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Abstract 

 

Magnetic characterization and quantification of individual magnetic particles and 

magnetically labeled cells of the sample is of much importance to assess the sample quality and 

better application in the fields of drug delivery, cell purification, endocytosis, cell separation, 

biomedical, pharmaceutical and cell therapeutics.  A particle tracking velocimeter is utilized to 

measure magnetophoretic mobility, size, sedimentation rate, intensity and other morphological 

parameters of magnetic particles and magnetically labeled cells by magnetic cytometry.  Magnetic 

cytometry by particle tracking velocimetry records the motion of labeled cells in an isodynamic 

magnetic field thereby estimating the key parameter, magnetophoretic mobility of labeled cells.  

The calibration capability of the instrument has been extended in order to estimate the actual 

particle size and thereby estimate the intrinsic magnetic properties of several commercial beads on 

a particle-by-particle basis.  Different methods have been explored to estimate the magnetophoretic 

mobility of individual nanoparticles using the instrument.  The chain velocity method is used to 

extrapolate mobility of the nanoparticles, which is in agreement with the theory.  The receptor-

independent uptake by cultured mammalian cells of magnetic nanoparticles with different surface 

coatings was studied to reveal the role of nanoparticle endocytosis mechanisms by using specific 

mechanism-based inhibitors, genistein and chlorpromazine hydrochloride. The cellular survival 

rate/ viability, toxicity and inhibition rate of the mechanism-based inhibitors, genistein and 

chlorpromazine hydrochloride is quantified by magnetophoretic mobility measurement of 

thousands of magnetically labeled CHO-K1 cells.  Caveolae mediated and clathrin dependent 

endocytosis mechanisms were dominant for aminated starch and dextran-sulfate coated beads. 
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Magnetic cytometry analysis reveals that the magnetic nanoparticle surface charge, 

composition and inhibitor toxicity strongly affect the cellular uptake.  The particle-cell system can 

be optimized using velocimetry by the estimation of intrinsic magnetic properties on a particle-by-

particle basis and the determination of roles of different endocytosis mechanisms. 
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Chapter 1 - Introduction 

Magnetic particles are widely used in applications such as ferrofluids, cell purification, 

labeled cell separation, cell physiology, endocytosis, drug targeting, MRI, hyperthermia, and in 

vivo diagnostics.  These applications require a high-quality magnetic particle sample which 

possesses specific properties such as uniform particle size, magnetic susceptibility, and saturation 

magnetization distributions. 

Most producers provide only bulk average properties of the magnetic particles which are 

insufficient for quality assessment.  Characterization of magnetic particles plays a key role in 

magnetic particle production and analysis.  The Hyperflux™ velocimeter was used to characterize 

properties of magnetic particles such as magnetophoretic mobility, particle size, and other 

parameters.  This instrument captures dark-field images of the particle trajectories in an 

isodynamic field and converts image data into parameters of interest by the image analysis 

software.  The optimum threshold settings and size gating of the instrument, the characterization 

of magnetic particles and labeled cells, the quantification of nanoparticle phagocytosis, and an 

investigation of cellular uptake kinetics were accomplished by Zhou et al. 2017, by determining 

the magnetophoretic mobility using the velocimeter. 

An objective of this research is to extend the size calibration capability of the velocimeter 

instrument and to estimate intrinsic magnetic properties of magnetic particles. The two-parameter 

distributions between diameter vs apparent magnetic susceptibility and saturation magnetization 

of different commercial magnetic bead samples are determined for better assessment of particle 

quality. 
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The estimation of magnetophoretic mobility of individual superparamagnetic nanoparticles 

is not feasible using dark-field microscopy but is achieved by exploring six different approaches 

for the estimation of mobility of single nanoparticles; that includes extrapolation of 

magnetophoretic mobility of individual nanoparticles from the mobility of detectable magnetic 

nanoparticle chains. 

This work focuses on the study of endocytosis mechanisms of different surface-

functionalized magnetic nanobeads using particle tracking velocimetry with the help of 

mechanism-based chemical inhibitors. The magnetophoretic mobility of labeled cells is measured 

to investigate the effect of inhibitors of two particle-uptake mechanisms by quantifying the cellular 

uptake, inhibition rate and inhibitor toxicity so as to infer how nanomaterials enter cells. This work 

provides a convenient and robust method to describe particle-cell interactions and quantify 

nanoparticle endocytosis mechanisms using magnetic cytometry. 
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Chapter 2 - Literature Review 

2.1 Introduction 

2.1.1 Magnetic Particles 

Magnetic particles widely varying in composition, size and magnetization possess unique 

properties such as superparamagnetism, biocompatibility, monodispersity and stability (Chertok 

et al., 2008; J.-E. Kim et al., 2012; Lu et al., 2007; Moise et al., 2017; Pankhurst et al., 2003; Reiss 

& Hütten, 2016).  These properties contribute to a wide variety of applications in different fields 

such as biochemical separations, cell purification, cell labeling, cell physiology, endocytosis, 

endosome research, drug targeting, analytical biochemistry, environmental analysis, magnetic 

resonance imaging, hyperthermia and in vivo diagnostics. 

