. All three of these factors (mNP concentration, CPA concentration, and 

biomaterial phase) will be critical in planning and monitoring mNP based thawing 

procedures, so further study of CT’s capability in this application appears warranted. In 

addition, the use of micro-CT systems7,123 may offer extended capabilities to overcome 

some of the issues encountered with clinical CT and improve resolution down to 10s of 

microns to assess differential loading of mNPs within tissues. 
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We also demonstrated that the applied field has great importance in optimizing heating 

for a particular application. Eddy current heating limits the applied field for bulk 

applications, but these limitations can likely be extended by focusing the field within a 

specific region of treatment. Improvements on the typical sinusoidal waveform might also 

be possible, with some suggesting that pulsing or other modifications to the field could 

provide increased heat generation150. Finally, the investigation into applied field 

limitations focused on cancer hyperthermia applications, but it is likely we can apply 

even higher fields for cryopreservation heating, due to the smaller relative size of the 

samples and lower electrical conductance of vitrified tissues144,224. Studies investigating 

mNP heating at higher fields and under cryogenic temperatures will likely reveal new 

and interesting behaviors. 

 

5.3. Impact on Biological Systems 

The majority of this thesis focused on magnetic nanoparticle based heating from the 

perspective of engineering optimization, but understanding the biological response of 

these processes is equally important. On the cancer hyperthermia side, a number of 

groups have demonstrated that heating with mNPs leads to a greater viability drop than 

heating with a traditional water bath control65,106,184 and it has even been shown that 

mNPs in a low-level AMF can produce a viability drop without a measurable temperature 

increase41. While mNPs do act as targeted heaters, analytic scaling arguments suggest 

that within the range of expected heating rates, the thermal energy diffuses across the 

nano- and microscales so quickly, that the resulting temperature rise is limited to purely 

bulk effects114,172,173. This suggests that the mNP-field-cell interactions produce a 

mechanism of damage beyond purely thermal effects. While this is not yet understood, it 

has been suggested that this could be related to mechanical damage213, triggering of cell 
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signal pathways41, or production of free radicals106. Once a biologically relevant mNP 

platform is developed, careful study of the thermal and non-thermal mechanisms of 

cellular damage and death could provide much needed understanding to the field. 

 

Finally, with regards to the mNP based thawing in vitrified biomaterials, we envision 

three phases for the preliminary, biological investigations. First will be proof-of-principle 

demonstrations in cellular suspensions. While the greatest benefits of this approach will 

be realized in larger, bulk tissue systems, demonstrating capabilities to vitrify and rescue 

cellular suspensions as well as the benchmark techniques will be a valuable exercise. 

Second, the ability of nanoparticles to successfully load tissues is one potential hurdle 

facing the new approach, so the capabilities of diffusive and perfusion mNP loading will 

be investigated. Third, vitrification and rescue experiments will be performed on simple 

tissue systems (such as tissue slices and blood vessels), which can then be studied for 

structural and histological damage. These studies would then develop towards 

demonstration of capabilities in more complicated organ systems.  
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Appendix A. The Big Picture on Nanomedicine: The State of Investigational and 

Approved Nanomedicine Products 

 

The following appendix appeared in publication:  

Etheridge, M.L., S.A. Campbell, A.G. Erdman, C.L. Haynes, S.M. Wolf, and J. 

McCullough. The big picture on nanomedicine: the state of investigational and approved 

nanomedicine products. Nanomedicine, 9(1), 1-14 (2013). 

 

A.1 Introduction 

Developments in nanomedicine are expected to provide solutions to many of modern 

medicine's unsolved problems, so it is no surprise that the literature contains many 

articles discussing the subject. However, existing reviews tend to focus on specific 

sectors of nanomedicine or to take a very forward-looking stance and fail to provide a 

complete perspective on the current landscape. This article provides a more 

comprehensive and contemporary inventory of nanomedicine products. A keyword 

search of literature, clinical trial registries, and the Web yielded 247 nanomedicine 

products that are approved or in various stages of clinical study. Specific information on 

each was gathered, so the overall field could be described based on various dimensions, 

including FDA classification, approval status, nanoscale size, treated condition, 

nanostructure, and others. In addition to documenting the many nanomedicine products 

already in use in humans, this study indentifies several interesting trends forecasting the 

future of nanomedicine. 

 

Nanotechnology will significantly benefit society, producing major advances in energy, 

including economic solar cells1 and high-performance batteries2; electronics, with 
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ultrahigh density data storage3 and single-atom transistors4; and food and agriculture, 

offering smart delivery of nutrients and increased screening for contaminants5. However, 

two of the most exciting and promising domains for advancement are health and 

medicine. Nanotechnology offers potential developments in pharmaceuticals6, medical 

imaging and diagnosis7,8, cancer treatment9, implantable materials10, tissue 

regeneration11, and even multifunctional platforms combining several of these modes of 

action into packages a fraction the size of a cell12,13. Although there have been articles 

describing the expected benefits of nanotechnology in medicine, there has been less 

effort placed on providing a comprehensive picture of its current status and how this will 

guide the future trajectory. Wagner et al. summarized the findings of a 2005 study 

commissioned by the European Science and Technology Observatory (ETSO)14,15, 

including a list of approved products and data on developing applications and the 

companies involved, but with emphasis more on the economic potential than on trends 

in the technology. A number of articles have analyzed specific sectors of nanomedicine, 

including liposomes16,17, nanoparticles (NPs) for drug delivery18,19, emulsions20, 

imaging21, biomaterials22,23, and in vitro diagnostics24, but such focused discussions do 

not provide insight into the overall trajectory of nanomaterials in medicine. Industry 

market reports describing companies and their products related to nanomedicine and 

nanobiotechnology have also begun to emerge in the last several years25,26, but this 

information is difficult to access for the average researcher or engineer, due to the high 

subscription costs. The objective of this review is then to fill an important gap in literature 

by analyzing the current nanomedicine landscape (commercialized and investigational 

nanomedicine products) on a number of important dimensions to identify the emerging 

trends. This original approach provides a solid groundwork for anticipating the next 
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phases of nanomedicine development, highlighting valuable perspectives relevant to the 

field. 

