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Chapter 1 – General Introduction 

 

 

 
 

 

1.1 Introduction 

Nanotechnology, a field that manipulates matter at the nanoscale to create new materials and devices, 

has a rich history dating back to the 4th century, with the Lycurgus Cup as an early example of 

nanoparticle use. 1 However, it wasn't until the late 20th century that nanotechnology truly began to 

flourish, following Richard Feynman's famous 1959 speech, "There's Plenty of Room at the Bottom," 

and the subsequent development of tools like the scanning tunneling microscope in the 1980s.2,3 This 

period marked a significant shift, enabling scientists to directly observe and manipulate atoms and 

molecules. The allure of nanotechnology lies in its potential to revolutionize a myriad of sectors, from 

medicine and electronics to energy and environmental protection, by leveraging the unique properties of 

materials at the nanoscale, such as increased reactivity, strength, and electrical characteristics.4-8 

The applications of nanotechnology are vast and varied, touching nearly every aspect of our daily 

lives. Medicine offers targeted drug delivery systems that reduce side effects and improve treatment 

efficacy.9-13 In electronics, nanotechnology has been instrumental in creating smaller, more efficient 

devices, leading to faster computers and more compact memory storage.14-19 Environmental applications 

include nanomaterials for water purification and energy conversion, significantly impacting renewable 

energy technologies and pollution control.20-26 Moreover, nanotechnology plays a critical role in 

developing advanced materials with enhanced properties, such as increased mechanical strength,27 

lighter weight,28 and improved thermal performance,29 finding applications in industries ranging from 

aerospace to sports equipment.30,31 

Before the advent of nanotechnology, biosensors were limited by the materials and technologies 
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available, often resulting in devices with lower sensitivity and specificity.32,33 Traditional biosensors 

relied on bulkier materials that could not provide the same level of interaction with analytes as 

nanomaterials do.34 The emergence of nanotechnology in biosensing has dramatically transformed the 

field, introducing materials with high surface area-to-volume ratios, unique optical properties, and 

enhanced electrical conductivity.35-38 These advancements have led to the development of biosensors 

with significantly improved performance, capable of detecting biomolecules at much lower 

concentrations, with greater accuracy, and over broader ranges of conditions. Nanotechnology has 

enabled the creation of compact, portable biosensors that can be used for rapid, on-site analysis in 

environmental monitoring, medical diagnostics, and food safety. 

Analytes in biosensors can range from ions and small molecules to proteins and nucleic acids, each 

requiring specific strategies for effective detection 39-42). The binding of nanoparticles to these analytes 

is crucial for the functionality of nanotechnology-enhanced biosensors.43-45 This binding can be achieved 

through various mechanisms, including covalent bonding,46,47 where a stable, permanent linkage is 

formed between the nanoparticle and the analyte; ionic bonding, 48,49 which relies on the electrostatic 

attraction between charged entities; and click chemistry,50-52 a newer approach that enables the rapid, 

selective synthesis of substances by joining small units together. Each of these binding strategies offers 

different advantages, such as the strength and stability of covalent bonds, the versatility and reversibility 

of ionic bonds, and the efficiency and specificity of click chemistry reactions.53-55 Through these 

methods, nanoparticles can be precisely and effectively linked to analytes, significantly enhancing the 

sensitivity and selectivity of biosensors. 

The integration of nanotechnology into the field of biosensing represents a monumental leap forward, 

offering unprecedented levels of sensitivity, specificity, and versatility. As research and development in 

nanotechnology continue to advance, the potential applications of nanotechnology-enhanced biosensors 

will expand, further revolutionizing our ability to detect and analyze biological and chemical substances. 

This ongoing evolution underscores the transformative impact of nanotechnology on biosensing and 



3 

 

many other fields, promising a future where the limits of detection and analysis continue to be pushed 

ever further. 

1.2 Sensing Label and Method 

Sensing labels are the cornerstone of biosensing technologies, playing an instrumental role in 

detecting and quantifying biological markers across many applications. Engineered to interact with 

analytes—essential substances within samples specifically—these labels are crucial for the precise 

identification and quantification of biological entities 56,57). Selecting an appropriate sensing label is 

critical, profoundly influencing the biosensor's sensitivity, specificity, and overall operational efficiency. 

Enzymes, antibodies, aptamers, and nanomaterials are among the typical labels, each offering distinct 

advantages. Enzymes are lauded for their specific catalytic action and signal amplification capabilities, 

while antibodies offer unparalleled specificity towards target antigens.58-60 

At the core of biosensing technology lies the intricate interaction between the sensing label and the 

analyte, which induces a measurable physical alteration directly correlated with the analyte's 

concentration. This crucial interaction can manifest in detectable changes, such as optical, 

electrochemical, or thermal shifts. The specific nature of these changes is meticulously designed to align 

with the biosensor's architecture and the unique characteristics of the sensing label employed. 

The advent of nanotechnology has heralded the introduction of an innovative category of sensing 

labels, namely nanoparticles, distinguished by their exceptional physical and chemical attributes. This 

distinction is attributed to their diminutive size and expansive surface area-to-volume ratio. Among the 

plethora of nanoparticles being rigorously investigated for their biosensor labeling capabilities are 

magnetic nanoparticles, quantum dots, and gold nanoparticles. Each of these nanoparticles offers unique 

properties, making them invaluable in biosensing. In the ensuing discussions, I delve into the nuances of 

various types of biosensor labels, specifically focusing on those based on electrochemical, optical 

(photo), and magnetic principles, outlining their distinctive features and applications in the biosensing 

landscape. 
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Electrochemical biosensors utilizing nanoparticles harness specific detection mechanisms, where the 

interaction between nanoparticles and target analytes induces measurable changes in electrical 

properties, such as current, voltage, or impedance. 61-65 Nanoparticles commonly employed in 

electrochemical biosensors include conductive polymers,66-68 carbon nanotubes (CNTs),69-74 and metal 

nanoparticles like gold and platinum, 75-80 which facilitate electron transfer processes enhancing the 

sensor's sensitivity and specificity. These nanoparticles offer significant advantages, including low 

detection limits, high surface area for immobilization of recognition elements, and the capability for 

miniaturization and integration into portable devices. However, they also come with disadvantages, such 

as potential environmental and health risks associated with nanoparticle disposal and the need for precise 

control over nanoparticle synthesis to ensure uniformity and reproducibility in sensor performance. 

Optical biosensors utilize nanoparticles to achieve susceptible and specific detection of biological 

analytes through mechanisms such as fluorescence or surface plasmon resonance. 81-84 Gold 

nanoparticles and quantum dots are prime examples used in these systems, owing to their strong optical 

properties and the ability to modify their surface for specific analyte recognition.85-90 The detection 

mechanism often involves changes in the optical signal, such as shifts in fluorescence intensity or 

wavelength, when nanoparticles interact with the target analyte, allowing for quantitative analysis. While 

optical nanoparticle biosensors offer the advantages of rapid detection and high sensitivity, they also face 

challenges. These include the potential for photobleaching, where the fluorescent signal fades over time, 

and quenching effects that can reduce signal clarity. Additionally, the synthesis and functionalization 

processes for these nanoparticles can be complex and expensive, limiting their accessibility and 

increasing the overall cost of the biosensing method. 

Building upon our discussion of electrochemical and optical biosensors, I delve into the realm of 

magnetic biosensors, which harness the capabilities of magnetic nanoparticles to achieve highly sensitive 

and specific detection of biological analytes. Utilizing materials such as superparamagnetic iron oxide 

nanoparticles (SPIONs) and magnetic quantum dots, these biosensors employ the distinct magnetic 
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properties of these nanoparticles to facilitate direct detection of target analytes without reliance on optical 

visibility. The underlying detection mechanism in magnetic biosensing predominantly involves the 

observation of modifications in magnetic field strength or magnetic resonance signatures induced by the 

interaction between magnetic nanoparticles and the target analyte. 91-95 Such interactions may manifest 

as quantifiable alterations in the magnetic signal, including variations in signal amplitude or phase shifts, 

thereby enabling accurate determination of analyte concentrations. Magnetic biosensors present several 

advantages, including their capability to penetrate deep tissues unimpeded by biological matter and their 

immunity to photobleaching and quenching phenomena, which are common pitfalls of optical biosensing 

methods. Nonetheless, they are not without challenges. The requirement for an advanced magnetic field 

detection apparatus and the intricate process of synthesizing and functionalizing magnetic nanoparticles 

with precise specificity and stability present considerable hurdles. These factors can influence the 

scalability and economic viability of magnetic biosensing platforms. Consequently, while magnetic 

biosensors hold significant promise for the future of biomolecule detection, addressing these challenges 

will be pivotal in fully realizing their potential and integrating them into widespread practical 

applications. 

1.3 Magnetic Sensing Method 

Magnetic sensing offers a compelling alternative to optical and radiation-based sensing techniques, 

especially in biomedical applications, where the sample matrix's complexity can significantly impact 

detection methods' efficacy. Optical techniques, which rely on light transmittance, face challenges in 

environments like bodily fluids, where turbidity can scatter or absorb light signals, complicating 

detection. Radiation sensing, while capable of penetrating the body, poses health risks due to exposure, 

necessitating specialized facilities and personnel, thus limiting its practicality and safety for routine use. 

In contrast, magnetic sensing techniques stand out for their ability to transmit through the body 

harmlessly, leveraging the non-invasive nature of magnetic fields. This method does not alter or damage 

cellular structures, making it ideal for biomedical applications. The stable magnetic signal from labels 
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within the body can be detected and measured relatively easily, bypassing the limitations of optical and 

radiation methods. 

Several magnetic detection techniques have been developed, each with its unique application and 

mechanism of action: 

I. Magnetic Sensing. Magnetic sensing, as a pivotal technique in detecting magnetic labels within 

biological samples, utilizes sophisticated magnetic field sensors, such as the Hall effect and 

magnetoresistive sensors, to discern subtle changes in magnetic field strength. 96-99 These sensors operate 

on the principle that when introduced to a sample, magnetic labels measurably alter the local magnetic 

field. Hall effect sensors leverage the Hall effect, where a voltage difference is generated across an 

electrical conductor transverse to an electric current in the conductor and a magnetic field perpendicular 

to the current. Magnetoresistive sensors, on the other hand, detect changes in resistance that occur in 

response to a magnetic field. These variations in voltage or resistance directly correlate with the presence 

and concentration of magnetic labels in the sample, allowing for precise quantification and localization. 

II. Magnetic Particle Detection. Magnetic Particle Detection is a sophisticated technique that 

employs specialized instruments like magnetic susceptometers or magnetometers to directly assess the 

magnetic properties of particles that have been tagged with magnetic labels. 100,101 This method hinges 

on the principle that when subjected to an external magnetic field, magnetic labels measurably alter their 

magnetic state. The susceptometers or magnetometers used are highly sensitive to these changes, 

enabling them to detect even minute variations in the magnetic behavior of the labeled particles. This 

technique provides a detailed quantitative analysis of the labeled particles in a sample by measuring 

parameters such as magnetic susceptibility, remanence, and coercivity. 

III. Magnetic Resonance Imaging (MRI). Magnetic Resonance Imaging (MRI) is a sophisticated 

diagnostic tool that utilizes the magnetic properties of atoms within the body, often enhanced by the 

introduction of magnetically labeled particles, to generate detailed images of tissues and biological 

structures. 102-104 This technique hinges on the alignment of the nuclear spins of atoms, mainly hydrogen, 
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in response to a strong external magnetic field. When these aligned atoms are exposed to radiofrequency 

pulses, they emit signals as they return to their original alignment. The presence of magnetically labeled 

particles can alter the local magnetic field, affecting the relaxation times of nearby hydrogen atoms. 

These variations in signal intensity are captured and converted into high-resolution images by the MRI 

scanner, providing unparalleled insights into the body's internal structures and the distribution of labeled 

particles. This ability to visualize soft tissues with exceptional clarity makes MRI an invaluable tool in 

diagnosing a wide range of physiological conditions, from brain tumors to heart diseases, by offering a 

non-invasive, detailed view of the body's internal workings without ionizing radiation. 

IV. Magnetophoresis. Magnetophoresis, a sophisticated technique within magnetic sensing, operates 

by applying magnetic forces to control and segregate labeled magnetic particles suspended in a fluid 

medium.105 This method exploits the principle that magnetic particles will move in response to a 

magnetic field gradient, with their velocity and direction depending on the strength and orientation of 

the applied magnetic field and the magnetic properties and size of the particles themselves. By carefully 

modulating these magnetic forces, magnetophoresis enables the precise manipulation of particles, 

guiding their movement toward specific locations or through predefined paths. This controlled 

movement effectively separates particles from a complex mixture or their concentration in particular 

areas, making it possible to detect and analyze the labeled entities based on their spatial distribution or 

accumulation. Such a technique is invaluable in various applications, including targeted drug delivery, 

biomolecular separation, and the enrichment of sample components for enhanced detection sensitivity in 

biosensing platforms. 

V. Magnetic Particle Spectroscopy (MPS). Magnetic Particle Spectroscopy (MPS) is a sophisticated 

technique that probes the behavior of magnetically labeled particles when subjected to alternating 

magnetic fields.106-109 In this process, the labeled particles are exposed to a magnetic field that changes 

direction at varying frequencies, causing the magnetic moments of the particles to realign with the field's 

direction. This realignment is not instantaneous; the particles' magnetic moments lag behind the changing 
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field, creating a phase shift and generating higher harmonics of the original frequency in the magnetic 

signal. By analyzing these harmonics and phase shifts, MPS can provide detailed information about the 

magnetic properties of the particles, including their size, concentration, and distribution within a 

biological sample. This makes MPS a powerful tool for the non-invasive detection and quantification of 

magnetic particles, offering potential applications in medical diagnostics, therapeutic monitoring, and 

targeted drug delivery systems. 

VI. Superconducting Quantum Interference Device (SQUID) Detection. The Superconducting 

Quantum Interference Device (SQUID) detection mechanism is one of the most sensitive methods for 

measuring extremely weak magnetic fields, such as those generated by magnetic labels in biosensors.110 

SQUID sensors operate on superconductivity and quantum interference principles, employing two 

superconducting loops connected by Josephson junctions. When exposed to a magnetic field, the current 

flowing through these loops is modulated, resulting in quantifiable changes in voltage that directly 

correlate with the strength of the magnetic field. This allows SQUIDs to detect minute changes in 

magnetic fields with unparalleled precision. The ability of SQUID sensors to identify these subtle 

variations makes them exceptionally useful in biomedical applications, where they can pinpoint the 

presence of magnetically labeled particles, even in the complex and noisy background of biological 

samples. Their high sensitivity and specificity enable the detailed analysis and imaging of biological 

structures and functions, contributing significantly to medical diagnostics and research advancements. 

VII. Magnetic Relaxation. Magnetic relaxation sensing involves observing changes in the relaxation 

times of magnetic labels when subjected to an external magnetic field.102 This technique is predicated on 

the principle that when placed in a magnetic field, magnetic nanoparticles will align with that field. Once 

the external field is removed, the particles return to their initial random orientation, characterized by a 

specific relaxation time. The relaxation time is influenced by several factors, including the nanoparticles' 

size, shape, and magnetic properties, as well as their environment and concentration. By measuring how 

quickly or slowly the magnetic labels return to equilibrium after removing the magnetic field, magnetic 
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relaxation sensing can deduce the concentration of labeled particles in a sample. This is because the 

relaxation times vary depending on the interactions between the particles and their distribution within 

the medium, providing valuable information about the characteristics of the labeled particles and their 

surrounding environment. This method is advantageous in biosensing applications, allowing for 

detecting and quantifying target molecules or cells in complex biological matrices without the need for 

direct visualization or labeling with optical or radioactive markers. 

Each of these techniques leverages magnetic sensing's unique advantages, offering noninvasive, 

highly sensitive, and specific detection methods suitable for a wide range of biomedical applications, 

from diagnostics to therapeutic monitoring. This highlights magnetic sensing's transformative potential 

in medical science. 
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1.4 Magnetic Nanoparticles 

1.4.1 Overview 

In the landscape of magnetic nanoparticles, a diverse array of types exists, each characterized by 

distinct magnetic behaviors. Among these, superparamagnetic, ferromagnetic, and paramagnetic 

nanoparticles are the most prevalent, with their differences in characteristics fundamentally explained 

by the Stoner-Wohlfarth model.111,112 This model provides a theoretical framework for understanding 

the magnetic properties of nanoparticles, mainly focusing on their response to external magnetic fields 

and their magnetic anisotropy energy barriers, which dictate their magnetic orientation stability. 

 

Figure 1 The hysteresis loops generated by the Stoner–Wohlfarth model are utilized to distinguish 

between ferromagnetic, paramagnetic, and superparamagnetic nanoparticles. 113 

Ferromagnetic nanoparticles are characterized by their ability to retain a significant amount of 

magnetization even after removing the external magnetic field, known as remanent magnetization. While 

useful in specific applications, this trait leads to a tendency for these particles to aggregate, which 

depends on the magnetic field and particle magnetic moment, reducing their performance in biomedical 

applications due to the induced dipole-dipole attractions.114,115 Conversely, paramagnetic nanoparticles 

exhibit magnetization only in an external magnetic field and do not retain magnetization once the field 

is removed. While this behavior minimizes aggregation, the drawback lies in the necessity for a large 
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magnetic field to induce a sufficient level of magnetization for detection purposes, necessitating larger 

coils and thereby increasing the complexity and size of the detection apparatus. 

