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Abstract 

 

 

 Superparamagnetic iron oxide nanoparticles (SPIONs) have enormous potential in 

biomedical applications, including drug delivery, hyperthermia, and magnetic resonance 

imaging. However, the broad size distribution of SPIONs hinders translation from research 

results to clinical trials due to safety concerns and performance variabilities. Conventional size 

selection techniques fail to provide monodisperse SPIONs in comparison with other 

nanomaterials such as gold, silica, and other nanoparticles. Therefore, a new size fractionation 

method, diffusive magnetic fractionation (DMF), was introduced to solve current issues. The 

DMF separated different sized SPIONs by utilizing their mobility differences, which 

repeatedly released and attracted SPIONSs via a periodic magnetic field. The DMF 

performances showed independency from 5 different scaling conditions and less than 5% lost 

during the separation. The DMF separated SPIONs (DMF-SPIONs) showed much narrower in 

size distribution than conventional methods. In summary, the DMF was proved to be an 

efficient, scalable and controllable high performance separation method.  
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Chapter 1: Introduction 

People were fascinated by nanotechnologies over the past two decades, such as 

medicine, electronics, and solar cell applications. Applications of nanoparticles can be traced 

back to the first stained glass made for church windows in the mid-1100s, or the first green 

glass artifact made by ancient Egyptians. What enables the advancement of  nanotechnology? 

It is the controllability achieved through modern science. The only measurement for 

nanomaterial a thousand years ago was visual determination. Therefore, major applications 

were for color effects. Modern analytical equipment, such as transmission electron microscope 

(TEM), scanning electron microscope (SEM), laser diffraction, or dynamic light scattering 

(DLS), can characterize color change due to differences in particle size and shape, as shown in 

Figure 1.  

The effects of nanoparticles in the smallest biological entity, such as a cell, a virus, a 

gene or even a single string of protein, have been well studied. Among all nanoparticles, 

superparamagnetic iron oxide nanoparticles (SPIONs) attract the most attention in the fields of 

biomedicine and life science due to its unique combination of biocompatibility and magnetic 

property. SPIONs have been greatly used in preclinical studies, such as imaging contrast agents, 

tissue repair, magnetic hyperthermia, or drug delivery. The major challenge for SPION based 

applications is the lack of prominent examples in clinical applications, due to low 

reproducibility resulted from broad particle size distribution.  

The effect of particle size distribution was historically overlooked. Nanoparticle’s bio-

distribution, cellular uptake, pharmacokinetics and imaging contrast are all strongly affected 

by particle size and size distribution 1,2. In 2012, Dr. Sadrieh of US food and drug 

administration (FDA) emphasized the importance of particle size and size distribution for 

nanoparticle based platforms. It is even more important for SPION based platforms due to the 
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extreme difficulty in size distribution control, especially for particles larger than 20 nm. 

Therefore, we propose a scalable separation method to homogenize size distribution of SPIONs 

and enable the translation of the medical performance from preclinical stage to clinical 

applications and eventually to mass production of SPIONs for biomedical usages. 
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Figure 1. TEM (a) and dark-field optical microcopy and spectroscopy (b) of rainbow colored 

colloidal silver nanoparticles with different particle sizes and shapes 3. 
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1.1: Background 

1.1.1: Superparamagnetism 

Paramagnetic property is a physical state that materials are extremely easily magnetized 

and has zero magnetic moment without an external magnetic field, as shown in Figure 2 and 

Figure 3 4,5. Ferrimagnetic and ferromagnetic materials can be transferred to a paramagnetic 

state above its Curie temperature. For nanoparticles, the paramagnetic state can be achieved 

below the Curie temperature, this is called the superparamagnetic state.  

Superparamagnetic characteristic can be achieved when thermal fluctuations are 

stronger than the magnetic interactions between particles, which is usually only achievable for 

nanomaterials or thin film structures 6. Threshold sizes for single domain particles are usually 

larger than critical sizes for superparamagnetic characteristic 7. Therefore, superparamagnetic 

nanoparticles usually contain single magnetic domains on each particle. For SPIONs, the 

critical size for superparamagnetism is about 30 ± 5 nm at room temperature; therefore, a 

critical size of 20 nm is usually used in most synthesis studies 7–11. With an external magnetic 

field, SPIONs are magnetized to match the direction of the field by simply changing the particle 

orientation. In absence of an external magnetic field, random thermal fluctuation dominates the 

particle-particle magnetic interactions and results in zero overall magnetic moment of a 

population of particles 6. The random thermal fluctuation avoids SPION aggregation and 

maintains particle colloidal stability due to magnetic repulsions and increases circulation life 

times in biomedical applications. On the other hand, ferromagnetic nanoparticles form large 

inter-particle structures and result in rapid clearance from biological systems 10,12,13. Therefore, 

it is crucial to utilize the advantage based on the superparamagnetic characteristics of  magnetic 

nanoparticles in biomedical applications. 
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1.1.2: Biocompatibility of SPIONs 

The unique characteristic of superparamagnetic nanoparticles gives an opportunity for 

biomedical usages. Among all magnetic nanoparticles, iron oxide nanoparticle is one of the 

most commonly used material because of its biocompatibility and low toxicity 10. The human 

body naturally contains 3500 mg of iron element at any time and about 50% is located within 

hemoglobin for oxygen transfer in blood 14. SPIONs can be biodegraded into a part of the 

normal iron pool, such as ferritin and hemoglobin. Multiple SPION formulations are approved 

for clinical used around the world for different biomedical applications, such as Ferumoxytol 

(Feraheme®), Nanotherm®, Ferumoxides (Feridex®), Ferucarbotran (Resovist®), Ferumoxtran-

10 (Combidex), and Feruglose (Clariscan®). Ferumoxytol was used for treatment of iron 

deficiency anemia and MRI contrast enhancement15. Nanotherm® was used for magnetic 

hyperthermia treatments in Europe 16,17. The last four formulations are all MRI contrast agents 

which target liver, spleen and lymph system 18,19. The enormous achievements are based on the 

foundation of strong biocompatibility and low toxicity of SPIONs in comparison to other 

commonly used nanoparticles, like gold and silica. Gold nanoparticles are not clinically 

approved and silica nanoparticles only have one formulation that has entered the phase I of 

clinical study 15.  

1.1.3: The long lasting problem of SPIONs size distribution 

SPIONs have enormous potential in biomedical applications that include: drug delivery, 

magnetic hyperthermia treatment, and magnetic resonance imaging 20–22,17. However, a lot of 

biomedical studies still prefer to use silica and gold nanoparticles, because of the poorly 

controlled size distribution of SPIONs. The broad size distribution of SPIONs hinders 

translation of SPION performance to clinical use due to safety concerns and performance 

variabilities. The particle size distribution affects biodistribution and pharmacokinetics of 
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SPIONs and creates performance variabilities leading to safety concerns 1,23. The size 

distribution affects the MRI relaxation time of SPIONs and results in inconsistent and 

unquantifiable MRI enhancement 24–27. The size distribution also affects energy transformation, 

which causes magnetic hyperthermia treatment to rely on high SPION dosage or additional 

medical treatments 22,17,28. For decades, the problem remains unsolved because of the 

limitations of chemical synthesis and failures of conventional size selection techniques in 

providing competitive monodispersed SPIONs in comparison with other nanomaterials such as 

gold, silica, and other nanoparticles 29,30.  

1.1.4: Difficulties of evaluating the effects of SPION size distribution 

Very few research studies focused on the effects of the size distribution of nanoparticles 

due to the difficulty in controlling and quantifying nanoparticle size distribution. There are 

several well-known techniques of quantifying particle size distribution; unfortunately, there is 

no comparison among the methods because the key measurement assumptions are based on 

quite different physical principles. For example, DLS measures the hydrodynamic size of a 

collection of nanoparticles. The result is quite different from most electron microscope 

measurements.  Both TEM and SEM are electron microscopic techniques commonly used to 

determine particle sizes and size distributions. SEM images are based on the surface structure 

of nanoparticles which include the surface coating of most nanoparticles. On the other hand, 

TEM images usually are based on the core structure of nanoparticles. The particle sizes and 

size distributions are difficult to translate among different measurement methods. Therefore, it 

is very difficult to quantify the impact of particle size distribution only by literature reviews. 

The reason why particle size distribution is so important will be discussed in the following 

sections.  
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Figure 2. SQUID (superconducting quantum interference device) measurements of magnetic 

susceptibility of 50 nm starch coated SPIONs.  

 

 

Figure 3. Ferromagentic material (A) the magnetic moments of multi-domain ferromagnetic 

material and (B) a typical hysteresis loop of a ferro- or ferromagnetic material where Ms, Hc 

and Mr are saturation magnetization, coercivity and  remanent magnetization 4.  
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1.2: Particle size and size distribution effects on target delivery 

In 1986, nanoparticles were observed to have enhanced permeation and retention (EPR) 

effect in tumor 31. The US government has encouraged the development of nanoparticle based 

drug carriers since 2000 32. In the majority of applications, the biodistribution and the 

pharmacokinetics greatly determined the performance of nanoparticle carriers 33–35. However, 

both the biodistribution and the pharmacokinetics were strongly influenced by particles sizes 

and size distributions. Different sized nanoparticles tended to accumulate in different areas of 

a biological system 1,23. As a result, the particle size distribution will affect the amount of 

particle accumulation at a certain biological entity. Similarly, the pharmacokinetics of a 

nanoparticle have direct impact on the performance of the biomedical applications 34,36. For 

most nanoparticle formulation, the size of the particles directly affects the pharmacokinetics 

37–39. In order to reach a targeted entity, nanoparticles have to overcome multiple biological 

barriers and avoid clearance from blood circulation, which makes the size of the particle 

important 37,40. Recently, more studies focus on how the physical and chemical properties of 

nanoparticles affect their blood half-lives and bio-distribution. However, the effect of particle 

size distributions in a biological system remains unclear.  