 

A.2 Scope of Analysis 

The definitions of “nanotechnology” and “nanomedicine” continue to be an area of 

controversy, with no universally accepted classification. Because an operational 

definition is required for the purposes of this study, nanomedicine is taken as the use of 

nanoscale or nanostructured materials in medicine, engineered to have unique medical 

effects based on their structures, including structures with at least one characteristic 

dimension up to 300 nm. Nanomedicine takes advantage of two general phenomena 

that occur at the nanoscale: transitions in physiochemical properties and transitions in 

physiological interactions. Many of the early definitions of nanotechnology employ a cut-

off around 100 nm (including that of the National Nanotechnology Initiative (NNI))27, 

focusing on the former, where quantum effects are often restricted to structures on the 

order of ones to tens of nanometers28,29. However, unique physiochemical behavior 

sometimes emerges for nanomaterials with defining features greater than 100 nm (e.g., 

the plasmon-resonance in 150 nm diameter gold nanoshells that are currently under 

clinical investigation for cancer thermal therapy30). In addition, many of the benefits (and 

risks) of nanomedicine are related to the unique physiological interactions that appear in 

the transition between the molecular and microscopic scales. At the systemic level, drug 

bioavailability is increased due to the high relative surface area of NPs31, and it has been 

shown that liposomes around 150 nm to 200 nm in diameter remain in the bloodstream 

longer than those with diameters less than 70 nm32. At the tissue level, many 

nanomedicine products attempt to passively target sites through the enhanced 

permeability and retention (EPR) effect, with feature sizes typically in the 100 nm to 200 
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nm range, but particles up to 400 nm have demonstrated extravasation and 

accumulation in tumors33 (although this is an extreme case). At the cellular level, NP 

uptake and processing pathways depend on many properties34, but size is a critical 

factor. Although optimal cellular uptake for colloidal gold has been shown for sizes of 

around 50 nm35, macrophages can easily phagocytose polystyrene beads up to 200 nm 

in diameter36. So, although much of nanomedicine utilizes feature sizes at or below 100 

nm, this cut-off excludes many applications with significant consequence to the field. 

Thus we chose 300 nm to better encompass the unique physiological behavior that is 

occurring on these scales. It should also be noted that all this behavior is highly material- 

and geometry-specific, with much of the previous discussion focusing on spherical NPs, 

as they are the most prominent in literature. However, many newly developing particles 

utilize high aspect ratios or nanoscale features on microscale platforms to enhance 

vascular extravasation37 and this will still fall under the purview of our definition. 

 

An application will generally move through five developmental phases, from basic 

science to a commercialized medical product (Figure A.1). To depict and analyze the 

nanomedicine landscape, we focused on identifying applications that are undergoing or 

on the verge of clinical investigation in human participants, as well as products already 

approved by the U.S. Food and Drug Administration (FDA) or foreign equivalent. This 

excludes applications that are earlier in the pipeline, such as those in bench science or 

early animal testing. Many of the revolutionary nanomedicine technologies anticipated in 

the literature may be 20 or more years from clinical use. It is difficult to speculate about 

the forms in which these may finally be implemented and the ultimate impact they may 

have. For instance, in a 2006 survey, academic, government, and industry experts did 

not expect to see “nanomachines” capable of theranostics (combined therapy and 
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diagnostics) in human beings until 202538. Our study thus focuses on applications and 

products that are already being tested or used in humans. These applications and 

products will have the most significant impact on industry, regulation, and society for the 

foreseeable future. 

 

 

 

Figure A.1. Five general stages of nanomedicine development. This study focuses on the 

applications and products approved and under clinical investigation because they will have the 

strongest impact on the direction of nanomedicine over the foreseeable future. 

 

A.3 Methods 

We used a structured sequence of Internet searches to identify nanomedicine 

applications and products. Targeted searches on PubMed.gov, Google, Google Scholar, 

and a number of clinical trial registries produced a range of resources, including journal 

articles, consumer websites, commercial websites, clinical trial summaries, manufacturer 

documents, conference proceedings, and patents. All of those were used to identify 
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potential nanomedicine applications and products. Information was gathered on each of 

the identified applications and products through additional searches, and the results 

were recorded and sorted in several Microsoft Excel databases. All searches were 

performed by Michael Etheridge under the supervision of Jeff McCullough (Co-

Investigator), with input and feedback from Susan Wolf (Principal Investigator) and the 

full project working group funded by a grant from the National Institutes of Health (NIH), 

National Human Genome Research Institute (NHGRI) (#1-RC1-HG005338-01). 