Superparamagnetic nanoparticles, particularly those exemplified by superparamagnetic iron oxide 

nanoparticles (SPIONs), offer a middle ground that combines the advantages of both ferro- and 

paramagnetic materials without their respective drawbacks. When subjected to an external magnetic 

field, these nanoparticles become magnetized, similar to ferromagnetic particles, but crucially, they do 

not retain any magnetization upon removal of the field, effectively eliminating the risk of aggregation 

due to remanent magnetization. This property renders them ideal for biosensing applications, as it 

facilitates ease of handling and precise control over particle behavior in biological matrices. 

The absence of remanent magnetization in superparamagnetic nanoparticles significantly enhances 

their utility as magnetic labels in biosensing. 116 This characteristic ensures that superparamagnetic 

nanoparticles remain dispersed and mobile in solution, improving the sensitivity and specificity of 

detection by allowing for a more homogeneous and dynamic interaction with target analytes. Moreover, 

the need for only minimal external magnetic fields to magnetize these particles simplifies the design and 

operation of the biosensing platform, making it more efficient and cost-effective. In contrast, the 

aggregation tendency of ferromagnetic nanoparticles and the high magnetic field requirements for 

paramagnetic nanoparticle magnetization present substantial challenges, making superparamagnetic 

nanoparticles (SPIONs) a more favorable choice for magnetic labeling in biosensing applications. 

1.4.2. Synthesis Route of SPIONs  

Iron oxide nanoparticles (IONPs) have captured the scientific world's attention for over four decades, 

remaining among the most extensively studied and applied nanomaterials. The significant interest in 

IONPs stems from their unique physicochemical and magnetic properties, such as superparamagnetic, 

high coercivity, low Curie temperature, and notable magnetic susceptibility.112,113 These features render 

IONPs highly adaptable, facilitating their incorporation into diverse applications ranging from multi-

terabit data storage 117 and catalysis 118,119 to targeted drug delivery 120, magnetic hyperthermia 121-123, 
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MRI contrast enhancement 124, biosensing 125, bioseparation 126, thermoablation 127, and the creation of 

intelligent materials.128 The effectiveness and functionality of IONPs are intimately connected to their 

size, shape, and morphological characteristics, thereby emphasizing the ongoing need to refine synthesis 

methods to achieve precise control over these fundamental aspects. 129,130 

Various synthesis techniques are available for crafting IONPs, each presenting distinct advantages 

tailored to specific application requirements. For instance, solvothermal synthesis 131-134 involves 

reacting a precursor within a solvent under elevated temperatures and pressures, enabling meticulous 

particle size and morphology adjustment. The co-precipitation method 135,136, recognized for its 

simplicity and efficiency, precipitates iron salts from an aqueous solution by adding a base under 

controlled conditions. Thermal decomposition 137,138 breaks down iron-containing compounds at high 

temperatures in the presence of organic solvents with high boiling points, producing uniform, high-

quality nanoparticles. Hydrothermal synthesis,139 a water-based variant of solvothermal synthesis, is 

celebrated for its environmental friendliness and capability to govern nanoparticle development. 

Microemulsion techniques 140 create a specialized medium for nanoparticle synthesis, providing 

superior control over particle dimensions, albeit sometimes involving intricate processes. 

Mechanochemical 141 synthesis, a solvent-free, dry method, employs mechanical energy to trigger 

chemical reactions, making it environmentally friendly. Electrochemical synthesis 142, finally, utilizes 

electrochemical reactions to form nanoparticles, facilitating straightforward regulation of particle size 

and distribution. 

This research primarily delves into solvothermal methods due to their notable advantages. The 

solvothermal approach is distinguished by its superior control over nanoparticles' crystal structure and 

surface attributes, which assures the fabrication of highly monodispersed nanoparticles with specific 

sizes and shapes. This method's precision is especially appreciated for its capacity to generate 

nanoparticles with precise properties essential for cutting-edge applications, demonstrating the 

solvothermal technique's crucial role in advancing the field of nanotechnology and broadening the scope 
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of possible IONP applications. 

 

1.4.3. Strategy for High Stability of SPIONs 

To enhance the high stability of superparamagnetic iron oxide nanoparticles (SPIONs) within 

complex biological systems, it is essential to employ strategies that involve meticulous stabilization 

through surface modification. These strategies are crucial for mitigating the undesired aggregation 

caused by the screening effects of ions, proteins, and other macromolecules prevalent in biological 

systems. One efficient approach uses citric acid (CA) to stabilize SPIONs by coating their surfaces to 

form CA-functionalized iron oxide nanoparticles. This method provides a robust colloidal solution that 

resists agglomeration and enhances the hydrophilicity and dispersibility of nanoparticles in aqueous 

solutions, thereby maintaining their functionality in water 136,143-148). 

The screening effects from ionic interactions in biological fluids can significantly agglomerate 

nanoparticles, impairing their functionality and limiting their application potential. 149-155 By modifying 

the surface of SPIONs with citric acid, the nanoparticles gain an electrostatic force that minimizes 

interactions with biomolecules. This electrostatic stabilization is achieved by forming a diffuse layer 

around each nanoparticle, as shown in Fig. 1.1.(a). The diffuse layer consists of counterions surrounding 

the charged nanoparticle, creating an electrostatic repulsion between particles and thus enhancing their 

stability in water, preventing precipitation at the bottom of the container. However, when salt is added 

to the solution (Fig. 1.1.(b)), the concentration of counterions increases, which screens the nanoparticles' 

surface charges and results in a thinner diffuse layer. This reduction in the thickness of the diffuse layer 

weakens the repulsive forces between nanoparticles, adversely affecting their stability. Consequently, 

the nanoparticles may collide more frequently and form larger clusters due to random colloidal motion. 

Over time, as these clusters grow, some particles may begin to precipitate. The longer the nanoparticles 

are exposed to counterions and the higher the salt concentration, the more pronounced this effect 

becomes, forming even larger clusters and ultimately causing more particles to precipitate at the bottom 
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of the glass, as depicted in Fig. 1.1.(c). 

Moreover, the stabilization strategy involving citric acid is complemented by using other coating 

agents such as polyethylene glycol (PEG), dextran, or polyethyleneimine (PEI). 156-166  These substances 

are known to reduce the nonspecific adsorption of proteins and prevent the aggregation of nanoparticles 

in ionic environments, further enhancing the performance of SPIONs in clinical settings. However, the 

simplicity and efficacy of citric acid modification, as elaborated in recent studies, highlight its potential 

to offer a protective coat and enhance the magnetic responses of SPIONs. This makes citric acid a 

desirable option for developing next-generation medical applications where nanoparticle stability and 

functionality are paramount. 

Including citric acid as a stabilizing agent is advantageous because it binds effectively to iron oxide 

surfaces, creating a stable layer that prevents clumping and preserves the nanoparticles' 

superparamagnetic properties. This interaction between citric acid and the nanoparticle surface is crucial 

for maintaining the discrete nature of nanoparticles, which is essential for achieving precise targeting 

capabilities in therapeutic and diagnostic applications. Additionally, the enhanced surface charge 

provided by citric acid modification leads to increased repulsion between individual nanoparticles, 

further preventing aggregation. 

Given these attributes, the strategic use of citric acid fortifies the physical and chemical stability of 

SPIONs and opens new, promising avenues for their application in biomedicine. This approach, backed 

by empirical research and successful stabilization techniques, underscores the critical role of surface 

chemistry in developing and deploying nanoparticle-based technologies in healthcare. The ongoing 

exploration of citric acid and other biocompatible coatings will continue to advance our understanding 

and ability to engineer SPIONs optimally tailored for specific medical interventions, instilling a sense of 

optimism about the future of SPION applications in biomedicine. 
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Figure 1.1. Illustration of nanoparticle stability in water and varying salt concentrations. (a) 

Nanoparticles dispersed in water remain stable due to electrostatic repulsion on their surfaces, 

resulting in a thick diffuse layer. (b) Increasing salt concentration introduces counterions, which 

reduce the diffuse layer's thickness and lead to the formation of larger clusters. (c) Prolonged 

exposure to counterions and higher salt concentrations causes further aggregation, leading to 

more nanoparticles precipitating at the bottom of the container. 

 

1.5 Magnetorelaxometry 

Magnetorelaxometry (MRX) is a sophisticated analytical technique pivotal in studying and applying 

magnetic nanoparticles, particularly SPIONs, for biosensing.167-170 This technique exploits the unique 

relaxation properties of magnetic nanoparticles when the external magnetic field is removed, providing 

critical insights into their dynamics and interactions at the nanoscale. MRX's ability to measure the 

relaxation times of SPIONs under various conditions makes it an invaluable tool for detecting and 

quantifying biomolecular interactions, enhancing the sensitivity and specificity of biosensors. 

The utility of MRX in biosensing is derived from its sensitivity to changes in the magnetic 
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environment of nanoparticles induced by biomolecular binding. This sensitivity is analyzed through three 

fundamental aspects: the relaxation of magnetic nanoparticles, the measurement of their relaxation time, 

and the analysis of the harmonic signals produced during these processes.169,171-178 Each component plays 

A crucial role in understanding how SPIONs interact with target molecules and their subsequent 

detection capabilities. By examining these elements, researchers can infer the binding characteristics of 

biomolecules to SPIONs, facilitating the development of highly responsive biosensing platforms. 

MRX is an advanced technique that is leading the way in characterizing the dynamic magnetic 

properties of SPIONs, especially in the context of biosensing applications. This technique revolves 

around the precise measurement of the relaxation processes of SPIONs after removing an external 

magnetic field, offering invaluable insights into their magnetic relaxation dynamics. These dynamics are 

crucial for developing SPION-based biosensors, where the detection and quantification of target 

biomolecules are achieved through changes in the magnetic response of the nanoparticles. 

In biosensing, the ability to monitor and understand how SPIONs respond under varying magnetic 

conditions allows for the design of highly sensitive diagnostic tools. MRX exploits this principle by 

measuring how quickly the magnetization of SPIONs returns to equilibrium—a process governed by 

Neel and Brownian relaxation mechanisms. Neel relaxation involves the reorientation of the magnetic 

moment of each nanoparticle within its crystal lattice, primarily influenced by the particle's magnetic 

anisotropy and temperature. In contrast, Brownian relaxation refers to the physical rotation of the 

nanoparticles in response to the fluid's viscosity within which they are suspended. The interaction with 

biomolecules can significantly affect these processes; for example, the binding of biomolecules can alter 

the viscosity around the nanoparticles, affecting Brownian relaxation, or it can change the magnetic 

environment near the nanoparticles, influencing Neel relaxation. 

1.6 Application to Biosensing Using AC Magnetorelaxometry 

The importance of MRX in biosensing is underscored by its ability to differentiate between the 

magnetic relaxation behaviors of nanoparticles in free solution versus those bound to target molecules. 
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174-175 This differentiation is critical to developing non-invasive diagnostic techniques that require 

minimal sample preparation and can operate under physiologically relevant conditions. This study will 

explore the relaxation of magnetic nanoparticles, the methodologies for accurately measuring these 

relaxation times, and the interpretation of dynamic magnetic susceptibility (DMS) signals generated 

during these processes. Through this detailed analysis, I aim to highlight the sophisticated interplay 

between SPION dynamics and their potential applications in medical diagnostics and other 

biotechnological fields. This comprehensive exploration enhances our understanding of SPION behavior 

under magnetic fields and paves the way for novel applications of MRX in medical technology. 

Figure 1.2 shows a schematic overview of how SPIONs (Superparamagnetic Iron Oxide 

Nanoparticles) detect target molecules. When SPIONs are mixed with body fluids, target molecules, 

macromolecules, and various salts (e.g., sodium, chloride, potassium) are present. SPIONs exhibit 

increased hydrodynamic size upon binding to target molecules, indicating successful binding. However, 

interactions between SPIONs and salts and potential aggregation due to macromolecular crowding must 

also be considered, as these factors can also alter hydrodynamic size. 

Macromolecular crowding (176) refers to the high concentration of macromolecules in biological 

environments, which can significantly influence the behavior of nanoparticles. In such crowded 

environments, macromolecules occupy a large volume, leading to an excluded volume effect that can 

promote aggregation and self-assembly of nanoparticles. This crowding effect can alter the stability and 

behavior of SPIONs, potentially causing changes in their hydrodynamic size that are not related to target 

molecule binding. The crowding effect increases the configurational entropy of the surrounding 

molecules, stabilizing self-assembled states and potentially causing nanoparticles to aggregate more 

readily. 

In biosensing applications, it is common for sensing samples to undergo pre-treatment processes such 

as washing, filtration, or centrifugation. These steps help to remove macromolecules and other non-target 

entities that could interfere with the sensing process. As a result, macromolecule-SPION interactions are 
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generally minimized, allowing for a more accurate assessment of SPION behavior in the sample. 

The remaining interactions of concern are SPION-salt and buffer-SPION interactions. Additionally, 

salt molecules can affect SPION stability through pH changes or screening effects. (177)  The screening 

effect refers to reducing electrostatic repulsion between charged particles in the presence of salts. Salts 

can shield the charges on the surface of SPIONs, leading to decreased repulsion and potential 

aggregation. Changes in pH can alter the surface charge of SPIONs, influencing their stability and 

interactions with other molecules. For example, at specific pH levels, the surface charge of SPIONs can 

be neutralized, leading to reduced repulsion and an increased likelihood of aggregation. Furthermore, 

salt concentration variations can impact the solution's ionic strength, affecting the overall stability and 

dispersion of SPIONs. 

These interactions and the potential for SPIONs to interact with buffer solutions can complicate the 

interpretation of hydrodynamic measurements. While the effects of macromolecular crowding, 

screening, and pH on particle stability are well-documented, there is a lack of research on the impact of 

different types of buffer solutions on SPION stability. 

These SPION-salt interactions can lead to false positives, complicating the interpretation of 

hydrodynamic measurements. Therefore, a comprehensive and urgent study is needed to investigate how 

varying salt concentrations affect the MRX (Magnetic Relaxation) signal of SPIONs. By differentiating 

between signals arising from SPION-target molecule binding and those from salt-SPION interactions, I 

can enhance the accuracy of MRX-based biosensing. This differentiation is crucial for improving the 

reliability of diagnostics in complex biological environments, potentially reducing false positive results 

and ensuring more accurate and reliable detection of target molecules. 

Understanding these nuances is not just essential for developing highly sensitive diagnostic tools, but 

it also holds the potential to revolutionize medical diagnostics and other biotechnological fields. The 

sophisticated interplay between SPION dynamics and their potential applications highlights the 

importance of precisely controlling the magnetic properties of SPIONs by manipulating cluster sizes and 
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environmental conditions. 

 

Figure 1.2. Impact of Molecular Crowding and Screening Effects on SPIONs Binding 

Specificity in Body Fluids. The image illustrates the interaction of superparamagnetic iron 

oxide nanoparticles (SPIONs) within a body fluid system containing water, target proteins, 

non-target molecules, ionic molecules, and a buffer solution. The left side shows a test tube 

with labeled layers representing the various components. The right side presents three 

scenarios: SPIONs binding to target molecules resulting in true positives, binding to non-

target molecules leading to false positives due to molecular crowding and interaction with 

saline/buffer solutions also causing false positives due to screening effects. The diagrams 

highlight the challenge of distinguishing specific from non-specific binding in complex 

biological environments. 

1.7 Fundamental Model of Magnetization Dynamics of Magnetic Nanoparticles 

Measurement of AC magnetic susceptibility is a pivotal method used for detecting biomaterials in 

biosensors. Such measurements can provide critical insights into how superparamagnetic iron oxide 

nanoparticles (SPIONs) interact with target molecules or other substances, such as ionic solutions or 
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non-target molecules, which may significantly alter their dynamic behavior. Understanding these 

interactions is essential for developing effective biosensors and ensuring accurate detection and 

quantification of target biomolecules. A suitable model is typically required to interpret the data to 

analyze magnetization dynamics accurately. 

I aim to provide a comprehensive overview of the available models commonly used to simulate how 

interactions between SPIONs and target molecules, as well as SPIONs and ionic solutions, alter the 

magnetization dynamics of SPIONs. I will divide into four fundamental models: Debye, Cole-Cole, 

Cole-Davidson, and Havriliak-Negami. The Debye model, which assumes that the system consists of 

single-size nanoparticles, is oversimplified and unrealistic in practical scenarios. Meanwhile, the other 

models, such as Cole-Cole, Cole-Davvidson, and Havriliak Negami, are extension versions of the Debye 

model that consider particle polydispersity and symmetry of the magnetization signal. The other 

approach I could take is using the Debye model to introduce the relaxation time distribution. Previous 

works have extended the Debye model by considering that SPIONs consist of nanoparticles of various 

sizes, thereby introducing the distribution of relaxation times. This statistical approach makes the model 

more realistic and better suited for interpreting the complex behaviors observed in SPION systems.  

1.7.1 Debye Model 

The Debye model is a fundamental approach to understanding the low-frequency magnetic dynamics 

of materials, particularly in the range of 0.1–10,000 Hz in low magnetic fields. Initially, the Debye model 

was proposed to model dielectric materials, not magnetic materials. However, over time, it has become 

applicable to theoretical studies of the magnetization dynamics of magnetic particles. This model 

primarily considers the magnetic susceptibility response of materials, where a single relaxation time 

characterizes the relaxation of magnetic dipoles within a medium under an alternating current (AC) field. 