Researchers have been using different purification techniques to refine particle size 

distributions and to improve bio-distributions and performances of SPIONs. For example, 

SPION AMI25, Ferumoxide, has a broad distribution with an average size of about 150 nm, as 

shown in Figure 4. AMI25 was filtered to generate particles of 20 nm. Fractionated AMI25 

was reported with a blood half-life of 15.9 h in rabbits in comparison to the original Ferumoxide 

of 0.46 h 20. The difference in performances between different sized particles confirms the need 

for controlled size distribution for effective delivery in biomedical researches 37,41–44.  
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Figure 4. Ferumoxides lognormal particle size distribution by DLS (dynamic light scattering) 

25. The average sizes about 42 nm by number, 137 nm by volume and 250 nm by intensity. The 

particle size distributions are very board, which were estimated to be σ ~ 22% by number, σ ~ 

89% by volume and σ ~ 62% by intensity. (σ = standard deviation/mean) 
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1.3: Particle size and size distribution effects on MRI application 

MRI is obtained by applying perpendicular radiofrequency pulses to a constant 

magnetic field to induce magnetization and relaxation of protons within tissues. The T2 

relaxation time is measured when protons emit the absorbed radiofrequency energy. The 

presence of SPIONs shortens the T2 relaxation time, which enhances the contrast of MRI. This 

phenomenon results from the magnetic field distortion near magnetic particles. The concept of 

MRI is based on the absorption and emission of radiofrequency energy from protons. The 

presence of SPIONs creates a magnetic field distortion interaction where the strong 

superparamagnetic character rapidly reacts to the oscillating radio frequency and accelerates 

the rate of energy release from the nearby protons. The field distortion significantly shortens 

the T2 relaxation time of protons and separates it from background noises, which makes 

SPIONs perfect candidates for MRI contrast agents. 

 Ferumoxides (Feridex®, Endorem®) and Ferucarbotran (Resovist ®, Cliavist®) are two 

types of SPIONs clinically approved as MRI contrast agents specifically for liver in the mid-

1990s. Ferumoxides were developed by AMAG Pharma (former Advanced Magnetics) and 

were referred as AMI-25. The transverse (r2) and longitudinal (r1) relaxivites are 98.3 and 23.9 

mM-1sec-1. Ferumoxides are 80-150 nm SPIONs with low molecular weight dextran coating. 

Ferucarbotran was developed by Schering AG, and was referred as SHU 555A 21. Resovist is 

a carboxydextrane-coated SPION with 4.2 nm cores and a hydrodynamic diameter of 45-60nm. 

Its r2 and r1 relaxivites are 151 and 25.4 mM-1sec-1. The production of Ferumoxides was 

terminated in 2009 due to its inconsistent performances comparing to macromolecular 

gadolinium based contrast agents. Both SPIONs have very broad size distributions with σ ≥ 

80%, as shown in Figure 4 25. The broad size distribution results in an inconsistent 

enhancement on MRI because the relaxation time is strongly dependent on the particle sizes, 

as shown in Figure 5 24–27.  
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The broad size distribution of SPIONs also results in undesired offsite accumulation 

and low target accumulation. This results in high background noise signal with undesired side 

effects, such as back pains and headaches, reported by Bayer HealthCare Pharmaceuticals Inc. 

These effects are minimal for macromolecular based gadolinium contrast agents. However, 

Gadolinium based MRI contrast agents have toxicity concern due to leach of gadolinium ion 

from the complex 45,46. In fact, researchers start to focus on Gadolinium oxide based 

nanoparticle as MRI contrast agent recently for a safer alternative, but offsite accumulations 

will become one of its major concerns 47. In comparison, the low toxicity SPIONs become 

extremely attractive as a clinical substitution, particularly for patients with kidney diseases 46. 

Both magnetic nanoparticles have to rely on a controlled particle size distribution to avoid the 

particle size variability. Monodispersed SPIONs will increase the accumulation of SPIONs in 

the targeted area, which further improves the MRI contrast. Therefore, monodispersed particles 

are the foundation for applicable, safer and higher contrast MRI agents for both iron oxide and 

Gadolinium based agents. This means the broad size distribution of current particles must be 

resolved.  
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Figure 5. T2 relaxation time of different sized particles with different concentrations, which 

particle size average are 95, 151, and 100 respectively for MNP-95, MNP-151 and MNP-

Original SPIONs 24. 
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1.4: Particle size effects on hyperthermia treatment 

Magnetic hyperthermia treatment (MHT) is one type of medical therapy to weaken and 

destroy cancer cells by using a high temperature environment. The process involves magnetic 

nanoparticles to induce thermal energy. Magnetic nanoparticles will spin or oscillate in 

response to an external alternating magnetic field and thus generating a localized heating effect. 

However, heat localization is the a major challenge for MHTs because it determines treatment 

localization and therefore efficiency 48–50.  

Most MHTs use multi-core SPIONs by the reason of their significantly higher heat 

transformation in comparison with single-core SPIONs 28. Yet, multi-core SPIONs have a 

broad size distribution of σ ≥ 20 %, where σ is the standard deviation of particle size 

distribution divided by the average particle size to represent particle size distributions 

independently from their particle average sizes 28,51,52. The broad size distribution of SPIONs 

strongly affects their biodistribution and therefore reduces their treatment efficiency and 

localization 53,54. Therefore, the MHT treatment is usually initiated with a direct injection of 

SPIONs into the tumor. Recently MHT showed successful results with Magforce (Nanotherm®) 

in the first clinical trials on prostate cancer, and approved by the European Medicine Agency 

22,17.  

The MHT with Magforce® involved direct injection of 4-12 ml of 112 mg Fe/ml of 100 

nm aminosilane SPIONs with 15 nm cores into the tumor area 55. Usually, MHT requires 

various additional treatments to improve the treatment performance, such as laser, microwave, 

radiation or other anticancer treatments, but most of them lead to harmful or fatal side effects 

56–58. Therefore, the treatment requires real time temperature control to ensure efficient 

treatment and avoid undesired effects 22,16. After the clinical trial, it was stated that homogenous 

distribution of nanoparticles was the key for future MHT improvements as shown in Figure 6 

22,16.  
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The heating efficiency must be improved for a safer and more material efficient MHT 

by reducing the need of high dosage injection to the target tumor. SPIONs with narrower size 

distribution provides a more efficient heat generation than SPIONs with a broader size 

distribution 59–63. However, the production of monodisperse SPIONs is unachievable by the 

current technology. On the other hand, Figure 6 showed inhomogeneous SPION distribution 

with very few particles traveled into the tumor region and resulted in a poor heat transformation. 

The SPIONs penetration through a physical barrier can be improved by low frequency 

alternation magnetic fields 64,65. The effect can be further improved by monodisperse SPIONs 

as shown in Figure 7. In additional, chances of SPIONs internalization are also increased once 

SPIONs are near the cancer cell surface, which will result in significant decrease of the cancer 

cell survival rate by 40%, as shown in Figure 8 and Figure 9 62.  Therefore, highly size 

controlled multi-core SPIONs is the foundation for future MHT improvements. 
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Figure 6. Comparison of the designed direct injections with real time temperature and particle 

distribution monitor system (a) cervical cancer of the pelvic wall and (b) prostate carcinoma66.  
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Figure 7. SPIONs with different size distributions penetrated through a 1μm membrane with a 

7 Hz alternating magnetic field. 

 

Figure 8, (A) Scanning electron microscopic (SEM) of SPIONNs on cell surface. (B) 

Transmission electron microscopic (TEM) of SPIONs aggregation on cell surface 62. 
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Figure 9, intracellular hyperthermia cell survival rate (black dots) and extracellular heating 

survival rate (white dots) 62. 
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1.5: Single- and multi- core SPIONs 

Magnetic materials have unpaired electrons, lone electrons with half-entry electron 

configurations, which generate magnetic moments. Non-magnetic materials usually have 

electrons in pairs, a positive magnetic moment and a negative magnetic moment, which result 

in a total magnetic moment of zero. SPIONs are usually synthesized with shell and core 

structure, and the core material is usually magnetite. Magnetite (Fe3O4) has the strongest 

paramagnetic property of all natural occurring minerals and shows superparamagnetic 

characteristics below its  critical size of  30 nm 8,67. Therefore, SPIONs smaller than 20 nm are 

usually synthesized with single core and shell structure, and they are also called ultra-small 

SPIONs (USPIONs). Particles larger than 20 nm are usually made with a multi-core structure 

that contains multiple USPIONs held together by an external matrix.  

The shell of SPIONs can be made with different materials to improve the performance 

and compatibility for different applications. For example, PEGylation, a poly(ethylene glycol) 

coating can improve the biocompatibility of iron oxide nanoparticle 68–70. Dextran and 

Polyvinylpyrrolidone (PVP) coatings enhance the blood circulation time 11. Polyvinyl alcohol 

(PVA) coating prevents aggregation and narrows the size distribution.  