Although these research methods used a broad range of keywords to conduct the most 

comprehensive search possible, product literature without mention of nanorelated 

terminology will not be identified through this approach. 

 

To offer a more detailed description of the search methodology and classification 

process, initial searches were conducted through Web-based search engines including 

PubMed.gov, Google, and Google Scholar. The initial searches and filtering were 

conducted in January through March of 2010, then rerun in May of 2011 to capture any 

new material published in the interim. The search terms used were: “nanomedicine AND 

product(s),” “nanomedicine AND commercial,” “nanobiotechnology AND product(s),” 

“nanobiotechnology AND commercial,” “nanotechnology AND product(s),” 

“nanotechnology AND commercial,” “nano AND product(s),” and “nano AND 

commercial.” We filtered the results to capture lists, tables, and databases cataloging 

nanotechnology applications and products related to medicine (generally identified as 

“nanomedicine,” “nanobiotechnology,” or “medical nanotechnology”). These lists, tables, 

and databases appeared in review articles that detailed applications in a specific sector 

of nanomedicine and public service websites that cataloged nanotechnology products for 

consumer awareness (such as The Project for Emerging Nanotechnologies39). No 
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significant filtering of the applications and products themselves was performed at this 

point; all applications and products identified as nanotechnology related to medicine 

were recorded for further analysis. 

 

We conducted additional searches through Web-based clinical trial registries. 

ClinicalTrials.gov was the main focus of our research efforts, but the results were 

supplemented with reviews of: Biomedical Research Alliance of New York 

(www.brany.com), Current Controlled Trials (www.controlled-trials.com), Forest 

Laboratories (www.frx.com), International Federation of Pharmaceutical Manufacturers & 

Associations (www.ifpma.org), Ontario Institute for Cancer Research (www.oicr.on.ca), 

Stroke Trials (www.strokecenter.org/trials/), and the World Health Organization 

(www.who.int/trialsearch/). Nine other clinical trial registries were considered but were 

not used due to redundancy with Clinical-Trials.gov or the impracticality of searching 

their databases. The initial searches in the clinical trial registries were conducted in 

March of 2010, then rerun in May of 2011 to capture any new clinical trials posted in the 

interim. A comprehensive list of 44 nanomedicine-related search terms was developed 

and used as the basis for keyword searches in the registries (Table A.1). The search 

terms fell into two categories: general nano terminology (nano, nanotechnology, etc.) 

and specific nanotechnology platforms (NP, liposome, emulsion, etc.). The keyword 

searches resulted in identification of over 1,000 distinct clinical trials, which were then 

reviewed for relevance to nanomedicine. Any information provided (such as sponsor, 

product name, published literature, etc.), was used to conduct follow-up, Web-based 

searches (through Google and Google Scholar) to identify the nanomedicine application 

or product involved. 
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Table A.1. ClinicalTrials.gov search terms with the number of results.  

Search Terms Search Results 
Aerosol OR Nanoaerosol 159 
Colloid OR Colloidal OR Nanocolloid OR Nanocolloidal OR 
Nanosuspension OR Nanocoll 142 

Dendrimer OR Dendrimeric 0 
Emulsion OR Nanoemulsion 149 
Fleximer 1 
Fullerene 0 
Hydrogel 113 
Hydrosol 0 
Liposome OR Liposomal OR Nanosome OR Nanosomal 485 
Micelle OR Micellar 10 
Nano 21 
Nanobiotechnology 0 
Nanobottle 0 
Nanocapsule OR Nanoencapsulation 0 
Nanoceramic 0 
Nanocoating OR Nanocoated 0 
Nanocomposite 0 
Nanocrystal OR Nanocrystallite OR Nanocrystalline 10 
Nanodiamond 0 
Nanodrug 0 
Nano-Enabled 0 
Nanofiber OR Nanofilament 0 
Nanofilter or Nanomesh 0 
Nanogel 0 
Nanomaterial 4 
Nanomedicine 0 
Nanometer 3 
Nanoparticle OR Nanosphere 79 
Nanopore OR Nanoporous 1 
Nanorod 0 
Nanoscaffold 0 
Nanoscale 3 
Nanosensor 0 
Nanoshell 0 
Nanosilver 1 
Nanostructure 4 
Nanotechnology 6 
Nanotherapeutic 0 
Nanotube 0 
Nanowire 0 
Quantum Dot 0 
Solgel 0 
Superparamagnetic OR Iron Oxide OR SPIO OR USPIO 66 
Virosome 8 
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Applications and products identified through the above searches were then subjected to 

an additional round of Web based searches to add to the information on each application 

or product. We reviewed manufacturer websites for product information and additional 

nanomedicine products in their developmental pipeline. We searched Google Scholar for 

literature containing technical product details. We consulted FDA.gov for approval 

status, date, and application number. Additional searches were conducted through 

Google if more information was still needed. We created a database containing the 

following information (where available/applicable) for each application or product: 

product name, sponsoring company/institution, FDA classification, treated condition or 

device application, delivered therapeutic, nanocomponent, nanoscale dimension, 

approval status, FDA approval date and application number (for approved products), 

delivery route, and a short application or product description. 