Magnetic particles are significant due to their reaction to the applied magnetic field based 

on their magnetization and the type of magnetic particle (Ito et al., 2005).  Ferromagnetic particles 

are unstable and become paramagnetic and superparamagnetic particles when the particle size is 

reduced below critical size because of surface energy.  Magnetic nanoparticles have a size range 

of 0.5 nm to 1000 nm.  Superparamagnetic Iron Oxide Nanoparticles (SPIONs) are valuable in the 

fields of biotechnology and medicine as they exhibit nontoxicity (Ito et al., 2005), behave as a 

single magnetic domain having a constant magnetic moment and have negligible (very low) 

agglomerate formation (Lu et al., 2007). 

Different types of magnetic particles are being used, which include metallic particles, 

ferrite particles and Iron nitride particles.  The development of metallic oxide/ferrite nanoparticles 

in 1960’s, consisting of γ- Fe2O3, Fe3O4 and MFe2O4 (where M= Co, Ni, Mn) particles attained 

utmost attention by the researchers (Fredrick, 1960; Wickham et al., 1967).  The preparation of 
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Fe4N magnetic particles in 1993(Tang et al., 1993), lead to the discovery of other iron nitride 

magnetic particles FeN, Fe2N, Fe3N, Fe16N2 (Jönsson et al., 2004; Masubuchi et al., 2011).  The 

hybrid core-shell structure for the magnetic particles protect the core magnetic structure, stabilize 

and brings in new properties to the system (Deng et al., 2003; Jaeyun Kim et al., 2008; Meng et 

al., 2018; Sood et al., 2017; Z. Xu et al., 2007). 

Magnetization in metallic magnetic nanoparticles is higher than the metal oxides MNPs. 

But due to their high reactivity and toxicity, metal MNPs need a layer or shell of stabilization 

around them (Lu et al., 2007).  Superparamagnetic nanoparticles are usually stabilized with 

hydrophobic compounds such as oleic acid, but for biological applications, the particles need to 

be hydrophilic which is achieved by surface functionalization through surfactant addition or 

exchange (Frey et al., 2009).  Besides surface modifications, matrix dispersed MNPs serve as the 

easiest way to protect them against oxidation.  Other stabilization techniques include coating with 

silica, carbon, or precious metals such as gold (Au), surfactant passivation, polymer coating, ligand 

exchange technique (Lu et al., 2007). 

2.1.2 Synthesis Methods of Magnetic Particles 

Different synthesis methods of magnetic particles have been followed over the past 

decades, which mainly comprise co-precipitation, thermal decomposition, micro-emulsions, 

hydrothermal synthesis (Lu et al., 2007) and metal reduction method (Frey et al., 2009).  Among 

these, co-precipitation is the simple and fast method that requires a reaction temperature ranging 

from 20oC to 90⁰C where iron oxides are synthesized from aqueous Fe+3 salt solutions by the 

addition of base at ambient or elevated temperature (Katepetch & Rujiravanit, 2011).  Thermal 

decomposition method includes the decomposition of organometallic compounds in high-boiling 

organic solvents in the presence of surfactants (such as fatty acids, oleic acid) which helps in 
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stabilization (Frey et al., 2009; Lu et al., 2007).  This method is long (reaction time in hours), 

requires an inert atmosphere and the reaction temperature ranging from 100oC to 300oC.  Thermal 

decomposition and sol-gel methods were used by Gong et.al to produce Co-Ni nanoparticles (Jie 

et al., 2010).  Microemulsion technique has been employed since 1982 which is the dispersion of 

two immiscible liquids by stabilizing microdomain with surfactants (Inouye et al., 1982).  The 

synthesis of gold-coated cobalt/platinum (Au-Co/Pt) nanoparticles is done using microemulsion 

where the presence of gold nanoparticles (Au NPs) prevented oxidation of MNPs (Carpenter et al., 

2000).  This method requires a reaction temperature ranging from 20oC to 50oC at ambient 

environments.  Thus, droplets formed by this technique act as a nanoreactor for the production of 

nanoparticles (Lu et al., 2007).  Hydrothermal synthesis involves phase transfer separation at liquid 