The core of the SPIONs determines the magnetic properties of the particle. Most 

synthesis process can produce both USPIONs and multi-core SPIONs with different reaction 

conditions. USPIONs have better synthesis controls in particle sizes, size distributions, 

compositions and particle shapes 71–75. USPIONs also have a higher cell uptake, longer blood 

circulation and higher penetration of capillary wall than multi-core particles 41. USPIONs 

nanoparticles usually have a particle size distribution of σ ≤ 5% 76. The distribution of 

USPIONs are mainly controlled by reaction time, pH, iron content, and polysaccharide content 

77. On the other hand, multi-core particles are poorly controlled in size, size distribution, and 

composition 28,51,77,78. Multi-core SPIONs have very different advantages from USPIONs, such 

as large surface area, higher energy transformations and higher MRI contrast 28. Except 
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Feruglose, all the current clinically approved SPIONs are multi-core SPIONs 15,18,19. The 

synthesis of multi-core particles has less control over the particle properties in comparison to 

USPIONs, as shown in Figure 10. The size distribution of multi-core SPIONs is usually very 

broad with σ ≥ 20% 28,51,52. Therefore, additional size fractionation techniques are necessary 

for multi-core SPIONs to be used in biomedical applications. However, conventional size 

selection methods are not able to produce multi-core SPIONs with narrow distribution 

comparable to USPIONs, which will be discussed in section 1.8. 
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  Figure 10, structure, average size (scale on top) and size distribution σ comparison 

between single- and multi-core synthesized SPIONs. Multi-core SPIONs can be made 

smaller than 20nm, but single-core SPIONs cannot be larger than 20 nm when 

synthesize in room temperature. 
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1.6: SPIONs synthesis 

As mentioned in the previous section, multi-core SPIONs are multiple USPIONs held 

together by an external matrix, which is usually a chemical or polymer coating. Physical 

synthesis such as gas phase deposition and electron beam lithography are rarely used due to 

the difficulty in controlling nanoparticle sizes 79–82. On the other hand, chemical synthesis 

methods have better controls on particle properties and scalability. Most chemical synthesis 

methods and coating techniques for USPIONs can be further reacted to generate multi-core 

SPIONs, such as thermal decomposition73,76,78, chemical precipitation83,84, and micro-

emulsion85. However, the size distribution for the multi-core SPIONs is very broad with σ ≥ 

20% regardless of different synthesis methods 28,51,52. The reason of the broad size distribution 

can be generalized by the complex structure of multicore SPIONs. The internal structure of 

multi-core SPIONs is actually associated with how the nucleus are assembled. Particle cores 

tend to aggregate immediately after their formation. These primary aggregation leads to the 

internal structure of multi-core SPIONs 28.  

1.6.1: Chemical precipitation method 

For chemical precipitation method, changing the initial ratio of reactants will result in 

different sizes and structures of multi-core SPIONs. The particles can then be stabilized with a 

polymer or molecular coating. Both Feridex® (Endorem®) and Resovist® (Cliavist®) are 

chemical precipitated multi-core SPIONs with polymer coatings, and approved by the FDA for 

MRI contrast agent specifically for liver. Feridex®  are dextran coated and Resovist® are  

carboxydextran coated multi-core SPIONs with 4-8 nm cores in a very broadd overall size 

distribution 25.  
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Chemical precipitation method is the simplest method for iron oxide nanoparticle 

preparation. The iron oxide nanoparticle preparation starts with an overall chemical reaction as 

follows 83,84:  

𝐹𝑒2+ + 2𝐹𝑒3+ + 8𝑂𝐻− → 𝐹𝑒3𝑂4 + 4𝐻2𝑂.        (1) 

Iron chloride ions reactant alkaline can provide iron oxide particles under oxygen-free 

atmosphere, which is achieved by nitrogen bubbling through the reactor. The oxygen-free 

condition not only protected the reactant from oxidation but also provided a better control of 

particle size 86,87. In general, the ideal pH range is 9 to 14 with a molar ratio Fe2+ to Fe3+ of 2:1 

for a complete precipitation 11. Theoretically, Iron oxide particles form tiny crystalline nuclei 

and then is followed by crystal growth during the precipitation process 83. The particle 

precipitation process is believed to follow two paths. One is a dynamic equilibrium, where 

particle precipitation proceeds by addition and removal of monomers, such as molecules and 

ions 11. Therefore, the growth of a particle will consume the removal materials of other particles. 

This mechanism is called Ostwald ripening, and is assumed to be the main path of crystal 

growth 88. Therefore, the particle size is controlled by the growth of crystalline, which can be 

controlled by temperature and reactant concentration. The second path is called oriented 

attachment, where anatase and iron oxide nanoparticles with a few nanometer are able to 

aggregate under hydrothermal condition 89–91. The oriented attachment creates a dislocation on 

the crystal interface, and results in iron oxide nanoparticles with multiple crystal structures. 

The particle size grows with time, and the reaction can be terminated by decreasing temperature. 

The products usually contain a black color mixture of magnetite, maghemite, and diamagnetic 

components with magnetic saturations about 30-50 emu/g 92.  

Different chemical synthesis methods by precipitation result in different SPIONs 

compositions and  different magnetic properties 93. The size distribution of USPIONs from 

chemical precipitation is usually σ ≥ 10% 93. Therefore, an additional size-selection process is 

needed to control core distribution. The most common size selection method for USIPONs is 
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to precipitate out the large particles by adding poor solvent. In polydispersed particle mixture, 

larger particle precipitates faster than smaller ones. These particles can be separated by 

centrifugation. Particles with unwanted size range can be re-dissolved and recycled. A particle 

size distribution of σ ≤ 5% can be achieved through precipitation process. The particle shape 

is usually spherical. For multi-core SPIONs, other fractionation techniques need to be used to 

improve the size distribution, which will be discussed in the following sections. The internal 

structures of the multi-core SPIONs are decided by reaction conditions when the nucleus are 

formed. As mentioned in previous context, this initial nucleus aggregate and form the internal 

structure of multi-core SPIONs, including shapes and the numbers of particle cores 28.  

1.6.2: Thermal decomposition method 

One approach is to inject organometallic compounds into a high temperature surfactant 

solution and to generate nuclei instantaneously. The other one is a controlled heating process 

with organometallic compound already in a surfactant solution, particles grow at high 

temperature and the reaction can be terminated by controlling the temperature 73,76,78.  

Thermal decomposed USPIONs were highly monodisperse σ ≤ 5% with cubic or 

spherical shapes, and with no need of a secondary size selection process 73,76. The process is 

usually done with iron pentacarbonyl and iron acetylacetonate in oleic or benzyl ether or iron 

oleate. Thermal decomposition requires a secondary process, e.g. ligand exchange, to stabilize 

particles in a biocompatible aqueous phase to exchange for the surface-coating oleic acid 

molecules by DMSA (dimercaptosuccinic) molecules. This process involves the oleic acid 

coating particle in toluene mixed with DMSA in DMSO (dimethylsulfoxide) for several hours 

until the ligands exchange. Following the ligands exchange process, the particle needs to be 

washed several times to remove toxic materials. However, multi-core SPIONs still have a broad 

distribution and require additional size selection method to narrow the size distribution 73,76,78. 
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1.6.3: Micro-emulsion method 

Micro-emulsion is formed with two immiscible liquids with interphase films of surfactant 

to stabilize its structure 85. For a water-in-oil emulsion, the aqueous phase forms 1-50 nm 

droplets. These aqueous droplets are surrounded by oil containing soluble metal salts. These 

droplets will continuously merge with other droplets or collapse to form new droplets. As a 

result, particle nuclease is formed once precipitation occurs. The nuclease will aggregate when 

the aqueous droplet merge with another, and finally the particle will be extracted from the 

droplets 94–96. The process is difficult to be scaled up and to produce monodisperse multi-core 

SPIONs.   

 

  



 

 

25 

 

1.7: Dynamic Light Scattering (DLS) size measurement 

DLS is a method to measure particle size by observing light scattering fluctuations from 

particles with Brownian motions. The movement of a particle results in an intensity change of 

the scattered light. As a result, scatter light fluctuates with multiple particles. The frequency of 

the scattering fluctuations depends on particle sizes. For example, smaller particles have rapid 

Brownian motions and can generate high frequency fluctuations. The frequency of the 

fluctuation can be correlated to the overall particle velocity in terms of translational diffusivity. 

The diffusivity can then be used to determine the particle size by the Stoke-Einstein equation. 

𝐷ℎ =
𝑘𝐵𝑇

3𝜋𝜂𝐷𝑡
 

The concept was first mentioned in Einstein’s PhD thesis to calculate the Avogadro’s 

number, where 𝐷ℎ  is the hydrodynamic diameter, 𝑘𝐵  is the Boltzmann constant, T is the 

temperature, η is the dynamic viscosity, the 𝐷𝑡 is the translational diffusion constant and 𝐷ℎ is 

the hydrodynamic diameter. 𝑘𝐵, T, η are known constants and 𝐷𝑡 is determined by a correlation 

function. There are three common approaches to determine the translational diffusion constant, 

𝐷𝑡, which are Cumulants, fitting to a known distribution function, and inversion of Laplace 

transform 97.  

For this research, intensive study is based on the DLS measurements for both particle 

sizes and size distribution. Two of the most important DLS measurement are the Z-average 

size and the Polydispersity index (PdI). Both parameters are determined from the cumulant fit, 

which is an approach to fit the correlation function. The Z-average is also known as the 

cumulant mean obtained from the first parameter of the cumulant fit to the correlation function, 

which gives the average particle size by the intensity of the scattered light. On the other hand, 

PdI is the second fitting parameter of the cumulant fit, which is used to estimate the randomness 

of the data. Therefore, it is also used to represent the distribution of the samples in many 



 

 

26 

 

researches. Both parameters are measured by standard procedure ISO 13321 and ISO 22412 

by Malvern Zetasizer ZS.   
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1.8: Review of magnetic nanoparticle size selection methods 

As mentioned in the previous sections, SPIONs with diameters greater than about 20 

nm are generally synthesized with multi-core structures held together by an external matrix. 

This typically yields particles with a very broad size distribution with DLS PdI of above 0.3 98. 

This broad size distribution hinders clinical translation of these particles due to safety concerns 

and performance variabilities. In fact, there were multiple attempts to narrow SPION size 

distribution in the past two decades, but none of them were really controllable and scalable, 

including vacuum filtration, gel chromatography, centrifugation separation, and magnetic 

fraction technique (MF). 

Quantifying size distribution is not an obvious job by comparing data between different 

measurement methods. Currently, there are no optimal means to measure size distribution of 

nanoparticles for different applications. In general, monodisperse nanoparticles are particles 

that has a σ ≤ 5% standard deviation by its mean size, or a PdI value lower than 0.1 83,99–101. 

None of the currently used SPIONs have reported a monodisperse size distribution within the 

range even in a small quantity for research purpose.  