 

Each application or product was then classified using the following five graduated 

categories, to describe the likelihood that the application or product involved 

nanomedicine (per our definition): Confirmed – a medical application or product with 

literature reference citing a functional component with dimension at or less than 300 nm 

(i.e., “nanoscale”). Likely – a medical application or product with literature reference 

suggesting a functional component on the nanoscale (e.g., literature notes that product 

takes advantage of EPR effect), but specific size information was not available. Potential 

– medical application or product with a functional component that could be on the 

nanoscale (e.g., liposomes), but without literature reference providing a strong indication 

of size. Unlikely – medical application or product with literature reference suggesting 

potential nanocomponent larger than nanoscale (e.g., multilaminar liposomes), but 

without specific size information. Questionable – applications and products identified in 
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literature as “nanomedicine” or “nanotechnology,” but without any clear medical 

relevance or with a size clearly larger than nanoscale. 

 

A.4 Results 

The targeted search of clinical trial registries yielded 1,265 potentially relevant clinical 

trial results. Duplicate results and trials involving clearly non-nano applications or 

products were eliminated, leaving 789 clinical trials with potential nanomedicine 

applications or products. The application/product name and company was identified for 

each of these trials, yielding a total of 141 unique applications and products (many were 

associated with multiple trials). Thirty-eight of these were already approved products, 

being investigated for new conditions or being used as active comparators for new 

products, and the other 103 were new investigational products. The products identified 

through the clinical trial search were combined with 222 unique applications and 

products identified through the literature search, resulting in a total of 363 potential 

nanomedicine applications and products that were the basis for subsequent analyses. 

This population was then evaluated on various criteria in an attempt to identify 

representative trends. A complete listing of these results is included in the 

Supplementary Material available online at http://www.nanomedjournal.com. 

 

A.4.1 Relevance to Nanomedicine and Developmental Phase 

Table A.2 provides a breakdown of the numbers of applications and products analyzed 

by their assigned relevance to nanomedicine and investigational phase. Investigational 

products that were under study for multiple uses are classified based on their latest 

phase of development. Applications in Phase 0 and Phase IV trials are classified as 

preclinical and commercial, respectively. A majority of the applications and products 
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identified did demonstrate a high relevance to the nanomedicine definition used; 247 (or 

68%) of the applications and products fell into the confirmed or likely categories. Much of 

the remaining analysis will focus on this subset, because the other applications and 

products did not demonstrate clear-cut relevance to nanomedicine. In terms of 

developmental phase, we found a significant number of commercially available products 

(100 confirmed and likely) and identified a notable drop-off in the number of products 

beyond Phase II development. 

 

Table A.2. Number of applications and products found, sorted by developmental phase and by 

relevance to our definition of nanomedicine. 

  
Investigational 

Commercial Pre-
Clinical Phase I Phase 

I/II Phase II Phase 
II/III 

Phase 
III Total 

Confirmed 14 29 8 32 3 7 93 54 
Likely 18 18 2 10 0 6 54 46 
Potential 10 9 1 3 0 3 26 18 
Unlikely 1 3 1 2 0 3 10 7 
Questionable 3 9 1 2 1 0 16 24 
Terminated / 
Discontinued 1 4 0 5 0 4 14 1 

Totals: 47 72 13 54 4 23 213 150 
 

 

A.4.2 Year of Approval 

Our analysis of the year of approval includes only confirmed and likely products that 

were submitted to the FDA regulatory approval process in the U.S. or a foreign approval 

process outside the U.S. (i.e., this does not include research-use-only and exempt 

products) (Figure A.2). The analysis uses the FDA approval year if the product is U.S. 

approved or an equivalent foreign approval year if it is not approved within the U.S. 

Products with an unknown approval date include foreign products for which a date is not 

readily available. Most of the products approved before the year 2000 were therapeutics, 
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rather than devices. However, in the last decade, approval for therapeutics appears to 

have remained fairly steady, whereas there is a marked increase in the number of 

medical devices. 

 

 

Figure A.2. Year of approval for confirmed and likely nanomedicine products identified (search 

conducted through May 2011). 

 

A.4.3 Size of Nanocomponents 

Figure A.3 shows the mean size of the nanocomponents incorporated in all applications 

and products for which the information was available. It should be noted that this 

includes any size information that was available, so the data compare measurements 

made using a variety of techniques (and in some cases, size data were listed without 

referencing the measurement technique used). Most applications and products utilize 

nanocomponents with features at or below 200 nm. The peak at 2000 nm includes a 

number of products utilizing “nanocrystal” dispersion technology, in which drug 

particulate is milled down to increase bioavailability, but the resulting size distribution 

ranges from tens of nanometers up to 2 microns40. 
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Figure A.3. Mean size of nanocomponents for all nanomedicine applications and products for 

which the data were available. The dotted line indicates the cut-off for this study's definition of 

nanomedicine, below which a significant number of the products fall. The notable peak around 

2000 nm consists of a number of “nanocrystal dispersion” products. 

 

A.4.4 FDA Intervention Type41 

Of the confirmed and likely nanomedicine products approved for commercial use, seven 

fall under the FDA classification for biologicals, 38 for devices, and 32 for drugs (Table 

A.3). Of those applications in clinical study, 26 are biologicals, 21 are devices, 91 are 

drugs, six are genetic, and two are listed as “other.” Thus, the majority of products under 

clinical study are drugs, but it does appear that nanomedicine biologicals are poised to 

represent a larger segment of the field then they have in the past. Drugs generally 

include chemically synthesized, therapeutic small molecules, but most NP imaging 

contrast applications are also approved under the drug classification. Biologicals are 

sugars, proteins, nucleic acids, or complex combinations of these substances, or may 

contain living entities such as cells and tissues. Genetic interventions include gene 

transfer, stem cells, and recombinant DNA. FDA devices provide medical action by 
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means other than pharmacological, metabolic, or immunological pathways. Products 

listed as “other” interventions included two NPs that were capable of emitting radiation. 