The original theory by Debye posits that a material's static magnetic susceptibility (𝜒𝑠) The Debye model 

describes the behavior of a material's static magnetic susceptibility as it transitions from a static value at 
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low frequencies to a smaller value at high frequencies. This transition region is characterized by a 

characteristic relaxation time, a key parameter in the Debye model that influences the material's magnetic 

dynamics. 

Key findings from foundational studies on the Debye model, such as those by Cole and Cole (1941), 

indicate that. 𝜒𝑠 The loss factor (the imaginary part of the dielectric constant) follows specific 

mathematical forms that can be represented as semicircles in a complex plane. This model assumes a 

simple exponential decay of magnetization, which works well for ideal, monodisperse systems where 

interactions between particles are negligible. However, deviations from the Debye model have been 

noted, especially in real-world systems where polydispersity and interactions complicate the relaxation 

behavior. 

Mathematically, the Debye model can be written as: 

 𝜒(𝜔) = 𝜒∞ + (
𝜒𝑠−𝜒∞

1+𝑖𝜔𝜏𝑒𝑓𝑓
) (1-1) 

where 𝜒(𝜔) is the complex magnetic susceptibility as a function of angular frequency 𝜔, 𝜒𝑠 is the static 

magnetic susceptibility, 𝑖 is the imaginary unit, and 𝜏𝑒𝑓𝑓Is the characteristic relaxation time. In separate 

works 𝜏𝑒𝑓𝑓Is defined as an adequate relaxation time, given by: 

 
1

𝜏𝑒𝑓𝑓
=

1

𝜏𝑁
+

1

𝜏𝐵
 (1-2) 

Neel and Brownian relaxation are two primary mechanisms that govern the magnetic relaxation 

dynamics of superparamagnetic iron oxide nanoparticles (SPIONs). Neel relaxation (𝜏𝑁) describes the 

rotation of the magnetic moment within a nanoparticle without any physical rotation of the particle itself. 

This type of relaxation is dominant in smaller particles where thermal energy can overcome the energy 

barrier separating different magnetic states. The characteristic time for Neel relaxation is given by: 

 𝜏𝑁 = 𝜏0𝑒𝑥𝑝 (
𝐾𝑉

𝑘𝐵𝑇
) (1-3) 
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where 𝜏0 is the attempt time (on the order of 10−9 seconds), K is the anisotropy constant, 𝑉 is the volume 

of the nanoparticle, 𝑘𝐵 is the Boltzmann constant, and 𝑇 is the temperature. The exponential dependence 

on 𝐾𝑉 indicates that larger particles with higher anisotropy will have much longer Neel relaxation times.  

Brownian relaxation (𝜏𝐵), on the other hand, involves the physical rotation of the entire nanoparticle 

in a fluid medium. This process is influenced by the surrounding medium's viscosity and the particles' 

hydrodynamic size. The characteristic time for Brownian relaxation is given by: 

 𝜏𝐵 =
3𝜂𝑉𝐻

𝑘𝐵𝑇
 (1-4) 

where 𝜂Is the viscosity of the medium, 𝑉𝐻 Is the hydrodynamic volume of the particle, and 𝑘𝐵𝑇Is the 

thermal energy. Brownian relaxation becomes significant for larger particles or in highly dense 

environments where the physical rotation of particles is more restricted. 

Together, Néel and Brownian relaxation contribute to the overall relaxation dynamics of SPIONs, 

with their relative contributions depending on the size of the nanoparticles, the temperature, and the 

viscosity of the medium. The interplay between these two mechanisms is crucial for understanding and 

optimizing the performance of SPION-based biosensors and other magnetic applications. However, the 

ideal Debye model is too simplistic to accurately model the dynamic behavior of colloidal SPIONs in 

water (nanofluids). The ideal Debye model assumes that the colloidal SPIONs form a monodispersed 

system and neglect dipole interactions. In reality, colloidal SPIONs are polydisperse, and magnetic 

dipole interactions cannot be ignored in many cases. To account for the polydispersity in our system, I 

can use an extended version of the Debye model by introducing a relaxation time distribution. I will 

discuss this advanced model further in the next sub-chapter. 

1.7.2 Debye Model with Distribution of Relaxation Time 

In natural colloidal systems of superparamagnetic iron oxide nanoparticles (SPIONs), the dynamic 

magnetic susceptibility often deviates from the idealized Debye model, evidenced by asymmetric 

patterns in the Cole-Cole diagram. Extended models such as Cole-Cole, Cole-Davidson, and Havriliak-
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Negami are used to address these deviations. These models can account for symmetric and asymmetric 

behaviors but often involve complex fitting techniques and parameters that may lack intuitive physical 

meaning. To better capture the relaxation behaviors of SPIONs, the concept of a relaxation time 

distribution function, 𝑓(𝜏) , is introduced. This approach expresses the relaxation behavior as a 

superposition of Debye functions with different relaxation times, providing a more accurate 

representation of real systems. The distribution function 𝑓(𝜏)  can be derived from dynamic light 

scattering (DLS) measurements, which provide hydrodynamic diameter data correlated with relaxation 

times. This method allows for realistic and physically interpretable modeling of SPIONs' relaxation 

dynamics, reflecting the actual size distribution and complex interactions within the system. 

Mathematically, this can be expressed as: 

 𝜒(𝜔) = 𝜒𝑠 ∫
𝑓(𝜏)𝑑𝜏

1+𝑖𝜔𝜏𝑒𝑓𝑓

∞

0
 (1-5) 

with ∫ f(τ)dτ = 1
∞

0
. If I do not carefully select appropriate functions, 𝑓(𝜏), I may encounter similar 

issues as the other available models: complexity and lack of physical interpretability. Therefore, I used 

the mass distribution function obtained from DLS measurements. 

In conducting DLS measurements, I obtained hydrodynamic diameter data and their corresponding 

mass distribution. When applied to the equation above, these data sets serve as the distribution function 

of relaxation times. DLS measurements provide the hydrodynamic diameters of particles in the colloid, 

which can then be correlated with their relaxation times. The hydrodynamic diameter data and their 

respective populations allow us to construct a realistic distribution function that reflects the actual size 

distribution and dynamic behavior of SPIONs in a given environment. This method offers a more 

physically interpretable approach to modeling the relaxation dynamics of SPIONs, considering the 

inherent polydispersity and complex interactions present in real-world samples. 

1.8 Effect of The Magnetic Dipole Interactions on Dynamic Behavior of SPIONs 
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Magnetic dipole interactions significantly influence the dynamic behavior of SPIONs (191-201). These 

interactions arise when the magnetic moments of individual nanoparticles influence each other, 

especially when the particles are closely packed. This influence alters the overall magnetic behavior of 

the nanoparticle system. Dipole interactions can cause changes' relaxation dynamics of SPIONs, 

affecting both Néel and Brownian relaxation processes. The degree of these interactions often depends 

on factors such as particle concentration, size distribution, and the viscosity of the surrounding medium. 

In systems where SPIONs are used for applications like magnetic hyperthermia, strong dipole 

interactions can reduce the specific absorption rate (SAR). This occurs because dipole interactions 

increase the effective anisotropy and reduce the overall magnetic susceptibility, leading to less efficient 

heat generation under an alternating magnetic field. Similarly, for biosensing applications, where the 

detection sensitivity is crucial, the dipole interactions can affect the stability and aggregation behavior 

of the nanoparticles, thereby influencing the signal output and reliability of the sensor. 

The previous works collectively demonstrate the significant impact of interparticle interactions on the 

magnetic properties and dynamic behavior of SPIONs. For instance, the study by Serantes et al. (200) 

employs both experimental evidence and Monte Carlo simulations to show that increasing the intensity 

of dipolar interactions leads to decreased magnetic susceptibility and hysteresis losses, thereby reducing 

the heating efficiency in hyperthermia applications. Similarly, Morozov et al. (201) presented data on the 

initial susceptibility of magnetic fluids, highlighting that deviations from the expected behavior can be 

attributed to interparticle interactions, proven by increasing average cluster volume of SPIONs. They 

remarked that the interparticle interactions lead to cluster aggregation. Their theoretical model, which 

accounts for dipolar interactions, shows a non-monotonic temperature dependence of susceptibility and 

the formation of magnetic clusters. 

1.8.1 Interparticle and Inter-cluster Magnetic Dipolar Interactions 
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Our study on interparticle magnetic dipolar interaction is built on a foundation of previous research. 

Numerous past studies have investigated the effects of dipolar magnetic interactions on magnetization 

dynamics, particularly for hyperthermia applications. Understanding these interactions is crucial as 

strong dipolar interactions can significantly reduce the specific absorption rate (SAR), impacting 

hyperthermia efficiency. This reduction occurs because dipole interactions increase effective anisotropy 

and decrease overall magnetic susceptibility, leading to less efficient heat generation under an alternating 

magnetic field. 

For example, Serantes et al. (200) combined experimental evidence and Monte Carlo simulations to 

demonstrate that stronger dipolar interactions decrease magnetic susceptibility and hysteresis losses, 

reducing heating efficiency in hyperthermia applications. Similarly, Morozov et al. (201) provided data 

showing that deviations in the initial susceptibility of magnetic fluids are due to interparticle interactions, 

which lead to cluster aggregation. Their theoretical model, which accounts for dipolar interactions, 

illustrates a non-monotonic temperature dependence of susceptibility and the formation of magnetic 

clusters. In biosensing applications, where detection sensitivity is paramount, dipolar interactions can 

similarly influence nanoparticles' stability and aggregation behavior, affecting signal output and sensor 

reliability(202-204). When nanoparticles aggregate, interparticle magnetic dipolar interactions may be 

induced(203,204). Previous works (203,204) mention that these interparticle dipolar magnetic interactions alter 

relaxation behavior and suggest a change in the hydrodynamic volume due to secondary particle 

aggregation.  

Trisnanto et al. (203) explored the interplay between dipolar magnetism and electrostatic repulsion 

in a polydisperse magnetic colloid by manipulating the distance between particles. By introducing ionic 

solutions like NaCl or PBS buffer, they observed a decrease in electrostatic repulsion, increasing the 

attractive forces between particles. This attraction led to a reduced interparticle distance, ultimately 

causing secondary particle clustering. Additionally, the study demonstrated that higher particle 
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concentrations enhance dipolar interparticle interactions, contributing to clustering. The study quantified 

secondary partic e c usterin  throu h a co  ective time constant, τ 

 𝜏 =
3𝜂

𝑘𝐵𝑇
[∑

𝜌(𝑉ℎ,𝑖)

𝑉ℎ,𝑖
𝑖 ]

−1

 (1-6) 

derived from equation (1-6). The authors noted that a  ar er τ might indicate significant primary 

c usterin . To differentiate τ originating from primary and secondary clustering, the latter shows a 

broader size distribution than the former, as illustrated in Figure 1.3. Figure 1.3(a) displays the imaginary 

part of the DMS signal. In contrast, Figure 1.3(b) shows the hydrodynamic size distributions for SPIONs 

at concentrations of 30 wt%, 14 wt%, and 3 wt% extracted from DMS signal in Figure 1.3 (a). 

However, extracting size distribution from the DMS signal can be challenging due to the need to 

select appropriate models and employ complex numerical methods. This doctoral thesis proposes a more 

straightforward approach to indicating secondary particle clustering by measuring the spectrum's 

broadness. This is done by calculating the ratio between the peak frequency fpeak and the frequency fhalf, 

where the normalized imaginary part of DMS equals 0.5 in the lower frequency region, as discussed in 

Chapter 3. This method is more straightforward and effective than the previous study (203). 

Trisnanto and Kitamoto(204) argued that two types of Brownian relaxation mechanisms exist within 

the system, originating from cluster rotation and individual clusters. Their study used two SPIONs: 

specimen 1, representing a dispersed-particle system, and specimen 2, representing a clustered-particle 

system, as illustrated in Figure. 1.4 (a-b). They proposed that relaxation symmetry can be used to 

demonstrate the coexistence of these two Brownian relaxation mechanisms. This relaxation symmetry is 

obtained by plotting the real part of magnetic susceptibility (as the x-axis) against the imaginary part of 

magnetic susceptibility (as the y-axis). They further plotted the relaxation symmetry using Cole-Cole 

(CC) and Cole-Davidson (CD) models, as shown in Figure 1.4 (c-d). The CC model, an extension of the 

Debye model, accounts for particle size polydispersity, resulting in a symmetric graph in their 

approximation. In contrast, the CD model showed an asymmetric or skewed arc, represented as beta, 
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with values ranging from 0 to 1. Their study concluded that if beta equals 1, only particle rotation exists 

within the system. Conversely, if beta is between 0 and 1, it implies the coexistence of cluster and particle 

rotation within the system. 

A full version of the DMS signal is typically required to conduct their experiment, as dealing with 

an asymmetric arc necessitates applying a dynamic magnetic field from a couple of Hz to millions of 

Hz. However, this dissertation proposes a narrower frequency range (10 to 10,000 Hz) to explain 

interparticle dipolar interactions, eliminating the need for a full DMS signal. The peak frequency of DMS 

is sufficient for the analysis. 

Additionally, this dissertation introduces the concept of the coexistence of inter-cluster magnetic 

dipolar interactions, observable in the DMS spectra. While interparticle dipolar magnetic interactions 

are negligible in individually dispersed particles, they become stronger as individual particles aggregate 

to form a clustered-particle system. This analogy extends to individually dispersed particle and clustered-

particle systems, which may aggregate under the influence of saline concentration and buffer solutions, 

encouraging inter-cluster magnetic dipolar interactions. Qualitative descriptions of these interactions are 

provided by noting changes in the DMS spectra. 

1.9 Aim of This Study 

This study aims to elucidate the dynamic magnetic behavior of superparamagnetic iron oxide 

nanoparticles (SPIONs) coated with citric acid (CA) under various physiological conditions. This 

research focuses on understanding the influences of interparticle and inter-cluster dipole-dipole 

interactions on these nanoparticles' stability and magnetic properties. By systematically varying ionic 

concentrations and buffer solutions, the study aims to comprehensively analyze how these factors affect 

the behavior of CA-coated SPIONs, which is crucial for their application in biosensing technologies. 

Through detailed experiments involving the measurement of hydrodynamic size, zeta potential, and 

dynamic magnetic susceptibility, this research offers new insights into optimizing the performance of 
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SPIONs in biomedical applications. 

1.10 Novelty of The Present Study 

This dissertation introduces a novel approach to understanding the dynamic behavior of citric acid-

coated superparamagnetic iron oxide nanoparticles (CA-SPIONs) by systematically examining the 

effects of interparticle and inter-cluster dipole-dipole interactions under varying conditions. Unlike 

conventional studies that treat these factors in isolation, this research uniquely integrates cluster size and 

ionic concentration modulation in the suspensions. By controlling incubation times and altering ionic 

strengths, the study provides a comprehensive analysis of how magnetic interactions influence the 

behavior of CA-SPIONs. 

A significant innovation of this research is the simultaneous investigation of cluster size and ionic 

strength. This dual focus allows a detailed examination of how interparticle and inter-cluster magnetic 

dipolar interactions affect the dynamic magnetic susceptibility (DMS) spectra. The results reveal distinct 

shifts and broadening in the DMS spectra, offering new insights into the magnetic properties of SPIONs. 

These findings are particularly crucial for optimizing the use of SPIONs in biomedical applications, such 

as biosensing and imaging, where precise control over magnetic behavior is essential. 

Moreover, this dissertation addresses a fundamental limitation in existing studies by proposing a 

narrower frequency range (from 10 to 10,000 Hz) to explain interparticle dipolar interactions. 

Traditionally, a full DMS signal across a broad frequency spectrum (from a couple of Hz to millions of 

Hz) is required to conduct these experiments. However, this study demonstrates that the peak frequency 

of DMS is sufficient for the analysis, simplifying the experimental process and enhancing the practicality 

of the findings. 

Overall, this research provides experimental evidence of nuanced magnetic interactions and offers a 

more practical approach to DMS analysis, paving the way for developing more precise and effective 

SPION-based technologies in nanomedicine. The innovations presented in this dissertation contribute 

significantly to the field, advancing our understanding of magnetic dipolar interactions and their 
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implications for applying SPIONs in various biomedical contexts. 
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Chapter 2 – Effect of Ionic Strength on the Dynamic Behavior of 

Citric Acid-Coated Superparamagnetic Iron Oxide Nanoparticles (CA 

SPIONs) 

 

 
 

Abstract 

This chapter explores the optimal working conditions for citric acid-coated superparamagnetic iron 

oxide nanoparticles (CA SPIONs) in various ionic environments. CA SPIONs was synthesized and 

subsequently exposed to NaCl and KCl to assess how different ionic strengths influence their dynamic 

behavior. The study delves into the magnetization dynamics and hydrodynamic size changes of CA 

SPIONs under varying sodium and potassium ion concentrations, employing advanced techniques such 

as Dynamic Light Scattering (DLS) and Dynamic Magnetic Susceptibility (DMS) measurements. Key 

findings reveal that a broadening effect in the DMS spectra occurs at lower ionic concentrations, while 

higher concentrations of sodium and potassium ions result in a notable peak shift. In contrast, 1× 

phosphate-buffered saline (PBS) solutions—comprising 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 

and 1.8 mM KH2PO4—consistently induced a broadening effect without peak shifts. Despite the ion 

concentrations in PBS comparable to those in the NaCl and KCl cases, the absence of peak shifts suggests 

that phosphate co-ions may mitigate the interactions between CA SPIONs and counter ions. The relative 

influence on DMS was observed in the order of K > Na > PBS. These results highlight the complex 

interplay between ionic strength, electrostatic interactions, and colloidal stability, providing valuable 

insights for the tailored application of SPIONs in biomedical and biosensing technologies. 