Gel chromatography and vacuum filtration techniques have their limitations in scaling-

up and generating multiple fractionation from a polydisperse distribution 20,37. Both processes 

utilize particle mobility differences to separate different sized particles through material 

matrixes by a filter or gel. Particles were hard to be recovered from the matrix to produce 

multiple fractionations. Moreover, the separations were limited by the homogeneity of the pore 

size and the structure of matrix material, which maybe the reason for the large size distribution, 

as shown in Table 1.  

Centrifugation was able to generate multiple particle separations by applying different  

rotational speeds 102. The process utilizes centrifugal forces to separate different sized particles 

into two layers which consist of suspended particles and aggregated particles. It is difficult to 
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have a complete removal with only the suspended particles without the aggregated particles, 

which may also cause large size distribution as shown in Table 1. 

The MF technique has its potential for large quantity of production, but it has the worst 

size distribution controllability among all three methods, shown as in Table 1. The concepts 

and methods will be discussed in the following sections.  
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Separation 

method 

Average size (nm) Core Size 

measurement 
method 

Size distribution 
Coating molecule Application/notes Ref. 

Ori. Sep. (nm) Ori. Sep. 

Gel 

Chromatography 
72 (DLS) 11.4 4-7 TEM NA 

± 

6.3 
nm 

Dextran MRI contrast agent 41 

MF 34.4 

7.7 

14.4 

28.8 
37.7 

44.4 

47.7 
68.8 

3 DLS (z) 
PdI ~ 

0.35 

PdI 
~ 

0.27 

Carboxydextran Size separation 98,103 

Vacuum Filtration 
121 

(Feridex) 
15.1 NA DLS (z) broad 

PdI 
= 

0.2 

Dextran MRI contrast agent 20 

Centrifugation 

NA 

65.5 

38.9 

23.1 

18.5 

NA 

DLS (v) 

broad 

± 14 

9.1 6 

4.4 

nm 

SiO2 
MRI relexivity 

comparasion 
102,104 

~6 (n), 

~19 (v) 

14.9 

13.2 

12.1 
7.3 

 

XRD NA 

~13 (n), 
~20 (v) 

24.2 

20.0 
15.8 

10.5 

TEM 

± 

2.4-
3.6 

nm 

Ori.: original samples before any size separations   

Sep.: size separated samples 

(n): number weighted measurement 

(v): volume weighted measurement 

(z): z-average size 

NA: not available 

broad: σ ≥ 80% 

Table 1. Comparisons between current separation methods for SPIONs. 
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1.9: The MF technique 

The MF technique was suggested by Thomas Theinländer et al in 2000 98. The method 

was designed as an approach to study particle size effect on different size SPIONs, including 

blood half-lives, and MRI relaxivity 41,105,106. The separation started with a strong magnetic 

force and captured all SPIONs. Once all the SPIONs were captured by the magnetic field, a 

fluid flow was introduced to the SPIONs. Smaller size SPIONs were released from the field 

due to weaker magnetic attraction. The magnetic field strength then decreased stepwise and 

generated multiple fractionations with different sized particles.  

However, multiple populations were usually observed with MF-SPIONs (magnetic 

fractionated SPIONs) and resulted in a broad size distribution with high PdI values, as shown 

in Figure 11. The multiple populations remain the same before and after sonication or 

additional MF processes. The hypothesis was that larger SPIONs were blocked by smaller 

SPIONs from reaching the magnetic source and therefore had a weak magnetic attraction. 

Smaller SPIONs that were close to the surface of the magnetic source aggregated on the surface 

faster than larger SPIONs because of their shorter distance, and blocked the late comer larger 

SPIONs to reach the surface of the magnetic source even with larger magnetic contents, as 

shown in Figure 12. The larger SPIONs were forced to be immobilized away from the 

magnetic source because of a weaker magnetic attraction, and therefore they were released with 

the smaller SPIONs when the magnetic field decreases and vice versa. In fact, SPIONs were 

clearly separated by their average size in the system, but their PdI only decreased slightly from 

about 0.35 to about 0.27 98. The size distribution was not improved significantly and the 

fractionated particle was still polydispered in multiple studies 106,107.  

The effects of the broad size distribution of MF-SPIONs was observed in different 

follow up researches. The blood half-lives of MF-SPIONs can be extracted from a study done 

by Thomas Allkemper et al, 2002 106.  The study reported a MRI contrast drop over time by 

different size MF particles in rabbits with MF-SPIONs separated from SHU-555 SPIONs. The 
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changes of MRI relaxation time were due to the changes in average size of different MF-

SPIONs. Unfortunately, even the smallest MF-SPIONs with an average size of 21 nm had 

blood half-lives in enhancement performance only around 15~25 minutes. This result is a huge 

difference comparing to studies done by vacuum filtration and gel chromotagraphy methods, 

which showed strong size dependency of blood half-lives. Karen C. Briley-Saebo al et reported 

a huge blood half-live increment from 0.46 h to 15.9 h in rabbits after Ferumoxides was 

fractionated by vacuum filtration into 20 nm 20. Similar result was observed in rats, blood half-

live had an increment from 6 min to 81 min by filtrating through gel chromatography 41,108.  

The significant difference in results might come from broad size distribution of MF-

SPIONs due to poor separation performance. Both gel chromotagraphy and vacuum filtration 

methods significantly provide narrower size distribution SPIONs comparing to the original 

broad size distribution, while MF did not, as show in Table 1. MF was used as a supplemental 

size selection treatment for different synthesis to produce different sized particles, but none of 

them reported a significant improvement in results 107,109,110. Particle size distribution is a very 

important factor for blood half-lives and therefore a new size fractionation method is needed 

for biomedical applications. 
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Figure 11. Intensity weighted DLS measurement of MF- SPIONs and their original SPIONs.  

 

Figure 12. Illustration of MF mechanics of magnetic fractionation. 
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Chapter 2: The discovery of an effective size fractionation method for SPIONs 

2.1.1: Introduction of diffusive magnetic fractionation 

The goal of this project is to provide an efficient, scalable and controllable size 

fractionation process to provide monodisperse SPIONs. Therefore, a novel, efficient, 

controllable and scalable size fractionation method, called diffusive magnetic fractionation 

(DMF), for the production of monodisperse SPIONs was invented. DMF has much better 

performance than the conventional MF method which is the only scalable size fractionation 

method reported in literature. DMF is able to efficiently provide multiple fractionations of 

monodisperse SPIONs with a high particle recovery and different surface chemistries. DMF is 

designed to be scalable so that its performance is independent of process volume and its 

products can be predicted and controlled by mathematical models.  

2.1.2: Concept of DMF 

The DMF was designed by utilizing the difference in diffusivity and magnetic mobility 

of different sized particles by a periodic magnetic field (PMF). The PMF separates polydisperse 

SPIONs into multi-layered organized structures which contain monodisperse SPIONs in each 

layer. DMF immobilizes larger particles at the surface of the magnetic source due to its large 

magnetic content and slow diffusion rate. Therefore, only smaller SPIONs will be released 

from the system when the magnetic field decreases, as shown in Figure 13. Therefore, DMF 

can significantly narrow the size distribution down to the monodisperse range with PdI values 

≤ 0.1. 

The DMF process consists of two steps. Firstly, apply a PMF to create the multi-layered 

structures. Lager SPIONs move toward the magnetic source faster than smaller SPIONs due to 

their stronger magnetic attraction. Without the magnetic field, larger particles diffuse slower 
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than smaller particles due to their larger particle size. Therefore, the polydisperse SPIONs are 

attracted and released repeatedly under the PMF. Eventually, larger particles will be trapped in 

the inner layer of the structure due to slower diffusion rate and stronger magnetic attraction. 

On the other hand, smaller SPIONs will be forced to settle on the outer layer owing to weaker 

attraction and faster diffusion rate. Secondly, reduce the strength of magnetic field in order to 

release the smaller particles. The outer layer of smaller particles will leave the structure, due to 

strong diffusion and weak magnetic attraction, as shown in Figure 13. Multiple fractionations 

can then be generated by stepwise decreasing the magnetic field. 
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Figure 13, illustrates the difference between MF and DMF techniques.  

(a) SPIONs suspense inside a solution without any external magnetic field. (b) Polydisperse 

SPIONs immobilized by an external magnetic field. (c) SPIONs release from the magnetic field 

with a PdI ≈ 0.27, which is the MF technique. (d) Continuation from (c) with a PMF. 

Displacements were created between different sized SPIONs where larger SPIONs are closer 

to the magnetic source and smaller SPIONs are away from it. (e) SPIONs were immobilized 

by an external magnetic field and formed a multilayer structure. (f) SPIONs are release from 

the field by position which contain monodisperse smaller SPIONs with PdI = 0.07 ~ 0.09. 
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2.2: Experiments 

2.2.2: Materials 

FluidMAG-D (starch-coated magnetite (Fe3O4)) iron oxide nanoparticles (75mg/mL) 

were obtained from Chemicell® GmBH (Berlin, Germany). Succinimidyl polyethylene glycol 

(mPEG-NHS) of molecular weight 5 kDa was obtained from Nanocs (New York, NY). 

Dimethyl sulfoxide ((CH3)2SO, 99.9%) was obtained from BDH Chemicals. Epichlorohydrin 

(C3H5ClO, 99%) was obtained from Alfa Aesar. Sodium hydroxide (NaOH, 97%) was 

obtained from BDH chemicals. Ferrozine iron reagent, monohydrate was obtained from J.T. 

Baker. Neocuproine hydrochloride monohydrate (C14H12N2·HCl·H2O, 99%) was obtained 

from Acros. Ammonium acetate, and ACS (CH3COONH4, 97% min) was obtained from Alfa 

Aesar. L-ascorbic acid (C6H8O6) was obtained from BDH. Iron standard solution (1.00 mg/L 

as Fe) was obtained from HACH. Deionized water was obtained by using an ELGA PURELAB 

Flex water purification system. 