 

Table A.3. FDA intervention class for confirmed and likely nanomedicine applications and 

products. 

Intervention Investigational Commercial 
Biologic 26 7 
Device 21 38 
Drug 91 32 
Genetic 6 0 
Other 2 0 
Research Use /Exempt 1 23 

Totals:  147 100 
 

 

A.4.5 Type of Nanostructure 

Table A.4 provides a breakdown of the type of nanostructures utilized in the confirmed 

and likely nanomedicine products. The various forms of free NPs were the most 

prevalent categories, with significant numbers in both commercial products and 

investigational applications. However, NPs can also be incorporated into 

nanocomposites and coatings, and these were classified separately. The high level of 

development in nanoscale liposomes and emulsions should be highlighted; many 

developing drug-delivery platforms take advantage of liposomal and emulsion 

formulations. 
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Table A.4. Type of nanostructure for confirmed and likely nanomedicine applications and 

products, by developmental status. 

 

 

 

A.4.6 Applications for Therapeutics 

“Therapeutics” were generally defined to include drugs, vaccines, and biologicals that 

are intended to directly remedy a medical condition. The uses for each of the confirmed 

and likely therapeutic products were grouped into nine categories based on the 

approved or intended use: cancer treatment, hepatitis, (other) infectious diseases, 

anesthetics, cardiac/vascular disorders, inflammatory/immune disorders, 

endocrine/exocrine disorders, degenerative disorders, and others (Figure A.4). The 

number of approved products is similar across all the categories. However, about two-

thirds of the investigational applications identified are focused on cancer treatment. 

Therapeutic Device Total Therapeutic Device Total
Hard Nanoparticle 3 12 15 0 28 28
Nanodispersion 5 0 5 1 1 2
Polymeric Nanoparticle 23 0 23 9 0 9
Protein Nanoparticle 4 0 4 2 0 2
Liposome 53 0 53 7 1 8
Emulsion 18 1 19 9 0 9
Micelle 8 0 8 3 1 4
Dendrimer / Fleximer 2 2 4 0 3 3
Virosome 6 0 6 2 0 2
Nanocomposite 0 0 0 0 18 18
Nanoparticle Coating 0 2 2 0 6 6
Nanoporous Material 0 3 3 0 2 2
Nanopatterned 0 2 2 0 2 2
Quantum Dot 0 1 1 0 4 4
Fullerene 0 1 1 0 0 0
Hydrogel 0 0 0 0 1 1
Carbon Nanotube 0 1 1 0 0 0

Totals: 122 25 147 33 67 100

Nanocomponent Investigational Commercial
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Figure A.4. Medical uses for confirmed and likely nanomedicine therapeutics (A) and devices (B) 

identified. 

 

  

199 



A.4.7 Applications for Medical Devices 

All other applications and products were generally classified as devices and a similar 

categorization approach was used (Figure A.4). The device categories included in vitro 

testing, in vivo imaging, in vivo device coatings, bone substitutes, dental, medical 

dressings/textiles, cancer treatment, surgical devices, drug delivery, tissue engineering, 

and other. In vitro testing and in vivo imaging were the most prominent categories, 

followed by in vivo device coatings and bone substitutes. It should also be noted that 

many fewer investigational devices were found than investigational therapeutics. This 

may be due to the differences in the nature of the approval processes between drugs 

and devices; clinical drug data are generated more often than data for devices, which 

are often approved through alternative approval paths (e.g., the 510(k) pathway). 

 

A.4.8 Administration and Targeting 

One of the key benefits offered by nanoscale structures in medicine is the ability to 

achieve unique biodistribution profiles that are not possible with purely molecular or 

microscale delivery, and well-designed nanosystems offer the possibility to preferentially 

target specific tissues. One of the important factors in determining the resulting 

biodistribution profile is the route of administration. The confirmed and likely applications 

and products identified demonstrated a heavy focus on intravenous (IV) administration 

(Figure A.5). Over 120 (or 73%) of the directly administered applications and products 

were intended for IV use. Another 15 were intended for topical administration. The 

remaining products were relatively evenly distributed among intramuscular, 

subcutaneous, and interstitial injection and oral, aerosol, nasal, and ophthalmic 

ingestion. 
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Figure A.5. Route of administration for confirmed and likely nanomedicine applications and 

products identified, with a description of passive versus active targeting for those utilizing IV 

delivery. 