(ethanol linoleic acid), solid (metal linoleate) and solution (ethanol-water) interfaces where Fe3O4 

and Co-Fe3O4 nanoparticles are mostly synthesized under hydrothermal conditions.  This method 

requires high pressure and temperature (about 220oC) whose reaction time is long i.e., from hours 

to days (Lu et al., 2007).  Metal reduction method is also used where metal salts are reduced in the 

presence of surfactants using reducing agents.  Thermal decomposition and metal reduction 

methods are used together to synthesize alloy FePt nanoparticles (Frey et al., 2009).  Reverse 

micro-emulsion method is also used to synthesize gold-coated magnetic nanoparticles (Au MNPs) 

(Lu et al., 2007).  The other core-shell nanoparticle synthesis methods include co-deposition 

(Binns et al., 2012), emulsion polymerization (Huang et al., 2008), in-situ polymerization (Zhi et 

al., 2006), intercalation (H. Zhang et al., 2009), sol-gel method (Chen & He, 2001), self-assembly 

(Q. Liu & Xu, 1995). 
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2.1.3 Magnetic Susceptibility & Saturation Magnetization 

Magnetic susceptibility (χ) is a dimensionless number, describes the degree to which a 

material can be magnetized in an external magnetic field. It is the ratio of induced magnetization 

(M) to the applied magnetic field (H). 

 χ =  
𝑀𝑀
𝐻𝐻

 (2-1) 

Diamagnetic materials have negative susceptibility values (χ < 0) as they produce negative 

magnetization in an applied magnetic field due to the absence of unpaired electrons.  Paramagnetic 

materials have positive susceptibility values (χ > 0) and produce a positive magnetization in an 

applied magnetic field due to the presence of unpaired electrons. 

 

 

Figure 2.1 - Magnetization (M) vs Applied magnetic field (H) curve. 
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Saturation Magnetization is the maximum level of an induced magnetic field for a given 

sample, the induced magnetization (M) of the sample reaches the saturation region, beyond which 

it does not increase with an increase in the applied magnetic field (H) (Figure 2.1).  Magnetic 

susceptibility and saturation magnetization are the intrinsic magnetic properties of a given 

material. 

2.1.4 Isodynamic field 

Isodynamic field is the area where the magnetic force on the particle is constant and could 

be generated by two pole pieces (Figure 2.2) where the path lines are parallel and are of same 

length (Figure 2.3) (Zborowski & Chalmers, 2011).  The field-induced particle velocity could be 

measured as the particle velocity depends only on the particle properties in an isodynamic field. 

 

 

Figure 2.2 - Magnetic field lines between two poles (Zborowski & Chalmers, 2011). 
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2.1.5 Magnetophoretic Mobility 

Magnetophoretic mobility is an important characteristic of the magnetic particles, which 

describes the movement of particles in the applied magnetic field. 

The magnetic force on a particle (assume as spherical) suspended in a diamagnetic fluid 

medium with applied magnetic field could be written as (Jones, 1995): 

 𝐹𝐹𝑚𝑚 = 2𝜋𝜋𝜇𝜇𝑠𝑠𝑅𝑅3 �
𝜇𝜇𝑃𝑃 − 𝜇𝜇𝑠𝑠
𝜇𝜇𝑝𝑝 +  2𝜇𝜇𝑠𝑠

�𝛻𝛻𝐻𝐻𝑜𝑜2 (2-2) 

Where 𝜇𝜇𝑝𝑝 and 𝜇𝜇𝑠𝑠 are permeability of the particle and solution respectively, R is the radius of the 

particle (spherical) and 𝐻𝐻𝑜𝑜 is field intensity.  The permeability can be expressed in terms of 

susceptibility as follows: 

 µ = μo(χ + 1) (2-3) 

The gradient term can also be written as 

Figure 2.3 - Isodynamic region (in the box) between two pole pieces where the path 

lines are of same length and almost  parallel (Zborowski & Chalmers, 2011). 
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 𝛻𝛻𝐻𝐻𝑜𝑜2 = 𝛻𝛻 �
𝐵𝐵𝑜𝑜
𝜇𝜇𝑜𝑜
�
2

 (2-4) 

The volume of the magnetic particle is given by: 

 𝑉𝑉 =
4
3
𝜋𝜋𝑅𝑅3 (2-5) 

After combining the above equations 2-2 through 2-5, the magnetic force on a magnetic particle 

is given by: 

 𝐹𝐹𝑚𝑚 = 3𝑉𝑉(𝜒𝜒𝑠𝑠 + 1) �
𝜒𝜒𝑝𝑝 − 𝜒𝜒𝑠𝑠

𝜒𝜒𝑝𝑝 +  2𝜒𝜒𝑠𝑠 + 3
�∇�

𝐵𝐵𝑜𝑜2

2μ𝑜𝑜
� (2-6) 

where 𝜒𝜒𝑝𝑝 and 𝜒𝜒𝑠𝑠 are the susceptibility of the particle and solution.  By assuming  𝜒𝜒𝑝𝑝 and 𝜒𝜒𝑠𝑠 << 1, 

much smaller than one, the above equation can be simplified as follows: 

 𝐹𝐹𝑚𝑚 = 𝑉𝑉�𝜒𝜒𝑝𝑝 − 𝜒𝜒𝑠𝑠�
𝛻𝛻𝐵𝐵𝑜𝑜2

2𝜇𝜇𝑜𝑜
 (2-7) 

where ∇𝐵𝐵𝑜𝑜2 is the magnetic energy gradient. 