 

2.1. Introduction 

Iron oxide nanoparticles (IONPs) are pivotal in numerous applications, particularly biomedicine (1-3). 

However, their stability in biofluidic solutions remains a significant challenge. Aggregation is expected, 

which can compromise their performance and functionality (4-6). Surface modification strategies are 
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crucial to mitigate this issue and harness the full potential of IONPs. These approaches enhance the 

stability of IONPs in complex biological environments. 

The stability of IONPs, a crucial aspect of their application in biofluidic solutions, can be significantly 

enhanced through surface modification, which often involves using inert polymers as coating agents(7-9). 

These agents, by imparting electrostatic repulsion forces, play a pivotal role in preventing particle 

aggregation, aligning with the fundamental principles of the Derjaguin-Landau-Verwey-Overbeek 

(DLVO) theory. In an ideal scenario, these repulsive forces would maintain the separation of 

nanoparticles in a stable dispersion. However, the reality of biofluidic solutions introduces additional 

challenges. Counter ions in the solution, such as sodium, potassium, or proteins, can effectively screen 

the charged particle surface, reducing the electric double layer thickness and promoting particle 

aggregation (10-12). 

To overcome these challenges, inert polymers are often employed as coating agents for IONPs due to 

their chemical neutrality and minimal reactivity. These polymers provide a stable coating on the particle 

surface, offering a promising solution to the stability issue. The stability they offer arises from the 

combination of electrostatic and steric effects. Electrostatically, the electric double layer thickness is 

preserved due to the chemical neutrality of the polymer, thereby preventing aggregation. Steric effects 

result from the bulky and neutral nature of the polymer, which hinders close approach and contact 

between nanoparticles (13,14). 

Inert polymers come in various forms, and examples include polyethylene glycol (PEG) (15-17), 

polyvinyl alcohol (PVA) (18,19), and poloxamers (20). These polymers are known for their biocompatibility 

and exceptional stability in biological environments. The stability they confer results from their inert 

nature, preventing unwanted interactions with the complex biofluidic milieu. 

Inert polymers are known to enhance the stability of IONPs significantly. However, ongoing research 

is exploring alternative methods to improve nanoparticle stability further. This study focuses on finding 
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the most stable environment for SPIONs coated with non-inert polymers in a biofluidic system. I coated 

our nanoparticles with citric acid and mixed them with salts and a buffer solution. Our experiments 

showed that CA SPIONs maintained good stability even in high concentrations of sodium, potassium, 

and phosphate-buffered saline (PBS). 

Our study explores the complex field of nanoparticle stability in biofluidic solutions, providing new 

insights into stability enhancement using non-inert polymers. Understanding the stability dynamics of 

nanoparticles is crucial, especially for biomedical applications. This research enhances our knowledge 

of these fundamental concepts and contributes to developing nanoparticle-based systems in various 

fields. I mixed CA IONPs with sodium, potassium, or phosphate saline buffer (PBS) to demonstrate the 

inhomogeneous neutralization process. The choice of PBS was due to its close resemblance to biofluidic 

solutions, making our experimental setup more relevant to real-world conditions. To understand this 

process better, I thoroughly characterized the nanoparticles in PBS solutions using techniques such as 

dynamic light scattering (DLS), zeta potential (ZP) analysis, and magnetic susceptibility measurements. 

2.2. Materials and Methods 

2.2.1. Synthesis and characterization of SPIONs modified with citric acid 

The synthesis of bare SPIONs was conducted utilizing a solvothermal approach. Initially, a precursor 

solution was prepared by dissolving 1.4 gram of iron (III) acetylacetonate (14024-18-1, Sigma-Aldrich, 

USA) in 40 mL of tetraethylene glycol (112-60-7, Sigma-Aldrich, USA). This solution was heated to 

343 K to ensure complete dissolution of the precursor. The solution was then transferred into four 10 mL 

stainless steel pressure vessels. These vessels were then sealed and placed in an electric furnace, where 

they were subjected to a temperature of 523 K for 15 hours, facilitating the solvothermal reaction. The 

synthesized SPIONs were subjected to a series of washing steps after the completion of the reaction 

process. Initially, the SPIONs were washed with acetone to remove any residual solvent, followed by 

centrifugation to collect the nanoparticles. This process was repeated three times, alternating between 
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deionized (DI) water and ethanol to ensure thorough cleaning. Finally, the bare SPIONs were redispersed 

in 20 mL of DI water, preparing them for further process. 

 The synthesized SPIONs were dispersed in an aqueous solution containing 2 grams of trisodium 

citrate (197-06025, Wako Chemicals, Japan) in 120 mL of deionized (DI) water. This was achieved using 

an ultrasonic homogenizer at 343 K to modify the surface with citric acid molecules. After surface 

modification, the SPIONs were washed three times with 1 mL of DI water and 3 mL of ethanol, then 

dispersed in 5 mL of DI water. To adjust the cluster sizes of SPIONs, the incubation time was varied, 

and the inter-cluster interactions were managed by carefully adding salts. Introducing the correct 

concentration of salts caused the SPIONs and their clusters to aggregate by reducing the electric double-

layer thickness, forming larger clusters that significantly affect their magnetic and physical properties. 

However, it is crucial to control the salt concentration precisely, as excessive amounts can lead to 

undesirable precipitation of SPIONs, making them unsuitable for further applications. To meticulously 

control this aspect, the ionic concentration of the suspension (sodium and potassium) was systematically 

varied for evaluation. I mixed 80 µL of CA SPIONs with 20 µL of ionic solutions at concentrations 

ranging from 0 mM to 250 mM. The final concentrations of the specimens were 50 mM, 25 mM, 5 mM, 

2.5 mM, and 0 mM. In addition to salt concentration, I added a buffer solution in the latter part of this 

chapter to make our system more complex. In this case, I mixed SPIONs with phosphate-buffered saline 

(PBS) containing sodium, phosphate buffer, and potassium. The presence of potassium ions was 

neglected due to their minimal concentration in the PBS solution. The final sodium and phosphate ions 

concentrations in the specimens were around 50 mM, 25 mM, 5 mM, 2.5 mM, and 0 mM. 

The primary and hydrodynamic sizes of the nanoparticles were determined using transmission 

electron microscopy (TEM, H-8100, Hitachi High-Tech Corporation, Japan) and dynamic light 

scattering measurements (DLS, SZ-100-V2, HORIBA, Japan), respectively. The frequency dependence 

of the AC magnetization in the range of 10–10,000 Hz was analyzed using a physical property 
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measurement system (PPMS; Quantum Design Corp., USA) at a magnetic field strength of 0.8 kA/m at 

300 K. The SPIONs concentration and volume of specimens for PPMS measurements were 3.5 mg/mL 

and 100 µL, respectively. 

2.3. Results 

2.3.1. Dependence of           ’                on the dynamic behavior of CA SPIONs. 

Figure 2.1 illustrates (a) the DMS signal of SPIONs under varying concentrations of sodium ions and 

(b) the hydrodynamic diameter of SPIONs from DLS measurements under similar conditions. The DMS 

signal reveals that the dynamic magnetization of SPIONs changes in two distinct stages. Initially, the 

DMS signal broadens at lower sodium ion concentrations while maintaining a constant peak frequency, 

as the black arrow indicates. I refer to this phenomenon as the broadening effect. Subsequently, a 

noticeable peak shift is observed in the DMS signal at higher sodium ion concentrations (50 mM, 

highlighted with a red circle). 

The DLS measurements show a gradual increase in the hydrodynamic diameter of SPIONs when 

mixed with sodium ions. The nanopartic e’s hydrodynamic size is insensitive because sodium ions are 

added up to a sodium concentration of 37.5 mM, where the hydrodynamic diameter grows from 30 nm 

in water to 45 nm. However, as the red graph indicates, the hydrodynamic diameter significantly 

increases at 50 mM sodium concentration to 80 nm. 

By correlating the DMS signal with the DLS results, I can infer that the broadening effect is noticeable 

when the particle hydrodynamic size increases slightly under the influence of sodium ions. However, 

significant aggregation of SPIONs, evidenced by a substantial increase in hydrodynamic size, leads to a 

peak shift in the DMS signal. This correlation highlights the importance of broadening and peak shift 

phenomena in understanding the behavior of SPIONs in varying ionic environments. 
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2.3.2. Dependence of              ’                    h          b h v       CA SPIO   

Figure 2.2 presents (a) the DMS signal of SPIONs under the influence of different concentrations of 

potassium ions and (b) the hydrodynamic diameter of SPIONs from DLS measurements under the 

influence of varying concentrations of potassium ions. Our observations indicate that the DMS signal 

reveals the dynamic magnetization of SPIONs changes in two distinct steps. Initially, when the potassium 

ion concentration is relatively low, the DMS signal broadens while maintaining its peak frequency, as 

indicated by the black-colored arrow. I refer to this phenomenon as the broadening effect. Subsequently, 

a peak shift in the DMS signal is observed at higher potassium ion concentrations. Interestingly, while 

the peak shift in Figure 2.1(a) was noted at 50 mM for sodium ions, the peak shift for potassium ions 

occurs earlier, at 37.5 mM. 

The hydrodynamic diameter observations from DLS measurements reveal that the particle size 

increases slightly with the addition of potassium ions. This trend continues until the potassium 

concentration reaches 37.5 mM, where the particle size increases from 30 nm in water to 50 nm at 37.5 

mM. However, at 50 mM potassium concentration, the particle hydrodynamic diameter significantly 

increases to 100 nm, as shown by the red-colored graph. 

0.0

0.5

1.0

1.5

10 100 1000 10000

N
o
rm

a 
iz
ed
 i
m
a 
in
ar
y
 p
ar
t 
o
f 
D
M
S

 a
.u
. 

Fre uency  Hz 

0mM 2.5mM
5mM 25mM
37.5mM 50mM

Sodium ion concentration 
 a 

0.0

10.0

20.0

30.0

40.0

50.0

1 10 100 1000 10000

P
o
p
u
 a
ti
o
n
  
 
 

Hydrodynamic Size  nm 

50mM

37.5mM

25mM

5mM

2.5mM

0mM

Sodium ion concentration 
 b 

Figure 2.1. Analysis of SPION behavior under varying sodium ion concentrations. (a) DMS signal 

of SPIONs demonstrating broadening and peak shift phenomena at different sodium ion 

concentrations. (b) The hydrodynamic diameter of SPIONs measured by DLS illustrates changes in 

particle size with increasing sodium ion concentration. 

 



50 

 

To understand the differences between the effects of potassium ions and sodium ions on the DMS 

signal and DLS results, I must consider the ionic strength and its impact on the screening effect and 

particle stability. Potassium ions exhibit a higher ionic strength than sodium ions, significantly 

influencing the SPION system's electrostatic interactions. Ionic strength, a measure of the concentration 

of ions in solution, affects the double-layer thickness around the nanoparticles. 

In solutions with higher ionic strength, the diffuse layer around the nanoparticles becomes thinner due 

to the increased presence of counterions that neutralize the surface charges more effectively. This 

reduction in the diffuse layer weakens the repulsive forces between particles, promoting closer 

interactions and potential aggregation. Consequently, as potassium ions are added, the stronger ionic 

strength leads to a more pronounced screening effect, causing the SPIONs to aggregate more readily at 

lower concentrations than sodium ions. 

This aggregation is reflected in the DMS signal broadening at lower concentrations and the earlier 

onset of peak shifts. The hydrodynamic diameter's substantial increase at 50 mM potassium 

concentration further supports the notion that stronger ionic strength in potassium ions results in 

significant aggregation and larger cluster formation. Thus, the interplay between ionic strength and 

screening effects is crucial in determining the stability and dynamic behavior of SPIONs in different 

ionic environments. This understanding is essential for tailoring SPION applications in biomedical and 

biosensing technologies, where specific ionic conditions can dramatically impact performance and 

reliability. 
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2.3.3. Dependence PBS concentration on the dynamic behavior of CA SPIONs 

As described in the previous section, sodium ions significantly impact nanoparticles, causing a 

broadening effect at low concentrations and a peak shift at higher concentrations. To understand how 

buffer solutions influence particle stability, I included a buffer solution in this part of the study. The 

following table, Table 2.1., lists the final concentrations of sodium and phosphate in various dilutions of 

PBS solutions: 0x, 0.05x, 0.1x, 0.2x, and 0.4x. For instance, a 0.1x PBS solution contains 15.7 mM 

sodium and 1.18 mM phosphate. This table allows readers to compare the effects of sodium ions on 

nanoparticle behavior with and without the buffer solution, providing insight into the mechanisms at 

play. 

Table 2.1. Summary of sodium and phosphate concentration in PBS 

PBS Solution Sodium (mM) Phosphate (mM) 

0x PBS 0 0 

0.05x PBS 7.85 0.59 

0.1x PBS 15.7 1.18 

0.2x PBS 31.4 2.36 

0.4x PBS 62.8 4.72 

 

Figure 2.2. Analysis of SPION behavior under varying potassium ion concentrations. (a) DMS 

signal of SPIONs demonstrating broadening and peak shift phenomena at different potassium ion 

concentrations. (b) The hydrodynamic diameter of SPIONs measured by DLS illustrates changes in 

particle size with increasing potassium ion concentration. 
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Figure 2.3 illustrates (a) the DMS signal of SPIONs exposed to varying concentrations of PBS 

solution and (b) the hydrodynamic diameter of SPIONs measured by DLS under the same conditions. 

Our observations reveal that as the concentration of PBS increases, the DMS signal broadens. However, 

unlike the peak shifts observed with sodium and potassium ions in previous experiments, no such shifts 

occur when SPIONs are mixed with PBS solution. For context, a 1x PBS solution contains approximately 

137 mM of sodium ions and 2.7 mM of potassium ions, while a 0.4x PBS solution corresponds to about 

55 mM sodium and 1.1 mM potassium ions. Despite these ion concentrations being similar to those in 

earlier cases, the absence of peak shifts in the DMS signal suggests a different underlying mechanism. 

The behavior of CA SPIONs in PBS differs significantly from their behavior in simpler ionic 

solutions, and this discrepancy can be attributed to the complex interactions between SPIONs and the 

anions present in PBS. In PBS, phosphate ions serve as the primary anions, whereas chloride ions are 

the dominant anions under the influence of NaCl or KCl. Previous studies (21) have shown that phosphate 

ions have a higher binding affinity for nanoparticle surfaces than chloride ions, leading to enhanced 

nanoparticle stability. This difference in anion interaction is crucial in understanding the distinct 

behaviors observed. 

Phosphate ions tend to replace citric acid on the nanoparticle surfaces due to their stronger binding 

affinity. This ligand exchange increases the surface charge of the nanoparticles, thereby enhancing 

electrostatic repulsion and preventing aggregation. Additionally, phosphate ions form a dense, compact 

layer on the nanoparticle surface, contributing to steric stabilization. This physical barrier effectively 

prevents the nanoparticles from coming into close contact, reducing the likelihood of aggregation. 

Consistent with this stabilizing effect, the hydrodynamic diameter measurements from DLS in Figure 

2.3 show that the particle size increases only slightly across all PBS concentrations tested. Notably, all 

SPIONs exhibit a hydrodynamic size of approximately 40 nm, which remains unchanged even at 0.4x 

PBS concentration. This stability in size supports the conclusion that phosphate ions play a significant 
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role in maintaining the dispersion and preventing aggregation of SPIONs in PBS, in contrast to the effects 

observed with chloride ions in simpler buffer solutions. 

 

 

 

2.4. Discussion 

The critical coagulation concentration (CCC) is a key parameter in colloidal chemistry that defines 

the minimum concentration of an electrolyte required to induce rapid aggregation of colloidal particles. 

The CCC can be understood through the lens of the DLVO theory, which explains the stability of 

colloidal systems by balancing two primary forces: van der Waals attraction and electrostatic repulsion. 

The total interaction energy 𝑽𝑻(𝒉) between two particles as a function of their separation distance h is 

given by: 

𝑽𝑻(𝒉) = 𝑽𝑨(𝒉) + 𝑽𝑹(𝒉) 

where 𝑽𝑨(𝒉) is the van der Waals attraction and 𝑽𝑹(𝒉) is the electrostatic repulsion. According to 

DLVO theory, colloidal particles remain stable when the electrostatic repulsion 𝑽𝑹(𝒉)  dominates, 
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Figure 2.3. Analysis of SPION behavior under varying PBS concentration. (a) DMS signal of 

SPIONs and (b) normalized imaginary part of DMS signal demonstrating broadening and peak shift 

phenomena at different PBS concentrations. (c) The hydrodynamic diameter of SPIONs measured 

by DLS illustrates changes in particle size with increasing PBS concentration. 
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preventing particles from coming too close and aggregating. Conversely, when the van der Waals 

attraction 𝑽𝑨(𝒉) overcomes the repulsion, aggregation occurs, which is typically observed at the CCC. 

The CCC, a key parameter in our study, provides a qualitative understanding of nanoparticle dispersity 

under varying salt concentrations. It serves as a predictive tool, helping us anticipate when and how 

nanoparticles will transition from a dispersed state to an aggregated state as the salt concentration 

increases. This knowledge empowers us with a deeper understanding of nanoparticle behavior. 