 

Once a product is administered into the body, the nanoplatform design can take 

advantage of various mechanisms to affect the subsequent biodistribution and 

preferentially target a specific tissue. However, the sophistication of targeting varies. As 

discussed earlier, many delivery platforms are attempting to take advantage of the EPR 

effect, and this purely size- and geometry-dependent mode of action is generally termed 

“passive targeting.” However, “active targeting” is another term used frequently in 

literature and, for the purposes of this study, it is defined as utilizing a mechanism 

beyond size-dependent biodistribution to enhance preferential delivery to a specific 

tissue. 
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Further expanding the analysis in Figure A.5, 17 of the approved products utilized 

passive targeting and only one took advantage of active targeting. However, 69 products 

under clinical study capitalize on passive targeting, and another 19 exploit active 

targeting. All of the actively targeted products are aimed at diagnosing or treating various 

forms of cancer (Table A.5). The dominant targeting mechanism is functionalizing the 

NP with ligands (transferrin, antibodies, etc.) for receptors that are overexpressed in the 

cancer cells or matrix. However, two products take a unique approach, limiting 

therapeutic activation until the target tissue is reached. Opaxio™ is a polymeric NP that 

delivers a form of Paclitaxel and is only activated once enzyme activity specific to the 

tumor site cleaves the therapeutic molecule42. ThermoDox® utilizes a thermosensitive 

lipid, which will only deliver the Doxorubicin payload when an external heat source is 

applied. This heat source can be limited to the target site, releasing the drug from the 

liposomes that were passively delivered43. A drug emulsion that does not strictly fit the 

definition of active targeting is also listed but is notable as the only application identified 

that claims the ability to cross the blood-brain-barrier and thus demonstrates a higher 

level of targeting than the other passive modes of delivery44. 
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Table A.5. Confirmed and likely nanomedicine applications and products identified that utilize 

active targeting. 

 

 

A.4.9 Nanomedicine Companies 

We found that a total of 241 companies and institutions (universities and medical 

centers) were associated with the initial 363 products identified. In addition, 169 

companies and institutions were associated with the confirmed or likely nanomedicine 

applications and products, with 54 of these companies and institutions developing more 

than one application or product (ranging between two and ten). This means that over 

one-third of the development in the field is occurring at companies and institutions with 

only one nanotechnology based application or product. It should also be noted that this 

only includes companies and institutions directly responsible for developing the 

nanomedicine applications and products. Other reviews and market reports cite larger 

numbers of “nanomedicine companies,” but these lists often include firms that are 

investing heavily in nanomedicine development, companies with processes or 

technology enabling nanomedicine production, and companies developing applications 

with unrealized or long term potential in nanomedicine. 
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A.5 Discussion 

This study identified a significant number of nanomedicine products approved for or 

nearing in-human use. It is difficult to extrapolate these numbers directly, because 

growth in medical industries is so heavily influenced by swings in the economy and 

regulatory processes. However, we observed some definite trends related to the future 

of nanomedicine. The most prominent theme throughout is the relative adolescence of 

the field. Although all the applications identified represent significant technological 

advancements, they are only scratching the surface of the potential available, and the 

continued refinement and combination of these technologies will lead to the truly 

transformative capabilities envisioned for nanomedicine. 

 

One of the major observations in conducting this study is the difficulty in locating basic 

information on nanomedicine products. This is partly due to the lack of a clear definition 

and categorization of nanomedicine as a unique product class. However, it is also 

difficult to identify products that do not use nano-related terminology in their literature, 

and this can serve as an impetus for companies to avoid nano branding, if they perceive 

an elevated regulatory effort or negative public perception. This highlights two clear 

consequences. First, a larger effort, beyond literature-based examination, is required to 

make an all-inclusive survey of the field. Secondly, such an effort needs to be conducted 

in a manner that addresses current barriers to nanomedicine development, rather than 

introducing new ones. However, some progress is being made in this direction, where 

the National Cancer Institute (NCI) and FDA are leading efforts to standardize 

characterization of nanomaterials and information collection on nanomedicine products. 

NCI established the Nanotechnology Characterization Lab (NCL), which developed a 

“standardized analytical cascade that tests the preclinical toxicology, pharmacology, and 
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efficacy of nanoparticles and devices”66. These tests provide physiochemical, in vitro, 

and in vivo characterization of nanoplatforms, supplying results in a standard report 

format, in an attempt to better prepare products for the clinical approval process. The 

NCL has characterized over 200 nanomaterials from academia, government, and 

industry using their standardized protocols67. In addition, the FDA Office of 

Pharmaceuticals Science (OPS) recently released a Manual of Policies and Procedures 

(MAPP 5015.9) document instructing reviewers on gathering information on 

nanomaterials size, functionality, and other characteristics for use in a developing 

database. The document also includes a more inclusive definition of “nanoscale” and 

“nanomedicine” that encompasses any material with at least one dimension smaller than 

1000 nm68, which is intended as a broad net to capture all relevant information in these 

early stages. These steps demonstrate the type of standardization and information 

sharing that will be necessary to facilitate coordination in this developing field.  

 

The most overwhelming trend observed in the data is the many cancer treatments under 

development. This circumstance can be tied to the significant investments NCI has 

made in nanotechnology over the past decade69, the fact that cancer is the worldwide 

leading cause of death70, and the inherent benefits that nanoplatforms offer for 

therapeutic delivery. However, it might also be due in part to the sense that life-

threatening cancers warrant the investigation of treatments using emerging technologies 

such as nanotechnology. Forty-seven percent of all the confirmed and likely in vivo 

products were intended for acutely life-threatening conditions (mostly advanced 

cancers). Some uncertainty about risks, especially longer-term risks, may be more 

tolerable in such cases. 
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The majority of the cancer treatment applications identified in this study were aimed at 

increasing the efficacy of therapeutic delivery, but the envisioned impact of 

nanotechnology in cancer medicine is much more transformative, including the advent of 

personalized medicine and point-of-care diagnostics. The keys to this field are adequate 

identification and understanding of the biomarkers involved in different disease states. 