2.2.2: Characterization of SPIONs  

ZetaSizer Nano ZS90 (Malvern, Worcestshire, UK) was used to measure particle 

hydrodynamic diameters, particle size distribution and Zeta potentials. Both DLS and Zeta 

potential measurements were taken in triplicate by the sizing instrument. 

Superconduc1ing Quantum Interference Device (Quantum Design, US) was used to 

measure the magnetic susceptibility of SPIONs.  

SpectraMax i3 (Molecular Device, US) was used to measure optical absorbance of 

samples.  

Ferrozine Assay was used to measure the iron content of SPIONs. Iron standards were 

made by mixing 33.24 uL of stock iron solution at 1000 mg/L with 1123.5 µL 10 mM HCl and 
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diluted into 0.25, 0.2, 0.15, 0.1, 0.05, 0.02, 0.0075, and 0 nmol/µl. The standards were prepared 

in triplets and then put into a 24 well plate. SPION samples were made with 1:4000, 1:2000, 

1:1000 dilutions for starch coated SPIONs, aminated SPIONs and PEGylated SPIONs 

respectively. SPION samples were also prepared in triplets and placed in another 24 well plate. 

Then, 200 µl of iron releasing reagent was added into all the wells which were sealed with 

Aluminum foil for both the standards and the SPION samples. The iron releasing reagent was 

prepared by mixing equal volumes of 4.5% w/v KMnO4 with 1.4 M HCl. Both 24 well plates 

were vortexed for 1 minute at 650 RPM. Both well plates were incubated for 2 hours at 60 °C 

and then cooled down for 10 minutes in room temperature. Then ferrozine was added into all 

the wells. The ferrozine was prepared by mixing 9.95 mg of ferrizine, 5.12 mg of neocuproine, 

578 mg of ammonium acetate, 528 ascorbic acid and 3 ml of water. Both 24 well plates were 

incubated in room temperature for 30 minutes. Finally, 280 µl of each samples were transferred 

from 24 well plate to a 96 well plate and measured the absorbance at 550 nm. 

2.2.3: Processes 

SPION surface modification process was used to observe effects from different surface 

chemistries. The commercially purchased starch coated SPIONs were cross-linked, aminated, 

and PEGylated according to previously published method112. The method starts with 2 mL of 

starch coated SPIONs solution (22 mg/ml) incubated with 2.6 mL 6M NaOH for 15 minutes. 

Then, 1.3 mL of epichlorohydrin was then added and incubated for 24 hrs at room temperature. 

The resulting SPION solution was dialyzed against water with an 8-10 kDa MWCO Float-A-

Lyzer® G2 dialysis device (Spectrum Laboratories, Inc., Rancho Dominguez, CA). The 

purified SPION solution was then incubated with 2 ml of 30% ammonia for 24 hrs at room 

temperature to provide aminated SPIONs. The PEGylated SPION was obtained from mPEG-

NHS. Firstly, 15mg of 5 MW of mPEG-NHS was dissolved in a mixture of 300 µl DMSO, 300 
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µl water and 300 µl phosphate buffer. A 300 µl of aminated SPION solution was added into 

the mixture and was shook for 24 hrs at room temperature. The resulting mixture solution was 

then magnetically separated from solution and washed with DI-water for 4 times.  

Magnetic column, an iron bead packed column LS Column Miltenyi Biotec, was used 

to increase system capacities. The column went through an 22W electric coil that was 

connected to a DC power supply (Hewlett Packard 6543A) to provide an external magnetic 

field, as shown in Figure 14. The magnetic field has a linear proportionality with the input 

current of the electrical coil, as shown in Figure 15. Therefore, the input current of the 

electrical coil was used to describe the magnitude of the magnetic field in this document.  

MF process was used for comparison with DMF. a constant current of 300 mA was 

applied immediately after the column was fully loaded with the SPION solution. After 15 

minutes, a continuous aqueous flow with 1.5 ml/ min was introduced to the system and the 

field strength was decreased stepwise to release a fractionation on each decrement. During each 

decrement the particles were collected either directly or from the flow output or a second 

magnetic column with a strong magnetic of 0.22 T. The fractionations were collected until the 

aqueous solution turned clear. Then the magnetic field was reduced again to release multiple 

fractionations.  

DMF process was used to homogenize SPIONs by their size differences. After 

polydisperse SPIONs solution filled the magnetic column fully, the input current was turned 

on and off periodically to provide a PMF for multiple cycles. Different PMF cycles and period 

parameters were used for different sized and surface coated SPIONs. In general, a PMF with 

2/5 (on/off minutes) and with 21 periodic cycles was used for starch coated SPIONs. After the 

PMF process was finished, an aqueous flow ran through the column continuously with a flow 

rate of 1.5 ml/min, and then the magnetic field was decreased stepwise to release a fractionation 

at each decrement. The fractionations were collected until the aqueous solution turns clear. 

During each decrement the particles was collected either directly from the flow output or a 
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second magnetic column with a strong magnetic of 0.22 T. The fractionations were collected 

until the aqueous solution turns clear. Then the magnetic field was reduced again to release 

multiple fractionations. 
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Figure 14, magnetic nanoparticle separation column. 

 

 

 

Figure 15, Magnetic field generated with different input current with a 22W electrical coil. 
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2.3: Performance comparison between DMF and MF techniques 

2.3.1: Experiment 

9 fractionations of both MF-SPIONs and DMF-SPIONs were produced from starch 

coated SPION solution with input current settings of 300, 200, 100, 50, 30, 20, 10, 5, 0 mA. 

Three runs of DMF and MF process were performed with a total of 54 fractionations. Both 

MF-SPIONs and DMF-SPIONs were sonicated for 2 minutes and measured for their sizes and 

size distribution by DLS measurements.  

2.3.2: Results 

Figure 16 showed a comparison of average particle size of starch coated DMF-SPIONs 

and MF-SPIONs under the same input current. Among the 54 fractionations, both the largest 

and the smallest average size fractions were obtained by DMF-SPIONs. Therefore, it indicated 

a wider separation range, as shown in Figure 16. More importantly, the DMF method 

significantly improved the PdI by an average of 55% in comparison to the MF method. The 

size distribution of all nine DMF-SPION fractions fell within the monodisperse range of PdI ≤ 

0.1, as shown in Figure 17. The Malvern Instrument stated that a PdI value lower than 0.05 

was usually only achievable with highly controlled spherical particles 111. For example, 

polystyrene spherical nanoparticles were commonly used to calibrate the DLS performances 

and have a PdI value of 0.05. A PdI of 0.08 was an exciting result, since SPIONs are usually 

random shaped particles with collections of multiple iron oxide cores with an external matrix. 

DMF was demonstrated to be a better separation method with a wider separation range 

and a narrower size distribution than conventional MF technique. Moreover, we found that the 

performance of DMF was strongly affected by the nature of PMF. Conventional MF method 

was considered as a DMF with 0 PMF cycle. With an additional 1 PMF cycle, the size 
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distribution of DMF-SPIONs was narrow down to a PdI value of 0.13 from 0.16 of MF-SPIONs. 

With additional 21 PMF cycles, the PdI of DMF-SPIONs can be further reduced to 0.08, as 

shown in Figure 18.  

This study proves the effectiveness of the PMF on the particle size distribution. DMF 

showed a great size selection performance that has never been achieved before. Therefore, a 

series of experiments has been conducted to show that DMF is indeed effective, scalable and 

controllable. 

  



 

 

43 

 

 

Figure 16. Starch coated SPIONs was separated by both MF and DMF techniques. The 

illustration showed a comparison of average particle size between both methods with their 

corresponding input current.  

 

Figure 17. The illustration showed PdIs for both MF-SPIONs and DMF-SPIONs. 
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Figure 18. A plot of DLS measurements of starch coated SPIONs being separated with 

different periodic field conditions and their measured PdI values. 
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2.4: Automated DMF Setup  

2.4.1: Introduction 

The DMF method requires more time to process the same amount of particles in 

comparison with conventional methods, due to long duration of the PMF required. Therefore, 

a continuous and fully automated DMF process was proposed in this section to improve 

efficiency.  

Figure 19 shows an automated DMF setup. Polydisperse SPIONs enter the system 

through particle inlet 1 and fill the column to the top location 2. The column is surrounded by 

electric coil 3, which is controlled by an AC or a DC power supply. AC supply is recommended 

in order to shorten the duration of the PMF. The magnitude and duration of the power supply 

are programed by a computer as shown in Figure 19. DMF-SPIONs will then be trapped by a 

second column 4 with a strong magnetic field provided by either an additional electrical coil 

or a fix magnet. DMF-SPIONs can then be extracted from the second column 4 with an aqueous 

solution or the entire second column 4 can be removed as a sample container. The entire process 

can be fully automated with the addition of an electrometer.  

2.4.2: Experiment 

The electrometer was used to measure the fluid resistivity and monitor the separation 

progress with the changes of the SPIONs concentrations. Triplets of 5 ml starch coated SPION 

solutions with concentrations of 0.05, 0.1, 0.15, 0.2, 0.25 mg Fe/ml were prepared. The SPIONs 

solution was circulated with a peristaltic pump and an open reservoir. A set of electrometer 

probes with 0.5 cm apart was installed in the water reservoir to measure the electro resistivity 

across the moving fluid.  
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2.4.3: Result and discussion 

Figure 20 showed the change of electro resistivity with SPIONs concentration in the 

fluid. The experiment showed that the process of the DMF can be monitored by the SPIONs 

concentration in the fluid. Therefore, a computer can determine when to decrease the magnetic 

field and when to start another separation based on the reading of the electrometer. Once all 

DMF-SPIONs are captured in second column 4, the power supply will decrease the current 

output automatically and release larger DMF-SPIONs. Once the current reaches zero and all 

the particles pass through the system, new particles will be injected into particle inlet 1 and 

repeat previously described process for a new separation.  The proposing automated process 

can be fully programed and operate the DMF accordingly. The process is proposed for large 

quantity separation. It was provisionally patented “62/251,951”, and looking forward to a 

utility patent application.  
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Figure 19. An illustrated diagram of a computer controlled continuous DMF setup. 