The referenced study on cellulose nanocrystals (CNCs) (22) explored the impact of monovalent salts 

on nanoparticle stability. As shown in Figure 3 of the study, the stability ratios of CNCs decrease as the 

concentration of potassium chloride (KCl) increases, leading to aggregation at lower concentrations than 

sodium chloride (NaCl). This difference is attributed to the stronger ionic strength of potassium ions, 

which more effectively compresses the electrostatic double layer, reducing repulsive forces between 

CNC particles and causing them to aggregate at lower potassium ion concentrations. The experimental 

results demonstrated that the CCC for potassium ions was lower than that for sodium ions, highlighting 

the stronger destabilizing effect of potassium ions. 

Additionally, the study examined the effect of divalent salts on nanoparticle aggregation. Figure 5 

illustrates that divalent salts, such as calcium chloride (CaCl2) and magnesium chloride (MgCl2), cause 

nanoparticles to aggregate at much lower concentrations (around 10 mM) compared to monovalent salts, 

which typically require concentrations near 100 mM for similar effects. The stronger effect of divalent 

salts can be explained by their higher valence, which enhances the van der Waals attraction and reduces 

the electrostatic repulsion more effectively than monovalent salts. This behavior is consistent with the 

predictions of the DLVO theory, where the balance between van der Waals forces and electrostatic 

repulsion shifts towards attraction at lower electrolyte concentrations for higher valence ions. 

Additionally, the study examined the effect of divalent salts on nanoparticle aggregation. Figure 5 

illustrates those divalent salts, such as calcium chloride (CaCl2) and magnesium chloride (MgCl2), cause 
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nanoparticles to aggregate at much lower concentrations (around 10 mM) compared to monovalent salts, 

which typically require concentrations near 100 mM for similar effects. The stronger effect of divalent 

salts can be explained by their higher valence, which enhances the van der Waals attraction and reduces 

the electrostatic repulsion more effectively than monovalent salts. This behavior is consistent with the 

predictions of the DLVO theory, where the balance between van der Waals forces and electrostatic 

repulsion shifts towards attraction at lower electrolyte concentrations for higher valence ions. 

In conclusion, understanding the CCC and the principles of DLVO theory is crucial for predicting 

nanoparticle stability under various ionic conditions. The study's findings provide valuable insights into 

how different ions and their concentrations influence nanoparticles' stability and aggregation behavior, 

which is essential for optimizing the design and use of nanoparticle-based systems in fields such as 

biomedicine and materials science. Our experimental observations further affirm these findings, 

particularly in demonstrating the distinct behaviors of SPIONs in potassium versus sodium solutions. 

2.5. Summary 

In this chapter, we investigated the effect of ionic strength on the dynamic behavior of citric acid-

coated superparamagnetic iron oxide nanoparticles (CA SPIONs). By analyzing how these nanoparticles 

interact with sodium and potassium ions and phosphate-buffered saline (PBS), we aimed to understand 

how different ionic environments influence their stability and magnetization properties. 

Our study revealed that the ionic strength of the solution plays a crucial role in determining the 

behavior of CA SPIONs. At lower concentrations of sodium and potassium ions, the nanoparticles 

exhibited a broadening of the dynamic magnetic susceptibility (DMS) signal without a shift in the peak 

frequency. This broadening effect indicates the initial stages of aggregation, where the nanoparticles 

begin to cluster together, yet still retain some mobility. However, as the concentration of ions increased, 

we observed a significant shift in the DMS peak frequency, signifying more pronounced aggregation and 

a reduction in the nanoparticles' ability to freely rotate in response to an external magnetic field. 

Interestingly, potassium ions had a stronger effect on the CA SPIONs compared to sodium ions, 
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leading to a peak shift at a lower concentration. This difference is attributed to the higher ionic strength 

of potassium, which more effectively screens the surface charges of the nanoparticles, promoting 

aggregation more readily than sodium ions. 

When we introduced PBS into the system, we observed a different behavior. Despite the presence of 

both sodium and potassium ions, the CA SPIONs did not show the same peak shift in the DMS signal as 

observed with individual ions. Instead, the DMS signal only broadened. This suggests that the phosphate 

ions in PBS play a stabilizing role, likely by forming a protective layer around the nanoparticles, which 

prevents them from aggregating as readily as they do in simpler ionic solutions. 

Overall, this chapter highlights the complex interplay between ionic strength, nanoparticle surface 

chemistry, and electrostatic interactions in determining the stability and dynamic behavior of CA 

SPIONs. These insights are essential for optimizing the use of these nanoparticles in various biomedical 

and biosensing applications, where precise control over their behavior in different ionic environments is 

critical. 
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Chapter 3 - Effect of Interparticle and Inter-Cluster Interactions Towards 

Magnetization Dynamics of CA SPIONs 

 

 

 

 

 

 

 

 

Abstract 

The present chapter describes hydrodynamic behavior of superparamagnetic iron oxide nanoparticles 

modified with citric acid (CA-SPIONs) in suspensions under alternating current magnetic fields in view 

of interparticle and inter-cluster dipole-dipole interactions. The cluster size of the CA-SPIONs is 

modulated to control the interparticle interaction, and the ionic concentration of the CA-SPIONs 

suspension is varied to control the inter-cluster interaction. Dynamic magnetic susceptibility (DMS) 

measurement of the CA-SPIONs suspensions under AC magnetic fields elucidates that the interparticle 

interaction by the clustering and the inter-cluster interaction by the increase of the ionic concentration 

lead to the modulation of the frequency spectra such as their broadening in low frequency region as well 

as the decrease of the Brownian relaxation frequency. The DMS spectra obtained experimentally differ 

from spectra numerically calculated from the distribution of the hydrodynamic size of CA-SPIONs using 

Debye relaxation model without considering the magnetic interactions; the differences are attributed in 

the interparticle and inter-cluster dipole-dipole interactions. These insights contribute to a deeper 

understanding of SPION dynamics, facilitating the optimization of nanoparticle parameters for tailored 

applications in biomedical fields, which is crucial for their efficacy and precision in liquid-phase 

biosensing and imaging. 
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3.1. Introduction 

Magnetic biosensing using nanoparticle labels in liquids has emerged as a superior alternative to 

traditional methods for the detection and quantification of biomarkers in human body fluids and cells. 

Its growing preference stems from the unique characteristic that biological components are largely 

unresponsive to magnetic fields, which significantly reduces interference from non-target substances, 

leading to the precise and sensitive detection of biomolecules through magnetism of magnetic 

nanoparticles.1-4 Techniques such as magnetic particle spectroscopy (MPS) and dynamic magnetic 

susceptibility (DMS) are instrumental in this field.5-8 MPS and DMS based on the physical rotation of 

superparamagnetic iron oxide nanoparticles (SPIONs) in liquids under alternating current (AC) magnetic 

fields (Brownian relaxation) provide valuable insights into their hydrodynamic behavior and magnetic 

responses.9-11 The hydrodynamic behavior of SPIONs is influenced by the interaction with biomolecules, 

exhibiting the changes of the hydrodynamic volume and surrounding viscosity; the interaction modulates 

their magnetic properties based on Brownian relaxation. This is one of the basic principles of liquid-

phase biosensing based on magnetic relaxation using SPIONs. 

However, factors other than biomolecular interactions such as influences from salts in the solution 

can also lead to an increase in hydrodynamic size due to aggregation, potentially resulting in false-

positive results. To mitigate this, researchers often employ stable coating agents like polyethylene glycol 

(PEG), carboxymethyl-dextran (CMD), polyethylene imine (PEI), or other polymers in ionic solutions.12-

21 The influences from magnetic interactions should be also considered to lead to the complexity in 

analyzing the magnetic response of SPIONs under magnetic fields. Since SPIONs are generally 

polydisperse including not only monodisperse ones but also clustered ones, complex magnetic 

interactions such as interparticle interaction and inter-cluster interaction are required to be considered.22-

24 A frequency spectrum of AC magnetic susceptibility of such SPIONs suspension is modulated 

particularly in a lower frequency region than the Brownian relaxation frequency of the SPIONs which 
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have the typical hydrodynamic size, in other words, their average hydrodynamic size in the suspension. 

The modulation often appears as an inflection or another peak in the lower frequency region that also 

appears in a similar frequency region owing to the interaction with biomolecules. Thus, detailed analyses 

to elucidate the influence of the magnetic interaction of SPIONs in the frequency spectrum are required 

to precisely detect the biomolecular interaction.25-26 

 Contrasting with conventional theories like the Debye relaxation model, which do not fully capture 

the dynamics of real ferrofluids under conditions of polydispersity and strong magnetic interactions, 

recent theoretical studies have explored the effects of clustering on dynamic magnetic susceptibility.27-

30 Ivanov et al. 28, for example, demonstrated how the formation of clusters such as chains and rings 

influences the magnetic properties of SPIONs. Their results show that the formation of chains extends 

the effective rotational time of particles, leading to a reduction in the peak frequency of the imaginary 

part of the AC magnetic susceptibility spectrum. As these chains transform into denser ring structures, a 

distinct peak appears in the higher frequency region of the spectrum, above the Brownian relaxation 

frequency, indicative of reorientational motions within each cluster. Although these phenomena are well-

documented in theoretical and simulation studies, experimental evidence of these dynamics in clusters 

has been scarcely reported. 

Our study investigates the effect of intracluster and inter-cluster dipole-dipole interactions on the 

dynamic behavior of SPIONs by tunning the two magnetic interactions. In order to observe the 

interparticle dipole-dipole interaction, I control the cluster size of SPIONs by changing the conditions to 

modify their surface with a dispersant agent, citric acid; the interparticle interaction in the clusters are 

controlled by changing the cluster size. Meanwhile, the inter-cluster dipole-dipole interaction is 

modulated by changing the ionic concentration in the colloidal suspension; the increase of the ionic 

concentration in the suspension modifies the inter-cluster distance owing to the control of the electric-

double layer thickness on the clusters. The frequency spectra of DMS of these specimens under different 
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ionic concentrations show the shift of Brownian relaxation frequency and the broadening in the low-

frequency region depending on the cluster size and the ionic concentration. The modulation of the spectra 

is discussed in view of the magnetic interparticle and inter-cluster dipole-dipole interactions. 

 

3.2. Materials and Methods 

3.2.1. Synthesis and characterization of SPIONs modified with citric acid 

The synthesis of bare SPIONs was conducted utilizing a solvothermal approach. Initially, a precursor 

solution was prepared by dissolving 2 mmol of iron (III) acetylacetonate (14024-18-1, Sigma-Aldrich, 

USA) in 40 mL of tetraethylene glycol (112-60-7, Sigma-Aldrich, USA). This solution was heated to 

343 K to ensure complete dissolution of the precursor. The solution was then transferred into four 10 mL 

stainless steel pressure vessels. These vessels were then sealed and placed in an electric furnace, where 

they were subjected to a temperature of 523 K for a duration of 15 hours, facilitating the solvothermal 

reaction. 

   The synthesized SPIONs were subjected to a series of washing steps after the completion of the 

reaction. Initially, the SPIONs were washed with acetone to remove any residual solvent, followed by 

centrifugation to collect the nanoparticles. This process was repeated three times, alternating between 

deionized (DI) water and ethanol to ensure thorough cleaning. Finally, the bare SPIONs were redispersed 

in 20 mL of DI water, preparing them for further process. 

   Following the synthesis of bare SPION, a citric acid solution was prepared for the surface 

modification treatment. Next, the synthesized SPIONs were dispersed in an aqueous solution of 2 g 

trisodium citrate (197-06025, Wako Chemicals, Japan) in 120 mL of DI water using an ultrasonic 

homogenizer at 343 K for surface modification with citric acid molecules. Once the surface modification 

process was complete, the SPIONs were washed three times with a mixture of 25 percent DI water and 

75 percent ethanol by volume and subsequently dispersed in DI water (5 mL). I have changed the time 

between the washing process of the bare SPIONs and the start of the surface modification process to 
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control the cluster size of SPIONs from 0 days (immediately) to 4 days. The time is called as an 

incubation time ti. Specimens with ti of 0 days, 2 days, and 4 days are labeled as S1, S2, and S3, 

respectively. The increase in the incubation time of the bare SPIONs enhanced clustering; the formed 

clusters were not easily broken with the homogenizer. 

In addition to adjusting the incubation time to tailor the cluster sizes of SPIONs, the inter-cluster 

interaction was effectively managed by carefully introducing salts from a phosphate-buffered saline 

(PBS) solution. When the appropriate concentration of salts is introduced, SPIONs and their clusters 

tend to aggregate owing to the reduction of the electric-double layer thickness on them, forming larger 

clusters which can significantly influence their magnetic and physical properties. However, it is crucial 

to carefully manage the salt concentration, as excessive amounts can lead to undesirable precipitation of 

SPIONs, rendering them unsuitable for further applications. To meticulously control this aspect, the ionic 

concentration of the suspension for evaluations was varied systematically. The concentrations of the 

specimens labeled as 0.5xPBS, 0.25xPBS, 0.125xPBS, and 0xPBS are equivalent to a half of that of 

PBS, 0.25 times, 0.125 times, and pure water (no ionic component), respectively. 

The primary and hydrodynamic sizes of the nanoparticles were determined using transmission 

electron microscopy (TEM, H-8100, Hitachi High-Tech Corporation, Japan) and dynamic light 

scattering measurements (DLS, SZ-100-V2, HORIBA, Japan), respectively. The frequency dependence 

of the AC magnetization in the range of 10–10,000 Hz was analyzed using a physical property 

measurement system (PPMS; Quantum Design Corp., USA) at a magnetic field strength of 0.8 kA/m at 

300 K. The SPIONs concentration and volume of specimens for PPMS measurements were 3.5 mg/mL 

and 100 µL, respectively. 
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3.2.2. Analysis of dynamic magnetic susceptibility spectrum for polydisperse SPIONs 

When a suspension of SPIONs is polydisperse by containing several types of SPION clusters with 

different sizes, the imaginary part in AC magnetic susceptibility χ" ω  correspondin  to the out-of-phase 

response is given by 31,32 

𝜒′′(ω) = ∑ 𝑝dh,i

𝑘

𝑖=1

𝜒′′(𝜔, 𝑑h,i);  with 𝜒′′(𝜔, 𝑑h,i) = 𝜒0

𝜔𝜏

1 + (ωτ)2
  , (1)  

where ω is an u ar fre uency of externa  ma netic fie d, 𝑝dh,i
 is the mass ratio of SPION clusters with 

hydrodynamic size 𝑑h,i, and 𝜒′′(𝜔, 𝑑h,i) is the imaginary part of AC susceptibility of SPION clusters 

with hydrodynamic size 𝑑h,i based on Debye relaxation model. The number of types for SPION clusters 

is 𝑘 . 𝜒0  represents the magnetic susceptibility at low applied magnetic field frequencies. While 

acknowledging the presence of both Neel and Brownian relaxation processes, this model assumes that 

the dynamic magnetization of SPIONs is predominantly due to Brownian relaxation, meaning τ in eq. 

(1) equals to Brownian relaxation time 𝜏𝐵, which is given by 

𝜏𝐵 =
𝜂𝜋𝑑ℎ

3

2𝑘𝐵𝑇
  ,       (2) 

where η is the fluid's dynamic viscosity, 𝑘B  is the Boltzmann constant, and T is the absolute 

temperature. 

3.3. Results 

3.3.1. Dependence of cluster size on incubation time. 

Figure 3.1 presents TEM images, hydrodynamic size distribution by DLS, and frequency spectra of 

the imaginary part of AC magnetic susceptibility for SPIONs modified with citric acid (CA-SPIONs). 

The TEM images reveal that the primary SPION size is 17 ± 5 nm for both (a) specimen S1 (ti = 0 days) 

and (b) specimen S3 (ti = 4 days). The incubation process did not influence the primary size of SPIONs, 

suggesting that nanoparticle growth had completed in prior to the incubation. Furthermore, the TEM 

images indicated a trend towards the formation of larger nanoparticle clusters with the increase of ti. 
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SPIONs that were not subjected to incubation formed smaller clusters, typically comprising one to five 

particles. In contrast, the incubation led to the formation of significantly larger clusters which contain as 

many as 19 SPIONs as shown in Fig. 1(b). The tendency of the increase of cluster size is likely a 

consequence of the inherent instability of bare SPIONs in aqueous environments. 

DLS analyses supported the trend observed in the TEM images, providing quantitative evidence of 

the influence of the incubation on the hydrodynamic size of SPION clusters. As shown in Fig. 3.1(c), 

there is a clear correlation between the incubation time and the hydrodynamic size of the SPION clusters; 

the longer the incubation time, the larger the clusters. The mean size obtained by DLS was 25.5 nm for 

specimen S1, 34.9 nm for S2, and 42.1 nm for S3, indicating that this relationship underscores the 

significant influence of the incubation on the growth of SPION clusters. 

Dynamic magnetic susceptibility (DMS) measurements clarified the influence of the incubation on 

SPIONs. Figure 1(d) shows a decrease of the peak frequency in the imaginary part of the DMS spectra 

with the increase of the incubation time. The peaks in the imaginary DMS spectra for specimen S1, S2, 

and S3 were observed at 10,000 Hz, 4,800 Hz, and 2,300 Hz, respectively. The peak frequency which 

represents Brownian relaxation frequency notably decreases with the increase of the incubation time. 