Important developments in nanotechnology over the last decade have provided the tools 

necessary to probe this understanding71, while also providing the platforms to implement 

the improved diagnostics and therapies applying this knowledge. This synergistic role of 

nanotechnology as both driver and vehicle has allowed the field to reach a tipping point 

where accelerated growth is likely. 

 

Another theme playing a major role in today's nanomedicine that is likely to undergo 

significant development in the near future is in vivo targeting. A large number of products 

utilizing the EPR effect were identified, as well as several taking advantage of more 

active modes of targeting. The value of targeting in nanomedicine has certainly been 

acknowledged, but there is still much debate around the role and importance of different 

factors. Much work is still needed to characterize the full impact of size, shape, surface 

chemistry, delivery method, the EPR effect, biomolecular targeting, characteristics of 

polyethylene glycol (PEG)-coatings, formation of the protein corona, and intracellular 

targeting, before maximally effective delivery can be realized59,72,73, but this is and will 

continue to be a major focus in nanomedicine. 

 

One of the major concerns regarding the use of nanotechnology in the body is the 

question of persistence. Traditional molecular therapeutics are generally processed by 

the body and the metabolites are excreted soon after administration, but some NPs have 
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demonstrated persistent in vivo deposits for months or years74,75. Examination of the in 

vivo applications and products identified demonstrates a much higher prevalence of 

“soft” (157 applications and products) versus “hard” (30 applications and products) 

nanostructures. The hard NPs identified generally consist of iron oxide, gold, silver, or 

ceramic, but several applications nearing clinical study plan to use carbon76 or hafnium 

oxide77 NPs. “Soft” is a term generally used in contrast to hard material NPs78 and here 

is taken to include liposomes, micelles, emulsions, dendrimers, and other polymeric and 

protein nanostructures. Iron oxide particles are used in MR contrast79,80 and cancer 

thermal therapies75,81. Colloidal gold is being used in systemic delivery of therapeutic 

biologicals82 and for cancer thermal therapies83. Nanosilver is being used in antimicrobial 

coatings for several implanted devices and catheters22,84,85. Ceramic NPs are used as 

strength and optical enhancers in a number of dental composites86. Although all these 

materials have demonstrated biocompatibility through current standards, there is some 

question whether persistence in the body may produce longer-term toxicities not seen 

with current medicines and treatments. A notable number of bone implant applications 

also utilized hydroxyapatite14,62,77,87,88 or calcium phosphate62,89 nanocrystals (13 

applications and products), but these were not included in the hard NP count because 

these forms naturally occur in the body77. It is likely that both hard and soft NPs will find 

established roles in the future of nanomedicine. Biodegradable platforms will likely be 

preferred for therapeutic delivery applications, but most of the unique physiochemical 

behavior arises only in metallic or semiconductor NPs, so these will be required for 

future imaging and electromagnetic-wave-based therapies. 

 

Nanomaterials for tissue regeneration are an additional highly touted area of 

development in nanomedicine71. However, this study was only able to identify two 

207 



applications related to tissue regeneration. Both were implantable soft tissue scaffolds 

with nanostructured surfaces39,90. It is likely that nanomaterials will be critical in 

developing the surfaces and structures required for ex vivo tissue growth and 

implantation of engineered tissues, but a better understanding of the adequate 

conditions and biological signals to trigger growth and proliferation is necessary, before 

these materials can be properly designed. 

 

As noted in Table A.2, fifteen products were identified that were discontinued after 

approval or during clinical investigation. However, the literature showed no clear reason 

in common among these cases. One nanocrystal drug formulation was discontinued 

after being on the market since the 1980s91, but there was no indication that this was 

due to post-market safety concerns; this formulation was most likely displaced by newer 

products. Reasons for terminating clinical investigation were fairly evenly distributed 

among lack of efficacy, systemic toxicity, low enrollment, and licensing or funding issues. 

However, we found no explanation for terminating study in three cases. In addition, a 

number of other applications and products were associated with clinical trials that had 

been terminated, but development continued with adjusted drug formulations or for other 

indications. 

 

The clinical approval process is structured to ensure that sponsors demonstrate 

adequate safety and efficacy before a product is released to market. However, the 

510(k) device approval process has recently come under fire as a potential pathway for 

allowing unsatisfactory products to market92. Our study identified a significant number of 

nanomedicine products that were approved through the 510(k) process (Table A.6), 

falling into general categories of bone substitutes, dental composites, device coatings, in 
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vitro assays, medical dressings, dialysis filters, and tissue scaffolds. Many of these 

products have been in use for a number of years without issue. This suggests that safety 

concerns about the 510(k) process have not been borne out to date by nanomedicine 

products. That said, information may become available in the future on potential 

toxicological risks associated with the use of in vivo nanomaterials, and that points to the 

importance of clearly identifying products that incorporate some form of nanotechnology 

so they can be adequately tracked. 

 

Much of the forecasted promise of nanotechnology in medicine takes the form of smart 

technologies, such as theranostic platforms that can target, diagnose, and administer 

appropriate treatment to different disease states in the body. However, the current study 

shows that nanomedicine is still in an early state. As with any emerging field of science, 

progress is made in steps and some developing applications are just beginning to 

demonstrate higher levels of sophistication. Active forms of targeting have already been 

discussed, but active nanomedicine can be more generally defined as nanostructures 

that induce a mechanism of action beyond purely size-dependent biological and 

chemical interactions. Table A.7 lists the additional active applications and products 

identified (beyond active targeting) and several of the areas are discussed in more detail 

below. 
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Table A.6. Confirmed and likely nanomedicine products that have been approved by the FDA 

through the 510(k) process identified. 