 

 

 

 

Figure 20. The electroresistivity change with different SPION concentration in aqueos 

solution. 
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2.5: DMF scalability 

2.5.1 Introduction 

Scalability is an important advantage of the DMF method for large quantity production 

of monodisperse SPIONs in low cost. There are many FDA approved or developmental 

biomedical applications based on SPIONs. The demand of SPIONs is expected to increase 

dramatically with time. Therefore, it is very meaningful to the medical industry to have a 

potential commercial solution for controlling the particle size distribution of SPIONs.  

The DMF capacity is determined by two major parameters which are column volume 

and desired smallest fractionation size. The column volume is scalable by increasing radius or 

length of the column, as shown in Figure 21. According to Biot-Savart law, a larger column 

radius requires a larger current to maintain the magnetic field, and it results in rising of system 

temperature. A larger column length requires higher voltage to maintain the magnetic field, 

which is easier to achieve in an industrial facility comparing to current.  

𝑑𝐵 =  
𝜇0𝐼𝑑𝐿⃑⃑⃑⃑ × 𝑟 

4𝜋𝑅2
=

𝜇0𝐼𝑑𝐿𝑠𝑖𝑛𝜃

4𝜋𝑅2
 

𝐵 =
𝜇0𝐼

4𝜋𝑅2
∮𝑑𝐿 =

𝜇0𝐼

4𝜋𝑅2
2𝜋𝑅 =

𝜇0𝐼

2𝑅
 

The volume of the columns required is proportional to the amount of SPIONs being 

processed. To confirm the system scalability, the column was scaled up in length to five 

different volumes. 

The desired smallest size to be fractionated will also affect the DMF capacity. The 

separation concept is based on moving the smaller SPIONs away from the magnetic source. 

Therefore, the DMF capacity is limited by the amount of the desired smallest size SPIONs that 

can be immobilized. The total capacity of DMF increases if the desired fractionation size is 

large. The required magnetic force of to immobilize a larger SPION is lower than a smaller 

one. 
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2.5.2: Experiment 

The performance of the DMF was determined by its average PdI values of 4 DMF 

separations. The magnetic column was scaled into five different volumes by column length as 

shown in Figure 21. Three DMF runs and 21 PMF cycle were used to create 4 fractionations 

from starch coated SPIONs with input currents of 300 mA, 200mA, 100mA, and 0 mA. The 

DMF-SPIONs were collected and measured for their PdI values. The average PdI values were 

used to show the performances of different scaling volumes.  

2.5.3: Results 

Based on the average PdI values, the performance of the DMF remained unchanged 

regardless of the difference in volumes, as shown in Figure 22.  The result indicated that the 

system had a linear scalability with volume and the performances were almost not affected. 

Combining the automation potential described in previous section, the DMF system has shown 

very high potential for industrial use. Therefore, the DMF is believed to be the solution for 

addressing the increasing demand for monodisperse SPIONs in medical industry.  
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Figure 21. Illustration of potential scaling of column volume by column length and radius.  

 

Figure 22. Illustration to show the scalability of DMF with 100 nm starch coated SPIONs and 

its corresponding PdI performance with different column volume.  
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2.6: DMF-SPIONs from SPIONs with different surface chemistry 

2.6.1: Introduction 

It is quite often to have surface modifications on nanoparticles in biomedical 

applications either to increase biocompatibility or to add special functions to SPIONs. Due to 

large surface to volume ratio of nanoparticles, there are significant inter particle interactions 

among particles, such as surface charge repulsion and steric repulsion of long chain polymers 

from modified surface. Therefore, it is essential to confirm the DMF performances on different 

modified SPIONs. We tested the DMF with different surface coated SPIONs including 

different surface charges and long chain polymer coatings.  

2.6.3: Experiment 

Starch coated SPIONs were cross-linked, aminated, and PEGylated according to 

previously described methods. Starch coated, aminated, and PEGylated SPION were size 

separated into 9 fractions by DMF. Three trials were performed on each SPION, and DLS was 

used to measure the size properties and PdI values. An average value of 27 DMF-SPIONs for 

each surface coated SPIONs was reported. 

2.6.3: Results 

Starch coated, aminated, and PEGylated SPIONs were prepared for this experiment. 

Starch coated SPIONs had an average size of 100 nm, PdI of 0.23 and an average Zeta potential 

of -9. Aminated SPIONs had an increase in average size and size distribution to 110 nm and 

0.3 PdI value. The average zeta potential of aminated SPIONs is +40, which indicates a strong 

positive charge on surface. PEGylated SPIONs had further increased the average particle size 

to 145 nm, due to the long chain polymers. The particle size distribution was decreased to 0.15, 
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due to loss of smaller particles during the PEGylation process. The zeta potential was reduced 

to +20 from the aminated SPIONs, due to consume of amine groups.  

The DMF process was performed on these SPIONs and the results were shown in Figure 

23. Stronger magnetic field was required to immobilize the aminated SPIONs because of strong 

inter-particle repulsion and PEGylated SPIONs because of steric repulsion. Under same DMF 

conditions, starch coated SPIONs can be immobilized by only 150 mA of applied current while 

aminated SPIONs required 300 mA and PEGYlated SPIONs required 420 mA. 

The result showed that DMF had the ability to overcome inter-particle interactions. Once 

the DMF process was activated by enough magnetic field, the separation process was 

considered to work well regardless of the difference in particle surface chemistries. However, 

extremely high current input may result in over-heating at the magnetic coil and damage the 

system. 
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Figure 23. PdIs of different surface coated SPION and their DMF-SPIONs. 

 

  

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

Starch Amine PEG

P
d
I

Original SPION

DMF-SPION



 

 

54 

 

2.7: DMF for a surface modification process  

2.7.1: Introduction 

As described in earlier sections, DMF showed great performance regardless the 

difference in surface chemistry. However, surface modification process usually involves 

multiple steps with single starting material, leading to multiple intermediate products and 

resulting in single final product. There are three steps in surface modification to achieve 

PEGylated SPIONs, starting with starch coated SPIONs, followed with amination to generate 

aminated SPIONs. The aminated SPIONs were further modified to provide PEGylated SPIONs, 

as shown in the top of Figure 24. In order to optimize the DMF performance of surface 

modified SPIONs, a DMF process is performed on starting material and products from each 

surface modification step to verify the difference in results.   

2.7.2: Experiment 

Three DMF processes were performed on starch coated SPIONs, aminated SPIONs, 

and PEGylated SPIONs, which represented a starting material, an intermediate product and a 

final product respectively. The first DMF was performed on the starting material, starch coated 

SPIONs. The resulting separated starch coated SPIONs were further aminated and PEGylated 

without any further DMF treatment and labeled as P1. The second DMF started with the 

aminated SPIONs. The resulting separated aminated SPIONs were further PEGYlated without 

any additional DMF and labeled as P2. The third DMF was performed on PEGylated SPIONs 

and labeled as P3. An illustrated diagram of the experiment is shown in Figure 24. 
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2.7.3: Results 

P1 and P3 showed similar performance, while P2 showed a significant higher PdI value 

as shown in Figure 25. There are no much differences for DMF to be performed on the 

starting material or the final product. Therefore, it is preferred to perform DMF on the 

starting material to prevent the waste of expensive coating material.  
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Figure 24. A diagram for the process PEGylation and DMF for P1, P2, and P3 DMF-SPIONs. 

The PdI value of each intermediate product are listed.  
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Figure 25. PdI measurements for the final products of P1, P2 and P3 DMF-SPIONs. 
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2.8: SPIONs recovery efficiency of DMF process 

2.8.1: Introduction 

The DMF process was demonstrated to have excellent performance and scalability as a 

size separation solution in comparison to any conventional method. The SPIONs recovery 

efficiency is evaluated by comparing the collected mass of DMF-SPIONs to the mass of 

original SPIONs. Starch coated SPIONs in 100 nm were used in this experiment to evaluate 

the DMF-SPION recovery efficiency. 

2.8.2: Experiment 

Starch coated DMF-SPIONs were obtained as described previously. The DMF-SPIONs 

were measured for sizes and size distributions by DLS and their iron content with Ferrozine 

assay. The iron mass from each DMF-SPION fraction was estimated with the Ferrozine assay 

and used to create a mass weighted size distribution. The mass weight size distribution can be 

used as a relative volume weighted size distribution with an assumption of constant density. 

The volume weighted average size distribution can then be compared to the volume weighted 

DLS measurement of the original starch coated SPIONs before the DMF process. 

2.8.2: Results 

Throughout the DMF process, nine fractionations were collected from a starch coated 

SPIONs with a total iron mass of 0.4 mg, volume weighted average size of 89.7 nm and a PdI 

value of 0.18. The DMF-SPIONs had a combined total iron mass of 0.38 mg, and mass 

weighted average size of 90.8 and a PdI of 0.09. 

 Under constant density, mass is in proportionality to volume. Therefore, volume 

weighted DLS measurement was used. The DMF-SPIONs results indicated 95% in recovery 
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efficiency by mass and an average size very close to the original SPIONs, as shown in Table 

2. Almost all of the original SPIONs were recovered after the DMF treatment with very narrow 

size distributions in each fraction. The volume weighted size distribution of the original 

SPIONs can then be estimated from the DMF-SPIONs. The size distribution of the DLS 

measurement was made under an assumption of normal distribution. Therefore, the size 

distribution from recovered materials was considered to be closer to the actual size distribution 

of the original starch coated SPIONs, as shown in Figure 26. 

Our experiment has demonstrated that the DMF process is a very efficient method 

with as high as 95% recovery efficiency from the original starch coated SPIONs. In addition, 

the overall average size remained unchanged before and after the DMF treatment. Therefore, 

we can say the DMF separation results in efficiency. In the following chapter, a mathematical 

model will be introduced to help in explaining and predicting the DMF results. 
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Table 2. 