This trend is consistent with the equation of Brownian relaxation frequency shown in eq. (2), indicating 

that an increase in hydrodynamic diameter leads to a lower peak frequency. The viscosity  for specimen 

S1 is calculated to be 2.5 mPas by supposing that the hydrodynamic size dh in the equation equals to the 

mean size obtained by DLS. Supposing the viscosity is the same as that S2 and S3, the Brownian 

frequency was calculated to be 4,100 Hz for S2 and 2,300 Hz for S3 by using the mean size by DLS; 

these calculated values are closely consistent with the experimentally obtained ones, suggesting that the 

magnetically hydrodynamic behaviors of S1, S2, and S3 are closely related to the mean size by DLS. In 

addition, the spectrum becomes broader with the increase of the ionic concentration. 
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Figure. 3.1.  Characterization of SPIONs modified with citric acid (CA-SPIONs) prepared by 

changing the incubation time ti. (a) TEM image of CA-SPIONs for specimen S1 with ti of 0 days, (b) 

TEM image of CA-SPIONs for specimen S3 with ti of 4 days, (c) hydrodynamic size distribution 

obtained by DLS for specimens S1 with ti of 0 days, S2 with ti of 2 days, and S3 with ti of 4 days, (d) 

imaginary part of DMS spectra for specimens S1, S2, and S3 

3.3.2. Dependence of cluster size on ionic concentration in SPION suspension. 

 

Table 3.1 shows the dependence of the cluster size of CA-SPIONs (specimens S1, S2, and S3) 

obtained by DLS on the ionic concentration in suspensions. The mean hydrodynamic size, cumulant size 

33), and polydispersity index (PDI) of CA-SPIONs (specimens S1, S2, and S3) were quantitatively 

analyzed by changing the ionic concentration of 0xPBS, 0.125xPBS, 0.25xPBS, and 0.5xPBS in the 

suspension for DLS measurements. The mean size for all specimens increases with the increase of the 

ionic concentration as shown in Table 3.1. The cumulant size, which provides a weight-average size, in 

particular, reflecting a broader particle size distribution, revealed more significant changes. The ratio of 

the size at 0.5xPBS to that at 0xPBS for the cumulant size (1.4−1.8) is much larger than that for the mean 

size (1.2−1.3), indicating a substantial increase of the cluster size by the increase of the ionic 
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concentration. In addition, whereas PDI values exhibited slight variations at lower ionic concentrations 

(around 0.25 in the range of 0xPBS to 0.25xPBS), there was a significant rise in PDI in the 0.5xPBS for 

all the specimens, increasing up to the values higher than 0.3. This considerable increase at higher PBS 

concentrations indicated an increased heterogeneity in the hydrodynamic size, implying enhanced 

aggregation or clustering facilitated by the ionic strength of the solution. 

Table 3.1. Ionic concentration dependence of DLS results for CA-SPIONs specimens S1 (ti = 0 days), 

S2 (ti = 2 days), and S3 (ti = 4 days) in PBS solution. 

Ionic 

concen-

tration       

(x PBS) 

Specimen S1 Specimen S2 Specimen S3 

Mean 

(nm) 

Cumul-

ant 

(nm) 

PDI Mean 

(nm) 

Cumul-

ant 

(nm) 

PDI Mean 

(nm) 

Cumul-

ant 

(nm) 

PDI 

0 25.5 38.2 0.23 34.9 51.8 0.25 42.1 55.8 0.18 

0.125 27.8 41.8 0.26 38.0 54.8 0.22 42.3 58.8 0.18 

0.25 29.4 42.7 0.27 42.6 58.5 0.24 44.5 61.6 0.21 

0.5 31.0 69.8 0.40 45.6 72.0 0.32 55.7 93.9 0.31 

 

To help readers better understand the effect of sodium ions on nanoparticle stability and the resulting 

broadening effect, I included buffer solutions in this part of the study. The following table (Table 3.2) 

lists the final concentrations of sodium and phosphate in various dilutions of PBS solutions: 0x, 0.125x, 

0.25x, and 0.5x. For example, a 0.125x PBS solution contains 18.375 mM sodium and 1.475 mM 

phosphate. This table allows readers to compare the effects of sodium ions on nanoparticle behavior with 

and without the buffer solution, providing valuable insights into the underlying mechanisms. 

Table 3.2. Summary of sodium and phosphate concentration in PBS solution 

PBS Solution Sodium (mM) Phosphate (mM) 

0x PBS 0 0 

0.125x PBS 18.375 1.475 

0.25x PBS 36.75 2.95 

0.5x PBS 73.5 5.9 

 

Figures 3.2(a)-(c) present DMS spectra for (a) specimen S1, (b) S2, (c) S3 at various ionic 

concentrations. From spectra of the real part shown in Figs. 3.2(a)-(c), the magnetic susceptibility at a 
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low frequency range (10−100 Hz) which is a plateau remains relatively constant at lower salt 

concentrations (0x, 0.125x, and 0.25xPBS) for each specimen. However, increasing the ionic 

concentration to 0.5xPBS shows a discernible decrease in the real component's susceptibility. 

Figures 3.2(d)-(f) show the spectra of the imaginary part normalized by the peak value for each 

condition to observe easily the difference in spectra, such as peak frequency and broadness. The DMS 

spectra of the imaginary part for all the specimens are noticeably broadened by increasing the ionic 

concentration, as a black-colored arrow indicates, whereas the peak frequency is not almost changed. 

The broadening of the spectrum for S1 with smaller clusters by the increase of the ionic concentration is 

the most significant among the three specimens. 

 

Figure. 3.2. (a-c) DMS spectra and (d-f) normalized imaginary part of the DMS spectra at various ionic 

concentrations. (a) and (d) for specimen S1, (b) and (e) for S2, and (c) and (f) for S3 

 

 

 

3.4. Discussion 

As shown in Figs. 3.1 and 3.2, a shift in peak frequency and an increase in broadness were observed 

in the imaginary part of the DMS spectra when the cluster size and ionic concentration in the suspension 
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were varied. Generally, a decrease in Brownian relaxation is associated with an increase in hydrodynamic 

size under constant viscosity, while broadness is linked to a widening of the hydrodynamic size 

distribution, as described by equations (1) and (2). By obtaining the hydrodynamic diameter distribution 

at different ionic concentrations from DLS measurements, I can calculate the DMS spectra for specimens 

S1–S3 using the Debye relaxation model outlined in equations (1) and (2). 

The imaginary part of the DMS spectrum was numerically calculated as a superposition of spectra 

from 11 different cluster sizes, with hydrodynamic diameters ranging from 21.88 nm to 131.83 nm, as 

determined by DLS for each specimen (S1–S3) and ionic condition (0x, 0.125x, 0.25x, and 0.5xPBS) as 

shown in table 3.3 – 3.6. These calculations did not account for magnetic dipole-dipole interactions 

among individual clusters, as shown in Fig. 3.3, and the spectra were normalized similarly to Figs. 

3.2(d)–(f). The results indicate that the peak frequency of the DMS spectra shifts toward a lower 

frequency region as cluster size (incubation time) and ionic concentration increase, though changes in 

broadness are not clearly observed. This finding is consistent with the hydrodynamic diameter 

distributions obtained by DLS, where the broadness of the distributions was similar across the 12 

conditions (specimens S1–S3 and four ionic concentrations). 

Experimentally, the Brownian relaxation frequency decreased as incubation time or mean 

hydrodynamic size increased at 0xPBS (in water), as shown in Fig. 1(d). The calculated spectra at 0xPBS 

exhibit a similar trend, except for changes in broadness. In the case of varying ionic concentrations, 

changes in the broadness of the spectra were observed experimentally, though the peak shift was not as 

clear, as shown in Figs. 3.2 (d)–(f). The most significant difference between the calculated and 

experimental spectra is the broadness. To quantify this difference, I evaluated the broadness more closely. 
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Figure. 3.3. Calculated imaginary part of DMS spectra for (a) S1, (b) S3, and (c) S3 at the ionic 

concentrations of 0x, 0.125x, 0.25x, and 0.5xPBS by using the distribution of hydrodynamic size 

obtained by DLS. 

To estimate the hydrodynamic size distribution 𝑝𝑑ℎ,𝑖
 from the experimental DMS data, 𝜒"(𝜔, 𝑑ℎ,𝑖), 

equation (1) was used. It is important to note that 𝑝𝑑ℎ,𝑖
 in equation (1) represents the mass ratio of MNP 

clusters. I assume that SPIONs form a polydisperse system consisting of clusters with hydrodynamic 

sizes dh,i ranging from 21.88 nm to 131.83 nm. Each SPION cluster produces its own DMS signal, 

𝜒"(𝜔, 𝑑ℎ,𝑖), which can be estimated using the Debye model, also described in equation (1). Here, 𝜒0 (the 

static magnetic susceptibility at zero frequency) is normalized to 1 for the imaginary part of DMS, 𝜔 is 

the angular frequency of the applied magnetic field, and τB(𝑑ℎ,𝑖) is the Brownian relaxation time of the 

magnetic moments for different nanoparticle clusters. I can solve these equations using a regression 

method by employing the hydrodynamic size distribution obtained from DLS measurements. Once I 

obtain the size distribution for each specimen at every ionic concentration, I can then calculate and draw 

the normalized imaginary part of the DMS, 𝜒"(𝜔, 𝑑ℎ,𝑖) using equation (1). 

Tab e 3.3. Size distribution of specimen S1 obtained from DLS. 

pi 

    

Diameter  nm  

21.88 25.12 28.84 33.11 38.02 43.65 50.12 57.54 66.07 75.86 87.1 100 114.82 131.83 

water 7.22 19.92 22.62 18.85 13.38 8.57 5.10 2.85 1.51 0.00 0.00 0.00 0.00 0.00 

0.125x 

P S 0.39 18.61 24.77 21.52 15.32 9.63 5.50 2.89 1.38 0.00 0.00 0.00 0.00 0.00 

0.25x 

P S 0.00 0.00 17.36 24.52 21.88 15.80 10.03 5.80 3.09 1.51 0.00 0.00 0.00 0.00 
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0.5x 

P S 0.00 0.00 0.00 22.67 35.46 25.70 12.16 3.64 0.37 0.00 0.00 0.00 0.00 0.00 

 

Tab e 3.4. Size distribution of specimen S2 obtained from DLS. 

pi 

    

Diameter  nm  

21.88 25.12 28.84 33.11 38.02 43.65 50.12 57.54 66.07 75.86 87.1 100 114.82 131.83 

water 0.00 0.00 6.43 20.70 23.67 19.39 13.36 8.22 4.64 2.42 1.16 0.00 0.00 0.00 

0.125x 

P S 0.00 0.00 0.00 16.77 24.13 21.73 15.81 10.11 5.91 3.20 1.60 0.74 0.00 0.00 

0.25x 

P S 0.00 0.00 0.00 11.27 22.45 22.89 17.76 11.81 7.07 3.88 1.97 0.90 0.00 0.00 

0.5x 

P S 0.00 0.00 0.00 0.00 7.78 20.93 23.14 18.74 12.92 8.04 4.64 2.52 1.29 0.00 

 

Tab e 3.5. Size distribution of specimen S3 obtained from DLS. 

pi 

    

Diameter  nm  

21.88 25.12 28.84 33.11 38.02 43.65 50.12 57.54 66.07 75.86 87.1 100 114.82 131.83 

water 0.00 0.00 0.00 3.32 20.08 24.62 20.60 14.24 8.72 4.84 2.45 1.11 0.00 0.00 

0.125x 

P S 0.00 0.00 0.00 0.00 10.81 22.08 22.80 17.87 12.02 7.29 4.06 2.09 0.99 0.00 

0.25x 

P S 0.00 0.00 0.00 0.00 0.00 13.71 23.67 22.77 17.00 10.93 6.32 3.33 1.59 0.67 

0.5x 

P S 0.00 0.00 0.00 0.00 0.00 2.39 19.65 24.46 20.59 14.39 9.00 5.21 2.84 1.47 

 

Given the observed discrepancy, we aimed to determine how the hydrodynamic size distribution 

should change to accurately reflect the DMS signal presented in Figure 3.2. To achieve this, we employed 

a reverse engineering approach by fitting the observed DMS spectra to the modified Debye model, as 

outlined in Equation (1) of this chapter. This method enabled us to estimate the population percentage 

(pi (%)) for each cluster of SPIONs across various cluster sizes, ranging from 21.88 to 131.83 nm. The 

resulting size distributions for specimens S1, S2, and S3 under different PBS conditions are detailed in 

Tables 3.6, 3.7, and 3.8, respectively. To validate the accuracy of the estimated size distribution, we 
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compared the experimental DMS signal with a synthetic signal generated using the estimated size 

distribution and Equation (1). These comparisons are illustrated in Figure 3.4. 

 

Figure. 3.4. Calculated imaginary part of DMS spectra for (a) S1, (b) S3, and (c) S3 at the ionic 

concentrations of 0x, 0.125x, 0.25x, and 0.5xPBS by using the distribution of hydrodynamic size 

obtained by DLS. 

The DLS results for specimen S1 (Table 3.3) indicate that in water, the nanoparticle size distribution 

is heavily skewed towards smaller clusters, with 60.81% of the population within the 21.88 to 33.11 nm 

range. As the PBS concentration increases, the distribution shifts toward larger sizes, with the peak 

shifting to 38.02 nm at 0.5x PBS, suggesting the onset of aggregation. Notably, at 0.5x PBS, DLS detects 

no particles smaller than 33.11 nm, indicating that aggregation is substantial enough to merge smaller 

clusters into larger ones. In contrast, the DMS data for specimen S1 (Table 3.6) presents a broader 

distribution across all conditions. Even in water, DMS detects significant populations of nanoparticles 

across a wide range of sizes, including larger clusters up to 131.83 nm. This broader distribution persists 

and becomes more pronounced as PBS concentration increases. By 0.5x PBS, DMS reveals a substantial 

shift towards larger clusters, with notable populations even in the 87.1 to 131.83 nm range. These 

findings suggest that DMS is more sensitive to the formation of larger aggregates that DLS may not fully 

capture. 

For specimen S2, DLS data (Table 3.4) shows a distribution centered around mid-sized clusters in 

water, with a peak at 38.02 nm. As PBS concentration increases, there is a noticeable shift towards larger 

clusters, with the peak size reaching 50.12 nm at 0.5x PBS. This trend indicates increasing aggregation 



73 

 

but with a more abrupt transition compared to S1. The DMS data for specimen S2 (Table 3.7) again 

displays a broader distribution than DLS. In water, the size distribution is relatively uniform across 

various sizes. Still, as PBS concentration increases, DMS reveals a gradual and significant shift towards 

larger clusters, with a peak size of 66.07 nm at 0.5x PBS. DMS also detects a considerable presence of 

larger aggregates, particularly in the 87.1 to 131.83 nm range, which are primarily missed by DLS. This 

discrepancy underscores DMS's capability to detect a broader range of particle sizes, particularly larger 

aggregates likely underrepresented in DLS measurements. 

Specimen S3, as measured by DLS (Table 3.5), predominantly shows nanoparticles within the 38.02 

to 50.12 nm range in water. As the PBS concentration increases, the peak size shifts to 57.54 nm at 0.5x 

PBS, indicating aggregation. However, the distribution remains relatively narrow, and DLS does not 

detect substantial populations of particles larger than 75.86 nm. In contrast, DMS data for specimen S3 

(Table 3.8) reveals a much broader size distribution. Even in water, DMS detects significant populations 

across a wide range of sizes, including clusters up to 131.83 nm. With increasing PBS concentration, 

DMS shows a more pronounced shift towards larger clusters, with a peak size of 87.1 nm at 0.5x PBS 

and substantial populations in the 114.82 to 131.83 nm range. 

The differences observed between the size distributions from DMS and DLS highlight the complex 

interactions at play in the system. The presence of an external magnetic field during DMS measurements 

introduces magnetic dipolar interactions that can influence the observed particle size distribution. These 

interactions are absent in DLS measurements, where particles are not subjected to such external forces. 