 

 

Table A.7. Confirmed and likely nanomedicine products that exhibit active behavior, beyond 

active targeting, identified. 
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Several forms of electromagnetically activated NPs intended for cancer treatment are 

currently nearing or progressing through clinical development. NanoTherm® and 

Targeted Nano-Therapeutics utilize interstitial or intravenous delivery of iron oxide NPs, 

which are then heated by an externally applied alternating magnetic field, to provide 

hyperthermia treatment localized to a tumor75,81. AuroShell® uses intravenously injected 

gold nanoshells, which are heated by a fiberoptic, infrared laser probe to provide high 

temperatures localized to the tumor area83. An additional preclinical NP platform, 

NanoXray™, is excited by x-rays, to induce local electron emission in the tumor, leading 

to free radicals that cause intracellular damage77,114. 

 

NPs are also being used to enhance imaging techniques. Five approved applications 

utilizing iron oxide NPs for in vivo MRI enhancement were identified, with another four 

under clinical investigation79,80. The iron oxide NPs passively collect in different tissues 

and provide enhanced contrast due to localized magnetic effects. Six in vitro applications 

were also identified in which quantum dots with biomolecular tagging are used for 

fluorescent microscopy. However, uncertainty remains as to whether quantum dots in 

their current form will ever find in vivo use, due to the potential toxicity associated with 

the heavy metals used115. 

 

Two other products were identified in which iron oxide NPs are used for magnetic 

detection of cells in vitro (CellSearch® and NanoDX™). The magnetic NPs are tagged 

with cell-specific markers, and an external field is used to separate or aggregate the 

bound cells in solution, allowing detection113,116. Similar techniques have been used to 

enhance drug targeting in animal models117 and have been proposed for detoxifying 

circulating blood118. One Phase I clinical trial attempted to demonstrate the benefits of 
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magnetic drug targeting in humans in the mid-1990s but met with limited efficacy119. 

Some companies are pursuing new methods of magnetically enhanced drug delivery 

and release but have not yet moved into human trials120. 

 

The next phases of development in nanomedicine are likely to take advantage of 

combined applications in the form of both multimodal treatments (utilizing nanomedicine 

in combination with current treatments) and theranostic platforms (single nanomedicine 

applications with multiple modes of action). The MagForce NanoTherm®, magnetically 

heated iron oxide NPs have already demonstrated synergistic effects in combined 

treatment with chemotherapy and radiotherapy, allowing lower dosages for each121. In 

addition, Cytimmune's TNF-α labeled gold NPs have been shown to effect tissue 

perfusion and increase sensitivity to thermal therapies122, offering potential 

preconditioning for a number of applications. Gold NPs have also demonstrated the 

capability to thermally treat tumors under laser excitation83 and are under preclinical 

study for disease diagnosis through surface-enhanced Raman spectroscopy123. These 

current technologies could be combined in an endoscopic application for real-time 

diagnosis and treatment for many gastrointestinal cancers. As the basic capabilities of 

NPs are established through single modes of action, it is likely that combined 

nanomedicine treatments will become more prevalent. 

 

Nanomedicine is a very diverse field and that characteristic creates some difficulty in 

creating clear definitions, as well as effective oversight and regulation. A detailed search 

of the literature, clinical trial data, and the Web identified 247 applications and products 

that were confirmed or likely nanomedicine interventions (under our definition) and that 

were approved for use, under clinical study, or on the verge of clinical study. The 

212 



intended uses ranged from the treatment of clinically unresectable cancers to 

antibacterial hand gels; the technologies ranged from liposomes, which have been in 

pharmaceutical use for decades, to hard NPs, for which limited long-term clinical data 

are available and questions of persistence in the body have arisen. This study reveals 

two clear needs that should be addressed for any regulatory approach for nanomedicine 

to succeed: 1) developing an effective and clear definition outlining the field and 2) 

creating a standardized approach for gathering, sharing, and tracking relevant 

information on nanomedicine applications and products (without creating additional 

barriers for medical innovation). Both the NCL and FDA are taking steps in the right 

direction, but broader-reaching efforts are necessary to clarify the definition of 

“nanomedicine,” track key data, and facilitate coordination among agencies in this 

complex arena. 

 

A categorical analysis of the identified applications and products also provides insight 

into the future directions of the field. We found a pronounced focus on development of 

cancer applications. This is likely a result of several factors, including heavy investments 

made by NCI, the prevalence and impact of cancer in society, and the reality that the 

risks of many nanomedicine trials may be offset by the benefit sought in treating life-

threatening cancers. 

 

Finally, although nanomedicine has already established a substantial presence in 

today's markets, this analysis also highlights the infancy of the field. This is not to 

downplay the advances made to date; engineered nanoscale materials have already 

provided medical enhancements that are not possible on the molecular or micro scale. 

However, a large portion of the nanomedicine applications identified are still in the 

213 



research and development stage. Continued development and combination of these 

applications should lead to the truly revolutionary advances foreseen in medicine. Now is 

the time to put in place effective data-gathering strategies and analytical approaches that 

will advance understanding of this field's evolution and help to optimize development of 

nanomedicine and assure sound approaches to oversight. 
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