Evaluation of recovery efficiency of DMF with 100 nm starch coated SPIONs. 

 

Figure 26. A comparison of 100 nm starch coated SPION size distribution estimated from 

DMF-SPIONs with their original starch coard SPIONs. 
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2.9: Theory and system modeling 

We had proved that the DMF process is a very efficient and scalable process. The DMF 

process can also produce different monodisperse DMF-SPIONs by changing the input current 

or change to different coil if needed. In order to optimize the system capacity and the critical 

current for each fractionation, it can be time consuming and cost lots of materials to obtain a 

desired DMF conditions. Therefore, we are proposing a mathematic model to predict and 

control the DMF behaviors. 

Mathematic and physic theories were used to confirm the mechanism of the separation 

process. The DMF immobilized SPIONs with a column packed with iron beads. The magnetic 

attraction force acted upon different size SPIONs was calculated based on the magnetic 

induction around a single iron bead. The general magnetic force can be calculated with the 

following relationship. 

𝐹𝑚 = ∇(𝑚 ∙ 𝐵) 

In this mathematic model, 𝐹𝑚 is the magnetic force, m is the magnetic moment of SPIONs and 

B is the magnetic induction from magnetized the iron beads. All of the iron beads were assumed 

to be spherical, and the magnetic potential ψ of a magnetized sphere can be modeled from the 

following equation 113. 

ψ(𝑟, 𝜃) = −𝐻0𝑟 𝑐𝑜𝑠𝜃 + ∑ (𝐴𝑛𝑟
𝑛 + 𝐵𝑛𝑟

−𝑛−1)𝑃𝑛(𝑟 𝑐𝑜𝑠𝜃)
𝑛

 

In the equation, H0  is the ambient magnetic field, An and Bn  are related to the material 

magnetic permeability and boundary condition and Pn is the legendre function. 𝐻0 was 

directly measured by a tesla meter (F.W. Bell, 5100 Series). The equation can be reduced to 

the following for an iron sphere.  

ψ(𝑟, 𝜃) = −
𝑀0

3
𝑟 𝑐𝑜𝑠𝜃 +

𝑀0

3

𝑅0
3

𝑟2
𝑐𝑜𝑠𝜃 

In this equation, 𝑀0 is the magnetization of the iron bead which is a function of 𝐻0, as shown 

in Figure 27. Three magnetization curves were shown in Figure 27 and represent three 
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directions of magnetization to a single crystal iron. In this case, the magnetization directions 

were fixed, and therefore represent three magnetization of three iron crystal directions. The 

crystal structure of the iron beads was unknown, and therefore all three magnetization curves 

were used in the model for comparison. Here 𝑅0 is the radius of the iron bead which can be 

measured by the optical microscope with an average diameter of 147 µm, as shown in Figure 

28. We can then calculate the magnetic field with the following equation.  

�⃑⃑� = −𝛻𝜓 =
𝜕

𝜕𝑟
𝜓(𝑟, 𝜃)𝛿𝑟 +

𝜕

𝜕𝜃
𝜓(𝑟, 𝜃)𝛿𝜃 

The origin was set to be at the center of the sphere, and θ is the angle between the direction of 

the external magnetic field and the position of interest. Therefore, we were able to plot the total 

magnetic field H as shown in Figure 29. Further, the magnetic force equation was substituted 

to calculation magnetic force field as the following equation 

𝐹𝑚 = ∇(
4

3
𝜋𝑅𝑛𝑝

3 𝐷𝜒�⃑⃑� ∙ 𝜇�⃑⃑� ) ≅
4

3
𝜋𝑅𝑛𝑝

3 𝜇2(
𝑀𝑛𝑝

𝐵
)∇(𝐻𝑟

2 + 𝐻𝜃
2) 

Where 𝑅𝑛𝑝the radius of a nanoparticle, D is the density of the nanoparticle, 𝜒 is the magnetic 

susceptibility, µ is the magnetic permeability, 𝑀𝑛𝑝  is the mass magnetization of the 

nanoparticle, 𝐻𝑟 and 𝐻𝜃 are the r and θ components of the magnetic field. 𝑀𝑛𝑝 of SPIONs can 

be estimated by fitting the Langevin function to the SQUID measurements as shown in Figure 

30. Then the magnetic induction was obtained by 𝐵 = 𝜇𝐻 , and 𝐹𝑚 can be calculated as Figure 

31. 

A similar process was performed on the hydraulic drag force. The Reynolds number for 

the packed column can be estimated by the following equations. A Reynolds number of 12.5 

was found for the DMF system. 

𝑅𝑒𝑝 =
𝐷𝑝𝑉𝑠𝜌

(1 − 휀)𝜇
 

𝐷𝑝 = 6
𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑏𝑒𝑎𝑑

𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑏𝑒𝑎𝑑
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We assumed Newtonian flow past a single sphere, and the velocity of the fluid flow 

was calculated with the following equations. 

𝑉𝑟 = −𝑉0𝑐𝑜𝑠𝜃(1 −
3𝑅0

2𝑟
+

𝑅0
3

2𝑟3), 

𝑉𝜃 = 𝑉0𝑠𝑖𝑛𝜃(1 −
3𝑅0

4𝑟
+

𝑅0
3

4𝑟3). 

Therefore, the fluid velocity field is as shown in Figure 32. The fluid drag force on a single 

SPION can then be estimated by Stoke's drag, 

𝐹𝑑 = 6𝜋𝜂𝑅𝑛𝑝𝑉 

where 𝜂 is the fluid viscosity. A mapping of the drag force is shown in Figure 33. A combined 

result of magnetic force and hydrodynamic drag force is shown in Figure 34, where the 

intensity is calculated by the ratio of the magnetic force over the fluid drag force.  

𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 =
𝑀𝑎𝑔𝑛𝑒𝑡𝑖𝑐 𝐹𝑜𝑟𝑐𝑒

𝐹𝑙𝑢𝑖𝑑 𝐷𝑟𝑎𝑔 𝐹𝑜𝑟𝑐𝑒
 

An intensity value > 1 means that the magnetic force dominates the fluid drag force in the area, 

which will result in SPIONs to be immobilized. An intensity value ≤ 1 indicates that the fluid 

drag force is stronger than the magnetic force, which will result in SPIONs being free to travel 

and released from the system. Integration of all volumes with intensity value >1 results in an 

effective volume Ve. Ve is the maximum capacity of SPIONs on a single sphere at a specific 

input current and specific size. Therefore, Ve is a function of particle size and the input current. 

Therefore, we can model the Ve by the following equation based on an assumption of [1,1,1] 

crystal direction for the iron beads, where the black dots are the theoretical values and the color 

surface is the fitting equation. 

𝑉𝑒 [1,1,1] = 𝑎 + 𝑏 ∙ ln(𝑦 + 𝑐) + 𝑑 ∙ (𝑥 − 𝑒) 
3
 

a = 0.117, b = 0.0519, c = 2.43d = 5.34e-9, e = -249 

Where for the presented function the fit had  𝑅2 = 0.93. The relationship is shown in Figure 

35, where area below the color surface indicates SPIONs to be immobilized due to the 

domination of the magnetic force. On the other hand, area above the color surface indicates 



 

 

64 

 

SPIONs are free to release. The same process applied to [1,1,0] iron crystal direction, as shown 

in the following equation and Figure 36. 

𝑉𝑒 [1,1,0] = 𝑎 + 𝑏 ∙ ln(𝑦 + 𝑐) + 𝑑 ∙ (𝑥 − 𝑒) 
3
 

a = 0.177, b = 0.0326, c = 0.13, d = 3.93e-9, e = -320 

For [1,0,0] iron crystal structure, the theoretical result could not fit into the same model, as 

shown in Figure 37. The [1,0,0] crystal structure indicates the separation will not happen, 

because all the particle will either be immobilized or released at once. The relative volume was 

measured, as shown in Figure 26 in the previous section, but the actual Ve for the immobilized 

SPIONs was unknown. The first fractionation of the experiment involved SPIONs that were 

not captured with the highest magnetic field, which does not apply to our mathematic model. 

Therefore, the second fractionation data was used to determine the Ve for the system. The 

second fractionation had an average size of 72.32 nm and was released from a change of input 

current from 300 mA to 200 mA. We can estimate the Ve at 300 mA and 200 mA separately 

with the Ve modeled equation and calculate the total Ve for the system with the known relative 

volume. Thus, the Ve of each data point can be calculated and combined with the known 

average size from each separation. We can then determine the theoretical input current for each 

fractionation to happen from the fitted equations. We can then compare the theoretical 

estimates with the experimental, as shown in Figurer 38. The experimental result agrees very 

well with the theoretical value calculated from the [1,1,1] crystal directions.  

The experimental results showed a very close relationship to the theoretical plot with 

assumptions of no diffusion and mono-crystal structure of the iron beads. The model requires 

the magnetic susceptibility of the particle which can be measured by SQUID with a small 

amount samples which can be reused. A test run of DMF is required with at least three 

separations. After the test run, the model can be used to calculate the input current setting for 

different DMF separations with different desired average size. The model have room for further 

improvement by other fitting equations. In the future, a better understanding of the equation 
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will be developed by connecting the theoretical result to its physical meaning. Then, the model 

can be applied to different SPIONs with different physicochemical properties without the need 

of the DMF test run. 
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Figure 27. Iron magnetization curve for single crystal in [1,0,0], [1,1,1] and [1,1,0] directions. 

Miller indices are used for different crystal directions. 

 

Figure 28. Iron beads under optical microscope.  
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Figure 29. Scalar magnetic potential of a single iron bead.  

  

Figure 30. A Langevin function fit to a SQUID measurement of 100 nm starch coated 

SPIONs. 
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Figure 31. Magnetic force field of a single iron bead. 