As a result, DMS tends to detect larger apparent sizes, particularly under higher ionic strengths, where 

the presence of ions from PBS solutions further alters the behavior of the nanoparticles. This suggests 

that the magnetic dipolar interactions are not merely a result of particle aggregation but are also 

influenced by the external magnetic field and the surrounding ionic environment. 
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Tab e 3.6. Size distribution of specimen S1 obtained from DMS. 

pi 

    

Diameter  nm  

21.88 25.12 28.84 33.11 38.02 43.65 50.12 57.54 66.07 75.86 87.1 100 114.82 131.83 

water 9.91 13.47 16.54 17.44 15.36 11.37 7.09 3.43 0.80 0.46 0.32 0.59 1.42 1.83 

0.125x 

P S 
9.07 12.35 15.21 16.17 14.57 11.36 7.89 4.81 2.34 0.83 0.46 0.90 1.62 2.44 

0.25x 

P S 7.84 10.66 13.11 13.95 12.76 10.50 8.26 6.25 4.34 2.75 1.79 1.59 2.21 3.96 

0.5x 

P S 6.77 9.14 11.12 11.68 10.66 9.19 8.17 7.39 6.31 4.89 3.46 2.48 2.83 5.92 

 

Tab e 3.7. Size distribution of specimen S2 obtained from DMS. 

pi 

    

Diameter  nm  

21.88 25.12 28.84 33.11 38.02 43.65 50.12 57.54 66.07 75.86 87.1 100 114.82 131.83 

water 5.53 7.63 9.69 11.00 11.26 10.87 10.10 8.78 6.90 5.04 3.85 3.33 3.11 2.90 

0.125x 

P S 
5.45 7.50 9.49 10.71 10.88 10.44 9.71 8.56 6.94 5.32 4.29 3.87 3.63 3.21 

0.25x 

P S 5.23 7.18 9.06 10.16 10.27 9.85 9.26 8.33 6.97 5.59 4.72 4.37 4.34 4.68 

0.5x 

P S 5.35 7.29 9.04 9.82 9.47 8.74 8.24 7.80 7.00 5.85 4.72 4.08 4.74 7.85 

 

Tab e 3.8. Size distribution of specimen S3 obtained from DMS. 

pi 

    

Diameter  nm  

21.88 25.12 28.84 33.11 38.02 43.65 50.12 57.54 66.07 75.86 87.1 100 114.82 131.83 

water 3.93 5.48 7.13 8.54 9.61 10.49 11.01 10.59 9.10 7.08 5.35 4.27 3.76 3.66 

0.125x 

P S 
3.88 5.40 6.97 8.23 9.06 9.68 10.05 9.77 8.67 7.15 5.82 5.02 4.85 5.43 

0.25x 

P S 3.95 5.45 6.95 7.99 8.51 8.88 9.22 9.17 8.43 7.18 5.90 5.16 5.54 7.66 

0.5x 

P S 4.41 6.02 7.51 8.30 8.34 8.24 8.38 8.42 7.91 6.80 5.46 4.65 5.64 9.92 
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To further understand these interactions, we must consider how they affect the dynamic magnetization 

of the nanoparticles, particularly in the context of their frequency-dependent behavior. The broadening 

of the DMS spectra, which is more pronounced under higher PBS concentrations, could be attributed to 

these magnetic dipolar interactions, which become more significant as the nanoparticles interact with the 

ions in the solution. This broadening indicates a more complex interplay between the nanoparticles' 

magnetic properties and their environment, which is not fully captured by DLS data alone. 

Since I could not obtain AC magnetization data in the higher frequency region, I quantify the 

broadness of the spectrum by calculating the ratio between the peak frequency fpeak and the frequency 

fhalf where the normalized imaginary part of DMS equal to 0.5 in the lower frequency region. The half 

width of the spectrum is defined as a difference between log fpeak and log fhalf since the frequency axis in 

the spectrum is shown in a logarithmic scale. Hence, the spectrum's width is equivalent to the ratio fpeak 

 fhalf. Figure 4 shows the ionic concentration dependence of fpeak  fhalf for calculated and experimentally 

obtained spectra of specimens S1−S3. Figure 3.4 shows fpeak  fhalf, in other words, the broadness of the 

calculated spectra does not depend on the incubation time and the ionic concentration; this trend is similar 

to that seen in Fig 3.3. In water (0xPBS), fpeak  fhalf of the experimental spectrum is similar to that of the 

calculated spectrum for S1with the smallest cluster size. fpeak  fhalf increases with the increase of the 

incubation time and the ionic concentration. The difference of the broadness in the DMS spectra will be 

attributed in interparticle and inter-cluster magnetic dipole-dipole interaction which is not considered in 

the calculation from DLS data. 

From these points, we will explain the dependence of magnetic behavior of CA-SPIONs on the 

incubation time and the ionic concentration observed in Figs. 3.1 and 3.2. In specimen S1, a majority of 

magnetic components is probably a single SPION which is dispersed well with very weak magnetic 

interaction in water. Thus, the DMS spectrum experimentally obtained under 0xPBS is close to the 

calculated one based on Debye relaxation model without magnetic interaction. With the increase of the 
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incubation time, the number of particles in the cluster and its size increased as show in Fig. 3.1. The 

rigidity of clusters in S1–S3 suggests that the SPIONs within these clusters are not rotating freely and 

independently, leading to the decrease of the Brownian relaxation frequency depending on the mean 

hydrodynamic size. This results in predominantly independent behavior with minimal magnetic 

interaction, particularly in water. Under the conditions, the calculated and experimental spectra have 

similar broadness; the strongest electrostatic repulsion and the weakest magnetic interactions among the 

clusters. However, the broadness of the DMS spectra experimentally obtained is enhanced with the 

incubation time and the cluster size even in water, indicating that the interparticle magnetic dipole-dipole 

interaction appears in the cluster and modulates the spectra. 

As the ionic concentration increases, the gap between theoretical predictions and experimental results 

widens, particularly evident in the broadening of the low-frequency region of the spectra whereas the 

main peak remains unchanged. This observed broadening of the particle spectrum likely arises not 

merely from larger hydrodynamic diameters but from complex inter-cluster magnetic interactions. An 

increased heterogeneity in the hydrodynamic size facilitated because of the decrease of the electric 

double-layer on them and the increase of inter-cluster interaction by the ionic strength of the solution is 

a significant reason. The inter-cluster interaction does not strongly bind clusters; the Brownian relaxation 

behavior of the original cluster remains with the inter-cluster magnetic interaction. Thus, the peak 

frequency of the spectra for S1−S3 did not change a lot although the ionic concentration was increased 

as shown in Figs. 3.2(d)−(f). It has been previously reported that such complex behavior from individual 

particles as well as cluster appears also in the magnetic particle cluster in a suspension.34) 
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Figure. 3.4. Ionic concentration dependence of fpeak  fhalf for calculated and experimentally obtained 

DMS spectra for CA-SPIONs of S1−S3. 

 

3.5.  Summary 

In this chapter, we explored the impact of interparticle and inter-cluster interactions on the 

magnetization dynamics of citric acid-coated superparamagnetic iron oxide nanoparticles (CA SPIONs) 

under alternating current (AC) magnetic fields. By manipulating the cluster size through incubation time 

and modulating ionic concentrations in the suspension, we investigated how these factors influence the 

dynamic magnetic susceptibility (DMS) spectra of CA SPIONs. 

Our results demonstrated that increasing the incubation time led to the formation of larger SPION 

clusters, which in turn caused a decrease in the Brownian relaxation frequency—a key indicator of how 

quickly nanoparticles can reorient in response to an external magnetic field. This decrease was consistent 

with the theoretical relationship between hydrodynamic size and Brownian relaxation frequency. 

Additionally, we observed that the DMS spectra broadened as both cluster size and ionic concentration 

increased, particularly in the low-frequency region. This broadening effect suggests that both 

interparticle and inter-cluster magnetic dipole-dipole interactions play a significant role in the observed 

magnetization behavior. 

Interestingly, while the theoretical models, such as the Debye relaxation model, provided a good 

approximation of the peak frequency shifts in the DMS spectra, they failed to fully capture the 

broadening observed experimentally. This discrepancy highlights the complex nature of magnetic 
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interactions in polydisperse nanoparticle systems, where the external magnetic field and the surrounding 

ionic environment significantly influence the nanoparticles' dynamic behavior. 

Overall, this chapter's findings emphasize the importance of considering both interparticle and inter-

cluster interactions when analyzing SPIONs' magnetic behavior. These insights are crucial for optimizing 

the performance of SPION-based technologies, particularly in applications like liquid-phase biosensing, 

where precise control over nanoparticle behavior is essential for accurate detection and measurement. 
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Chapter 4 – Effect of Buffer Solution Towards Dynamic Magnetization 

of CA SPIONs 

 
 

Abstract 

This chapter investigates the impact of HEPES buffer solutions on the dynamic magnetization 

properties of citric acid-coated superparamagnetic iron oxide nanoparticles (CA SPIONs). The study 

compares the effects of HEPES buffer on the nanoparticles' stability and magnetic behavior with those 

of PBS solution, as explored in previous chapters. Using dynamic magnetic susceptibility (DMS) 

measurements, the findings reveal that high concentrations of HEPES buffer promote particle 

aggregation and cause significant peak shifts in the DMS signal, attributed to the zwitterionic nature of 

HEPES. However, the concentration of HEPES required to significantly modulate the DMS spectra is 

much higher than standard concentrations typically used. Additionally, experiments with quasi-stable 

CA SPIONs in HEPES buffer showed only slight modulation of the DMS signal, indicating minimal 

impact under these conditions. In contrast, even small amounts of PBS produced noticeable changes in 

the DMS spectra. These contrasting results underscore the critical role of buffer composition in 

influencing nanoparticle behavior and highlight the importance of selecting appropriate buffers to 

optimize the performance of SPIONs in biosensing and biomedical applications. Understanding these 

interactions is essential for enhancing the efficiency and reliability of SPION-based technologies across 

various conditions. 

 

4.1. Introduction 

Superparamagnetic iron oxide nanoparticles (SPIONs) have garnered significant attention in 

biosensing due to their unique magnetic properties and biocompatibility (1,2). These nanoparticles, 

typically composed of magnetite (Fe3O4  or ma hemite  γ-Fe2O3), exhibit superparamagnetism at 
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nanoscale sizes, making them highly responsive to external magnetic fields without retaining residual 

magnetism. This characteristic is particularly advantageous for biosensing applications, where SPIONs 

can be functionalized with specific biomolecules to target and detect analytes with high sensitivity and 

specificity (3-6). The applications of SPIONs in biosensing span various domains, including medical 

diagnostics, environmental monitoring, and food safety, highlighting their versatility and potential 

impact on multiple sectors. 

SPIONs encounter a complex milieu in biological fluids comprising proteins, DNA, RNA, buffer 

solutions, and various ionic species (7,8). The interaction of SPIONs with these components is critical for 

their performance in biosensing applications. Ideally, SPIONs are designed to bind selectively to target 

molecules, such as specific proteins. However, nonspecific interactions with other biomolecules can alter 

the nanoparticles' hydrodynamic behavior. These changes can manifest as variations in hydrodynamic 

size or magnetic susceptibility signals, potentially leading to false-positive results. Such unintended 

interactions underscore the necessity for careful optimization and characterization of SPION-based 

biosensors to ensure accurate and reliable detection. 

The human body contains several buffer systems that maintain pH homeostasis, each with distinct 

mechanisms and components (9-13). The phosphate buffer system, for example, operates in the renal and 

intracellular fluid compartments, buffering changes in pH through the reversible conversion of 

dihydrogen phosphate (𝐻2𝑃𝑂4−) and hydrogen phosphate (HPO4
2−). The protein buffer system leverages 

the amphoteric nature of proteins, particularly hemoglobin, to bind or release hydrogen ions (H+), thus 

stabilizing pH levels in blood and tissues. The bicarbonate buffer is crucial in the extracellular fluid, 

balancing pH by interconverting bicarbonate (HCO3-) and carbonic acid (H2CO3). Similarly, the 

hemoglobin buffer system in red blood cells regulates pH through hemoglobin's ability to bind CO2 and 

H+. These buffer systems collectively play a vital role in maintaining physiological pH, ensuring proper 

cellular function and metabolic processes. 
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This chapter investigates the interactions between SPIONs and various buffer solutions, focusing on 

the HEPES buffer. Previous studies in our research have utilized phosphate-buffered saline (PBS) to 

evaluate SPION stability and performance. Buffer solutions enhance nanoparticle stability by 

maintaining a stable pH environment, which is crucial since SPIONs are susceptible to pH fluctuations. 

However, buffers may also induce particle aggregation due to their ionic content, which can screen the 

particle surface charges and reduce repulsive forces between nanoparticles. By exploring these 

interactions, I seek to understand buffer solutions' dual role in stabilizing and potentially aggregating 

SPIONs, thereby providing insights into optimizing SPION-based biosensors for practical applications. 

In conclusion, this chapter aims to elucidate the intricate interplay between buffer systems and 

SPIONs, providing insights into how these interactions affect the performance of SPION-based 

biosensors. By exploring the magnetization dynamics of SPIONs in the presence of different buffer 

solutions, I seek to enhance the reliability and accuracy of biosensing applications, ultimately 

contributing to the advancement of diagnostic technologies. 

4.2. Materials and Methods 

4.2.1. Synthesis and characterization of SPIONs modified with citric acid 

The synthesis of bare SPIONs was conducted utilizing a solvothermal approach. Initially, a precursor 

solution was prepared by dissolving 1.4 gram of iron (III) acetylacetonate (14024-18-1, Sigma-Aldrich, 

USA) in 40 mL of tetraethylene glycol (112-60-7, Sigma-Aldrich, USA). This solution was heated to 

343 K to ensure complete dissolution of the precursor. The solution was then transferred into four 10 mL 

stainless steel pressure vessels. These vessels were then sealed and placed in an electric furnace, where 

they were subjected to a temperature of 523 K for 15 hours, facilitating the solvothermal reaction. The 

synthesized SPIONs were subjected to a series of washing steps after the completion of the response. 

Initially, the SPIONs were washed with acetone to remove any residual solvent, followed by 

centrifugation to collect the nanoparticles. This process was repeated three times, alternating between 
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deionized (DI) water and ethanol to ensure thorough cleaning. Finally, the bare SPIONs were redispersed 

in 20 mL of DI water, preparing them for further process. 

 The synthesized SPIONs were dispersed in an aqueous solution containing 2 grams of trisodium 

citrate (197-06025, Wako Chemicals, Japan) in 120 mL of deionized (DI) water. This was achieved using 

an ultrasonic homogenizer at 343 K to modify the surface with citric acid molecules. After surface 

modification, the SPIONs were washed three times with 1 mL of DI water and 3 mL of ethanol, then 

dispersed in 5 mL of DI water.  

We introduced salt concentration, sodium, and potassium to induce particle aggregation. When the 

appropriate concentration of salts is introduced, SPIONs and their clusters tend to aggregate owing to 

reduced electric-double layer thickness, forming larger clusters that can significantly influence their 

magnetic and physical properties. However, it is crucial to carefully manage the salt concentration, as 

excessive amounts can lead to undesirable precipitation of SPIONs, rendering them unsuitable for further 

applications. As we studied in Chapter 2, we observed peak-shift behavior in the mixture of SPIONs 

with sodium and potassium. While the peak-shift behavior is absent in Chapter 3 when SPIONs are 

mixed with PBS solution, the contents of sodium ions are comparable to the case in which we observed 

peak-shift in Chapter 2. Therefore, we mixed the SPIONs with the buffer solutions at different 

concentrations to study the effect of the buffer solution on the magnetization dynamics of SPIONs. This 

time, we used a different buffer solution, the HEPES solution, to enrich our data. To meticulously control 

this aspect, the suspension's ionic concentration (sodium and potassium) for evaluations was 

systematically varied. Firstly, we prepared a suspension of SPIONs in HEPES buffer with different 

concentrations of HEPES buffer, ranging from 0 mM to 25 mM. After that, we mixed 50 µL of 

suspensions with 50 µL of ionic solutions with concentrations ranging from 0 mM to 100 mM. The final 

concentrations of salts in the specimens were 50 mM, 25 mM, 5 mM, 2.5 mM, and 0 mM. 

The primary and hydrodynamic sizes of the nanoparticles were determined using transmission 
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electron microscopy (TEM, H-8100, Hitachi High-Tech Corporation, Japan) and dynamic light 

scattering measurements (DLS, SZ-100-V2, HORIBA, Japan), respectively. The frequency dependence 

of the AC magnetization in the range of 10–10,000 Hz was analyzed using a physical property 

measurement system (PPMS; Quantum Design Corp., USA) at a magnetic field strength of 0.8 kA/m at 

300 K. The SPIONs concentration and volume of specimens for PPMS measurements were 3.5 mg/mL 

and 100 µL, respectively. 

 

4.3. Results 

4.3.1. Dependence of HEPES buffer solution on the dynamic behavior of CA SPIONs. 

Figure 4.1 shows (a) the real part and (b) the imaginary part of the Dynamic Magnetic Susceptibility 

(DMS) signal of SPIONs under varying concentrations of HEPES buffer solutions. The labels indicate 

the final concentration of HEPES buffer in the suspensions. The DMS signal reveals that the dynamic 

magnetization of SPIONs remains stable up to a HEPES buffer concentration of 50 mM, as evidenced 

by the similarity in the DMS signal of SPIONs in both HEPES (50 mM) and water (0 mM). However, 

at a concentration of 250 mM HEPES, a slight decrease in magnetic susceptibility is observed, as shown 

by the purple graph in Figure 4.1. This effect becomes more pronounced at 500 mM HEPES, where the 

rea  part of the DMS si na  decreases from 6.4 x 10⁻⁴ to 4.0 x 10⁻⁴. Additionally, the imaginary part of 

the DMS si na  drops si nificant y to 3.0 x 10⁻⁵ at 500 mM HEPES, compared to 1.2 x 10⁻⁴ in water. 

 

Figure 4.1. (a) real and (b) imaginary parts of the DMS signal of CA SPIONs in various concentrations 

of HEPES buffer. 
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Figure 4.2 shows the normalized imaginary part of the DMS signal of SPIONs under varying 

concentrations of HEPES buffer. In this experiment, suspensions were prepared with HEPES buffer 

concentrations ranging from 0 mM (SPIONs in water) to 500 mM. The results indicate that at low 

concentrations (0 - 50 mM), HEPES buffer does not affect the DMS signal of SPIONs. However, the 

DMS signal broadens at higher concentrations (250 mM - 500 mM), similar to observations made when 

SPIONs were mixed with sodium, potassium, or PBS buffer in previous chapters. It is important to note 

that the standard concentration of HEPES buffer used in most applications is around ten mM. Therefore, 

HEPES buffer at standard concentrations does not impact the dynamic magnetization of SPIONs. 

 

Figure 4.2. Normalized imaginary parts of the DMS signal of CA SPIONs in various concentrations of 

HEPES buffer. 