 

Figure 32. Fluid flow past a sphere with a Newtonian flow. 
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Figure 33. Hydrodynamic drag force on SPIONs past an iron sphere. 

 

Figure 34. Illustration of an image of magnetic force / fluid drag force around a single iron 

bead. 
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Figure 35. 3D illustration of the effective volume (Ve) with input current (mA) and particle 

size (nm) with a single iron sphere with a [1,1,1] crystal direction. 

 

Figure 36. 3D illustration of the effective volume (Ve) with input current (mA) and particle 

size (nm) with a single iron sphere with a [1,1,0] crystal direction. 
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Figure 37. 3D illustration of the effective volume (Ve) with input current (mA) and particle 

size (nm) with [1,0,0] crystal direction. 

 

Figure 38. Theory vs experimental plot of 100 nm starch coated DMF-SPIONs and the 

theoretical result with a [1,1,1] and [1,1,0] crystal direction. 
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2.10: Application of monodisperse SPIONs 

2.10.1: Introduction 

In general, polydisperse SPIONs show random bio-distribution, MRI enhancement 

and low energy transformation. The effect of particle size was intensively studied by many 

researchers, but the effect of size distribution was mostly ignored. The main reason is because 

of the limited technology in controlling and obtaining samples with different size distribution 

for study. None of the existing techniques were able to produce monodisperse SPIONs. Now, 

the presented DMF technique enables us to have a closer look to the behavior of 

monodisperse SPIONs.  

SPIONs behavior can be controlled with an external magnetic field. Unlike static 

magnetic field, alternating or rotational magnetic field tends to make SPIONs stay in 

suspension.  The phenomena was related to the particle-particle interaction of SPION 64. On 

the other hand, a polydisperse sample has a very different behavior from a monodisperse 

sample, for examples, SPIONs and DMF-SPIONs. 

2.10.2: Experiment 

The experiment was set-up as in Figure 39, where 50 µl SPION or DMF-SPIONs was 

introduced to the top of the 1 µm membrane with cell culture media solution (CCM). On the 

other side of the membrane, CCM of 200 µl was filled without any particle. There was a 

rotational magnet outside the bottom of the set-up to provide a rotational magnetic field with 

controlled rotational speed. CCM showed a better penetration in comparison to water or PBS 

(Phosphate Buffered Saline). A100 µl solution was taken out and replenished with the same 

amount of fresh CCM at each designated time period. Iron content was measured by ferrozine 

assay to assess the particle penetration profile for every taken sample. 
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Furthermore, the system was optimized by tuning the strength and the rotational speed 

of the magnetic field as shown in Figure 40 and Figure 41. PEGylated SPIONs with the 

molecular weight of 5K were selected for this experiment because of its superior penetration 

profile. 

2.10.3: Result: 

DMF-SPIONs exhibited a significant increase in penetration in comparison to SPIONs. 

DMF-SPIONs showed a 90% penetration in 2 hrs while SPIONs showed 70% penetration 

under the same condition, as shown in Figure 42. Figure 42 also indicated that SPIONs can 

form and de-form inter-particle structures with different rotational magnetic field. The actual 

inter-particle mechanisms remain unknown. However, our exciting preliminary results showed 

that the monodisperse DMF-SPIONs behaved very different from polydisperse SPIONs. It 

means that current SPION related technologies is indeed missing an important factor. 
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Figure 39. Experimental setup of SPIONs penetration study through a 1µm membrane with a 

rotational magnetic field. 
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Figure 40. A Plot the amount of SPION penetration with different rotation speed and different 

surface coating.  

 

Figure 41. SPION penetration with different magnetic field strength with a 200 rpm rotational 

magnetic field. 
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Figure 42. PEGylated SPIONs penetrated through 1µm membrane with a rotational magnetic 

field of different frequencies. Free diffusion indicates SPIONs penetration without any 

magnetic field.  
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2.11: Conclusions of size homogeneity 

SPION is one of the most powerful nanoparticle because it has both magnetic property 

and biocompatibility. In comparison with other nanomaterials, multiple SPION based particles 

were FDA approved for different usages, such as AMI-225, Feridex or Resovist. However, the 

undesired size effects and inconsistent performances limit the adoption of this technology. 

Broad size distribution of SPIONs is the root cause for all the concerns. Therefore, many 

researchers turned away and looked for other nanomaterials with controllable size distribution, 

such as gold and silica nanoparticles. However, none of the material is able to provide the same 

advantages of SPIONs. That is why we focus on developing a solution, DMF method, to narrow 

down the size distribution of SPIONs.  We have demonstrated that DMF is an efficient, 

controllable and scalable size separation method. It enables the preparation of monodisperse 

SPIONs with size distribution of σ ≤ 5% and PdI ≤ 0.1 which is unachievable by any other 

conventional methods. The DMF has also been proven to work for SPIONs with different 

surface chemistry and inter-particle interactions. We believe our innovation will bring SPION 

applications into a whole new level with a more controllable target delivery, more consistent 

MRI enhancement and better energy transformation in the near future.  The monodisperse 

SPIONs can form or de-form inter-particle structures through external control. It will open up 

lots of potential applications in a totally new dimension, for examples, in controlling and 

releasing drug treatment as commended through external energy,    
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2.12: Future Work – Improvement of surface chemistry homogeneity of SPIONs 

2.12.1: Introduction 

All nanoparticle applications in biomedical field involved certain ways of delivery. It 

usually delivers drug or energy for medical treatment or the particle itself for imaging. However, 

the efficiency of the delivery was considerably low. In most cases, only 5% is able to reach the 

targeted biological entity. The remaining 95% of the nanoparticles was usually cleared out by 

different biological systems or just never had a chance to reach to the targeted area 32. Therefore, 

countless researches invested on seeking a better way to improve the circulation time of 

nanoparticles. Among all physicochemical properties, the surface chemistry is the most 

important factor for circulation time of nanomaterials. Different coating systems were tested 

for an optimal solution for its application. Regardless of different synthesis methods, the 

product was always a combination of uncoated, slightly coated and fully coated particles. 

Different degree of modification results in particles with very different circulation. That is also 

the key reason for many synthesis methods which results in different circulation time for the 

same product. Therefore, we are suggesting a separation process to separated particles with 

different surface chemistry and generate homogenous products by their surface chemistry.  

2.12.2: Experiment 

SPION particles are used very often for their magnetic property. SPIONs with different 

surface coatings were separated by their size before the surface selection process; so each 

SPION sample has the same average size. Starch coated, aminated and PEGylated particles 

were used in this experiment as three different surface coatings. Each of them was separated 

with DMF by size to generate three samples with an average particle size of 100 nm. Then 

these particles were mixed together to represent a very broad surface chemistry distribution. 
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The mixture was then separated with DMF at three different magnetic fields. Zeta-potential 

was measured before and after the separation to show the difference in surface chemistry, as 

shown in Table 3. The Zeta potentials of the original SPIONs, mixture and the separated 

samples are shown in Figure 43, Figure 44 and Figure 45 respectively.  

2.12.3: Results 

The result showed that different surface coating could be separated by balancing the 

hydrodynamic drag force and magnetic force. Even though more experiments needed to be 

done to confirm surface chemistry from the result, our preliminary results have shown great 

value to the possibility of recycling unmodified or slightly modified SPIONs for further 

reaction and purification of the production for a long circulation time. 
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Surface Zeta potential 

(mV) 

Zeta potential after 

separation (mV) 

PEG +20.05  +23.95 

Amine +39.1  +40.83  

Starch -10.14  -9.35  

Mixture of three 

(1:1:1) 

-0.93 

Table 3. Zeta potential measurements of SPIONs before and after the surface separation 

process. 

 

Figure 43. Zeta potential measurement of the original PEGylated, starch coated and aminated 

SPIONs before surface separation process.  
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Figure 44. Zeta potential of 1:1:1 mixture of aminated, PEGylated and starch coated SPIONs  

 

Figure 45. Zeta potential measurement of the surface separated PEGylated, starch coated and 

animated SPIONs.  
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2.13: Future Work –  Improvement of composition homogeneity of SPIONs 

2.13.1: Introduction 

SPIONs were usually synthesized with a shell and core structure. The shell is usually 

made of long chain polymers and the core is usually 70-90 % magnetite which leave 10-90% 

of other crystal structure or other materials. The content of the magnetite has a direct impact 

on its magnetic properties, which is extremely important for MRI related studies. Beside 

particle size distribution, which directly affect the amount of magnetite content, the 

composition of the SPION core is the major factor for inconsistent MRI enhancement. 

Different synthesis methods will produce SPIONs with different magnetite purity distribution. 

Currently, there is no method to separate SPIONs with composition difference. Therefore, we 

are suggesting a methodology to purify the core composition of SPIONs.  

2.13.2: Experiment 

During the size separating of our previous work, some MF-SPIONs showed a similar 

average size under different magnetic field as shown in Figure 46. Further investigation was 

done to confirm their magnetic susceptibility. Three samples were MF separated into a similar 

average particle size under three different external magnetic fields. Magnetic susceptibilities 

were measured for all of three MF-SPIONs and showed very different magnetic properties as 

shown in Figure 47.  

2.13.3: Results 

The preliminary result showed that particular magnetic composition could be selected 

out by the size separation method, which needs to be confirmed with the DMF. The DMF 

method with narrow and controlled size distribution should provide an explanation whether the 
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preliminary results were affected by the size distribution of the three MF-SPIONs. However, 

the experiment is currently still in progress, and more work needs to be done to confirm whether 

the result was indeed caused by different magnetic composition. A combination the DMF and 

X-Ray diffraction technique will be used to provide the relationship with different crystal 

structures of the SPIONs.  
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Figure 46. DLS measurement of three MF-SPIONs, which separated in three different magnetic 

fields. All three MF-SPIONs have almost the same average size. 

 

Figure 47. SQUID measurement of magnetic susceptibility of sample A, B and C which was 

separated in three different magnetic field during MF process.  
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