 

4.3.2. Effect of HEPES buffer solution towards quasi-stable CA SPIONs 

Figure 4.3. illustrates the (a) DMS signal and (b) the normalized imaginary part of SPIONs under 

varying concentrations of sodium ions. The DMS signal exhibits behavior similar to that discussed in 

Chapters 2 and 3, particularly in the dynamic magnetization of SPIONs, which changes in two distinct 

stages. Initially, the DMS signal broadens at lower sodium ion concentrations while maintaining a 

constant peak frequency. Subsequently, a noticeable peak shift is observed in the DMS signal at higher 

sodium ion concentrations (75 mM, highlighted with a red circle). This broadening effect and peak-shift 

behavior are also observed in SPIONs under the influence of potassium ions (Figure 4.3. c and d). 

Notably, the peak-shift behavior in SPIONs due to potassium ions occurs earlier than those under the 
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influence of sodium ions. 

Several differences are evident when comparing these observations to the data presented in Chapter 

2. The first difference lies in the concentration at which the peak-shift phenomenon is observed in sodium 

and potassium solutions. In Chapter 2, we noted peak shifts at 37.5 mM and 50 mM concentrations for 

potassium and sodium solutions, respectively. In contrast, in the current study, we observed peak shifts 

at slightly different concentrations: 50 mM and 75 mM for potassium and sodium ionic solutions, 

respectively. This discrepancy arises from using different batches of CA SPIONs. Due to insufficient 

samples identical to those used in Chapter 2, we opted to use a different batch of CA SPION samples. 

Samples from different batches can exhibit slight variations in stability, which is a regular occurrence in 

such experiments. Our observations demonstrate the repeatability of the peak shift and signal-broadening 

effects in CA SPIONs, confirming the consistency of these phenomena across different experimental 

conditions. 

 

 

Figure 4.3. (a,c) DMS signal and (b,d) normalized imaginary parts of the DMS signal for CA SPIONs. 

The SPIONs were mixed with (a,b) sodium ions and (c,d) potassium ions to investigate the impact of 
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ionic solutions on their magnetization behavior. 

 

Figure 4.4 illustrates the effect of HEPES buffer on SPIONs, influenced by the screening effect of 

potassium ionic solutions, as shown by the DMS signal (Figure 4.4a). The concentration of HEPES does 

not significantly change the dynamic magnetization of SPIONs, except at 25 mM HEPES, where a 

decrease in the real part of the DMS signal is observed. However, examining the normalized DMS signal, 

the peak-shift phenomenon becomes evident (Figure 4.4b). At 6.25 mM HEPES, the signal broadens 

without a significant shift in peak frequency. As the HEPES concentration increases, a peak shift occurs, 

as indicated by the arrow. 

 

Figure 4.4. (a) DMS signal and (b) normalized imaginary parts of the DMS signal for CA SPIONs. The 

SPIONs were suspended in varying concentrations of HEPES buffer and then mixed with 50 mM of 

potassium ions to assess the impact of HEPES buffer on their magnetization behavior. 

 

Figure 4.5 illustrates the effect of HEPES buffer on SPIONs, influenced by the screening effect of 

potassium ionic solutions, as shown by the DMS signal (Figure 4.5a). Across all HEPES concentrations, 

there is no significant change in the dynamic magnetization of SPIONs, as indicated by the stable 

magnetic susceptibility signal strength. However, examining the normalized DMS signal, the peak-shift 

and signal-broadening phenomenon become observable (Figure 4.5.b.). At 6.25 mM HEPES, the signal 

broadens without a significant shift in peak frequency. This broadening remains similar at 12.5 mM and 

25 mM HEPES concentrations, indicating that higher concentrations do not further alter the signal. 
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Figure 4.5. (a) DMS signal and (b) normalized imaginary parts of the DMS signal for CA SPIONs. The 

SPIONs were suspended in varying concentrations of HEPES buffer and then mixed with 50 mM of 

sodium ions to assess the impact of HEPES buffer on their magnetization behavior. 

 

Figure 4.6 depicts the impact of HEPES buffer on SPIONs, highlighting the screening effect of 

potassium ionic solutions, as evidenced by the DMS signal (Figure 4.6a). The dynamic magnetization of 

SP and the consistent magnetic susceptibility signal strength indicate that IONs remain largely unaffected 

across varying HEPES concentrations. However, examining the normalized DMS signal, a peak-shift 

phenomenon becomes apparent (Figure 4.6b). Initially, at 0 mM HEPES, SPIONs in 75 mM sodium ions 

exhibit a signal peak frequency at 5000 Hz. Introducing 6.25 mM of HEPES buffer causes the signal 

peak frequency to shift slightly to 3000 Hz. This shift persists at 12.5 mM HEPES buffer. Upon 

increasing the HEPES concentration to 25 mM, a further peak shift to 1500 Hz is observed.

 

Figure 4.6. (a) DMS signal and (b) normalized imaginary parts of the DMS signal for CA SPIONs. The 

SPIONs were suspended in varying concentrations of HEPES buffer and then mixed with 75 mM of 

sodium ions to assess the impact of HEPES buffer on their magnetization behavior. 
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4.4. Discussion 

The experimental data presented in Chapter 4 provides significant insights into the behavior of citric 

acid-coated superparamagnetic iron oxide nanoparticles (CA SPIONs) in various buffer solutions, 

specifically HEPES and phosphate-buffered saline (PBS). This discussion elaborates on the distinct 

effects of these buffers on the dynamic magnetization of CA SPIONs, supporting the proposed 

hypotheses. 

Some may argue that the additional HEPES buffer caused the magnetic behavior of SPIONs due to 

the solution pH not being maintained constant. Therefore, we measured pH for all samples in Figures 

4.4, 4.5, and 4.6, shown in Table 4.1. Table 4.1 shows the effect of HEPES mo ecu es on the suspension’s 

pH. We prepared a solution containing a mixed suspension of SPIONs with a concentration of 0.3 mg/mL 

with 50 mL of saline solutions. Specimen S1 in water has a pH of around 6.78. In a 50 mM NaCl solution, 

the initial pH is 6.16, which rises to 6.83 with 6.25 mM HEPES and 6.96 with 12.50 mM HEPES, 

stabilizing at 6.97 with 25.00 mM HEPES. Similarly, in a 75 mM NaCl solution, the pH starts at 6.00, 

increasing to 6.76 with 6.25 mM HEPES, reaching 6.91 with 12.50 mM, and slightly higher at 6.95 with 

25.00 mM HEPES. In a 50 mM KCl solution, the pH at 6.07 rises to 6.93 with 6.25 mM HEPES. These 

observations indicate that HEPES buffer effectively elevates and stabilizes the pH of saline suspensions 

across different concentrations. 

Tab e 4.1. Effect of HEPES mo ecu es on suspension’s pH. 

S      C                HEPES       H 

50      C  

0.00 6.16 

6.25 6.83 

12.50 6.96 

25.00 6.97 

75      C  

0.00 6.00 

6.25 6.76 

12.50 6.91 

25.00 6.95 

50   KC  
0.00 6.07 

6.25 6.93 
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12.50 6.95 

25.00 6.97 

HEPES buffer, known for its zwitterionic properties, demonstrates a unique interaction with CA 

SPIONs. According to Khandelwal et al. (14), the behavior of HEPES buffer at a pH of around 7 reveals 

that it is not entirely neutral but carries a slight negative charge, as indicated in Figure 7 of their study. 

This characteristic is significant because it contradicts the common assumption that HEPES buffer is 

neutral at this pH level. The slight negativity of the HEPES buffer could potentially influence the 

electrostatic interactions with the nanoparticles, leading to altered stability. Khandelwal et al. further 

explored how this subtle negativity in HEPES affects the AC conductivity of ultra-dilute colloidal 

suspensions, highlighting that such buffers can influence the double layer of particles in suspension, 

thereby impacting their aggregation and overall stability. This is particularly relevant when considering 

the dynamic behavior of SPIONs in different buffer environments. 

In order to study the magnetization dynamics of quasi-stable SPIONs under the influence of HEPES 

buffer solution, we prepared SPION (concentration of 0.3 mg/mL) containing 50 mM NaCl, 75 mM 

NaCl, or 50 mM KCl solutions then mixing them with HEPES buffer at various concentrations and 

sonicated the mixtures for several minutes. The hydrodynamic sizes of the samples were measured using 

DLS, and the results are presented in Figure 4.7. The image presents four graphs illustrating SPION’s 

hydrodynamic diameter distribution under different HEPES buffer concentrations and salt environments. 

The top left graph (a) shows that the hydrodynamic size of SPIONs remains stable across various HEPES 

buffer concentrations, with consistent peaks around 25 nm. The top right graph (b) indicates that in a 50 

mM NaCl solution, HEPES buffer slightly shifts the SPIONs' size, with peaks around 25-35 nm. The 

bottom left graph (c) reveals similar slight changes in a 75 mM NaCl solution, with peaks around 30-55 

nm. The bottom right graph (d) demonstrates that in a 50 mM KCl solution, HEPES buffer modifies the 

SPIONs' size more significantly, with peaks around 90-105 nm, and the size distribution broadens with 

increasing HEPES concentration. Overall, the graphs highlight that while SPIONs maintain stable sizes 
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in pure HEPES buffer, adding HEPES buffer in NaCl or KCl solutions leads to minor changes in their 

hydrodynamic size distribution. 

 

Figure 4.7 shows the hydrodynamic size changes from DLS measurements for SPIONs: (a) in buffer 

and (b-d) in saline solution. The pH value for all samples (b-d) was maintained by adding HEPES 

buffer. 

 

The peak-frequency shift and broadening effect in the dynamic magnetic susceptibility (DMS) signal, 

as shown in Figures 4.4 to 4.6, indicate enhanced inter-cluster aggregation of SPIONs in the presence of 

HEPES buffer and potassium ionic solutions. In Figure 4.4, a decrease in the real part of the DMS signal 

at 25 mM HEPES and a peak shift at higher HEPES concentrations suggest initial aggregation. Figure 

4.5 demonstrates that while the dynamic magnetization remains stable, signal broadening and peak 

shifting at 6.25 mM HEPES and higher concentrations indicate progressive aggregation. Similarly, 

Figure 4.6 shows that increasing HEPES concentrations shift the peak frequency from 5000 Hz at 0 mM 

HEPES to 1500 Hz at 25 mM HEPES, highlighting significant aggregation. Figure 4.7 further supports 

these findings by illustrating changes in the hydrodynamic diameter distribution of SPIONs under 
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different HEPES buffer concentrations and salt environments. SPIONs maintain a stable size of around 

25 nm in pure HEPES buffer. However, in 50 mM NaCl, 75 mM NaCl, and 50 mM KCl solutions, 

HEPES buffer induces size shifts and broadening distributions, with more pronounced changes in the 

KCl solution, where peaks reach 90-105 nm. This correlation between DMS signal changes and 

hydrodynamic size distribution underscores the role of HEPES buffer while maintaining its pH; it may 

also promote further inter-cluster aggregation of SPIONs. 

The peak-frequency shift and broadening effects observed in the dynamic magnetic susceptibility 

(DMS) signal, as shown in Figures 4.4 to 4.6, initially suggested that the introduction of HEPES buffer 

and potassium ionic solutions might enhance inter-cluster aggregation of SPIONs. However, it is 

important to note that the ionic strength of HEPES buffer, especially when compared to chloride or 

phosphate ions, is relatively weak and may not significantly destabilize the SPIONs. The subtle changes 

in magnetization behavior, such as the peak shift to lower frequencies, are likely not a direct result of 

interactions between the SPIONs and the HEPES buffer. Instead, these changes may be more reflective 

of the inherent properties of the SPIONs themselves, which could be in a quasi-stable state even in the 

absence of HEPES. 

While it was initially hypothesized that adding HEPES buffer to a quasi-stable colloidal system would 

lead to significant aggregation of SPIONs, the experimental results show that only slight aggregation 

occurred at standard HEPES concentrations. This suggests that the role of HEPES in promoting 

aggregation is minimal. The observed effects are more likely due to interactions between SPIONs and 

other ions, such as potassium, sodium, chloride, or phosphate. Consequently, the influence of these ions 

on the DMS signal appears to follow the order of K > Na > PBS > HEPES. 

4.5. Summary 

The findings in this chapter clarify that the HEPES buffer does not significantly affect the stability 

and aggregation of citric acid-coated superparamagnetic iron oxide nanoparticles (CA SPIONs) under 
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standard conditions. Aggregation of SPIONs was only observed at extremely high concentrations of 

HEPES, far above the standard buffer concentration. Specifically, while standard HEPES buffer 

concentrations are typically between 10 - 20 mM, notable effects on SPION aggregation and dynamic 

magnetization were only detected at concentrations of 250 mM and higher. 

Even at these elevated concentrations, the impact of HEPES on SPION aggregation was minimal, 

particularly when compared to the more pronounced effects of ionic buffers like PBS. Hydrodynamic 

size measurements further confirmed that HEPES, even at high concentrations, caused only minor 

changes in nanoparticle size distribution, particularly in saline environments. This underscores that the 

HEPES buffer does not significantly affect SPION aggregation under typical conditions. 

In summary, under standard conditions, the HEPES buffer does not impact the stability and 

aggregation of SPIONs. The aggregation observed at high HEPES concentrations (250 mM and above) 

underscores that such effects are only relevant at higher levels than those typically used in biomedical 

applications. This insight is crucial for selecting appropriate buffer systems for SPION-based 

technologies, ensuring optimal performance and reliability across various environments. 
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Chapter 5 – General Conclusions 

 

 

 

 
 
This research comprehensively investigated the dynamic behavior of citric acid-coated 

superparamagnetic iron oxide nanoparticles (CA SPIONs) under various ionic conditions, focusing on 

their stability and magnetization dynamics. Through a series of experiments involving different ionic 

environments—sodium (Na+), potassium (K+), phosphate-buffered saline (PBS), and HEPES buffer—

I sought to understand the interplay between ionic strength, electrostatic interactions, and nanoparticle 

clustering, all of which significantly influence the dynamic magnetic susceptibility (DMS) of CA 

SPIONs. 

Summary of Findings 

Our research began by exploring the impact of sodium and potassium ions on the magnetization 

dynamics of CA SPIONs. It was observed that both Na+ and K+ ions induced significant changes in the 

DMS spectra of the nanoparticles, with the extent of these changes being more pronounced in the 

presence of potassium ions. Specifically, K+ ions led to a peak shift in the DMS spectra at lower 

concentrations compared to Na+ ions, indicating a stronger influence on nanoparticle aggregation and 

magnetic behavior. This behavior is primarily attributed to the higher ionic strength of K+ ions, which 

more effectively screens the surface charges of the nanoparticles, thereby promoting aggregation and 

altering their rotational dynamics under an external magnetic field. 

PBS, a more complex ionic environment, demonstrated a different effect on the CA SPIONs. While 

it also caused broadening in the DMS spectra, no significant peak shifts were observed, even at higher 

concentrations. This suggests that the phosphate ions present in PBS contribute to the stabilization of 

CA SPIONs, likely by forming a protective layer around the nanoparticles that prevents aggregation. 

The unique role of phosphate ions in maintaining nanoparticle stability underscores the importance of 
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considering the specific ionic composition of the environment when designing nanoparticle-based 

systems. 

Finally, the effect of HEPES buffer on CA SPIONs was investigated. HEPES, known for its 

zwitterionic nature, exhibited the least influence on the DMS spectra compared to the other ionic 

environments studied. Although higher concentrations of HEPES led to some broadening and peak shifts 

in the DMS spectra, these effects were minimal, indicating that HEPES is less likely to destabilize CA 

SPIONs or significantly alter their magnetization dynamics. 

Order of Influence on DMS 

Through my comparative analysis, I established a clear hierarchy in the influence of different ionic 

environments on the DMS of CA SPIONs. The order of strength, from the most to least influential, is as 

follows: 

1. Potassium ions (K+) - Exhibit the strongest influence on DMS, leading to significant peak shifts 

at lower concentrations, indicative of pronounced nanoparticle aggregation and changes in 

magnetization dynamics. 

2. Sodium ions (Na+) - Also cause peak shifts and broadening in DMS spectra, but require higher 

concentrations compared to K+ ions to achieve similar effects. 

3. Phosphate-buffered saline (PBS) - Primarily causes broadening in DMS spectra without 

significant peak shifts, suggesting a stabilizing effect due to the presence of phosphate ions. 

4. HEPES buffer - Exhibits the weakest influence on DMS, with minimal broadening and peak 

shifts, indicating that it does not significantly destabilize CA SPIONs or alter their magnetization 

behavior. 

Conclusion and Implications 

The findings from this research highlight the critical role that ionic strength and specific ion types 

play in determining the stability and dynamic behavior of CA SPIONs. Understanding these interactions 

is crucial for optimizing the design and application of nanoparticle-based technologies in biomedical and 
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biosensing fields. By carefully selecting the appropriate ionic environment, we can enhance the stability 

and performance of SPIONs, ensuring their efficacy in various applications, from targeted drug delivery 

to magnetic resonance imaging (MRI) and beyond. 

Future work should continue to explore the interactions between nanoparticles and a broader range of 

ionic environments, including multivalent ions and more complex biological fluids, to further refine our 

understanding of nanoparticle behavior in real-world applications. The insights gained from this research 

provide a solid foundation for advancing the development of SPION-based technologies and improving 

their integration into practical biomedical solutions. 
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