Magnetic field produces Maxwell stress in the space.  Magnetic force can also be derived 

from Maxwell stress tensor.  In a homogeneous, isotropic, linear medium the stress tensor reduces 

to a scalar of value 1
2
𝐵𝐵𝐵𝐵.  The divergence of Maxwell stress tensor gives the force density (f) in 

the matter. 

 𝑓𝑓 = ∇ �
1
2
𝐵𝐵𝐵𝐵�  =  ∇ �

1
2
μ𝑜𝑜𝑀𝑀𝑀𝑀� =   ∇ �

1
2
𝐵𝐵𝑜𝑜𝑀𝑀�  = ∇ �

1
2
χ 𝐵𝐵𝑜𝑜𝐻𝐻�  (2-8) 
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 𝑓𝑓 = χ ∇ �
1
2
𝐵𝐵𝑜𝑜𝐻𝐻� (2-9) 

The magnetic force is given by 

 𝐹𝐹𝑚𝑚 = 𝑓𝑓𝑓𝑓 = 𝑉𝑉χ ∇�
1
2
𝐵𝐵𝑜𝑜𝐻𝐻� (2-10) 

Here (𝐵𝐵𝑜𝑜 = μ𝑜𝑜𝐻𝐻 ) and magnetic force could be obtained as 

 𝐹𝐹𝑚𝑚 = 𝑉𝑉χ
∇𝐵𝐵𝑜𝑜2

2μ𝑜𝑜
 (2-11) 

which is the same as equation 2-7. 

Based on Stokes law, the drag force which counteracts the magnetic force could be expressed as: 

 𝐹𝐹𝑑𝑑 = 6πηRv (2-12) 

where η is the viscosity of the fluid, R is the radius of the particle and v is the terminal velocity of 

the particle. 

Based on the assumption that gravity and buoyancy are negligible, force balance on the magnetic 

particle can be expressed as  

 𝐹𝐹𝑚𝑚 − 𝐹𝐹𝑑𝑑 = 0 (2-13) 

where 𝐹𝐹𝑚𝑚 is the magnetic force and 𝐹𝐹𝑑𝑑 is drag force on the particle. 

Thus, the terminal velocity of the particle is obtained as:  

 𝑣⃗𝑣 =
𝛥𝛥𝛥𝛥𝛥𝛥

6𝜋𝜋𝜋𝜋𝜋𝜋
𝛻𝛻 �

𝐵𝐵𝑜𝑜2

2𝜇𝜇𝑜𝑜
� (2-14) 
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The above expression is the form of a product of two quantities that are independent of 

each other.  The left term  ΔχV
6πηR

 designates the properties of the particle and fluid medium; the right 

term𝛻𝛻 � 𝐵𝐵𝑜𝑜
2

2𝜇𝜇𝑜𝑜
� is the magnetic pressure. 

Then magnetophoretic mobility is defined as  

 𝜇𝜇𝑚𝑚 =  
𝛥𝛥𝛥𝛥𝛥𝛥

6𝜋𝜋𝜋𝜋𝜋𝜋
 (2-15) 

also written as  

 𝜇𝜇𝑚𝑚 =  
𝑣𝑣

𝛻𝛻 � 𝐵𝐵𝑜𝑜
2

2𝜇𝜇𝑜𝑜
�
 (2-16) 

whose SI units are  𝑚𝑚
3

𝑇𝑇 𝐴𝐴 𝑠𝑠
 (meter cubed per Tesla-Ampere-second) designating as Rm; (where Rm 

stands for Rembaum, if we take 1 Rembaum = 1  𝑚𝑚
3

𝑇𝑇 𝐴𝐴 𝑠𝑠
 , the SI unit of magnetophoretic mobility, 

honoring the name of Dr. Alan Rembaum who pioneered the quantification of magnetic particles 

in the 1970s) (Rembaum et al., 1976; Yen et al., 1979, 1980).  Usually, magnetophoretic mobilities 

of magnetic particles are in the range of 10-12 (pico) 𝑚𝑚
3

𝑇𝑇 𝐴𝐴 𝑠𝑠
, therefore expressed as pico Rembaum 

(pRm). 

And magnetic pressure is defined as  

 𝑆𝑆𝑚𝑚 =  𝛻𝛻 �
𝐵𝐵𝑜𝑜2

2𝜇𝜇𝑜𝑜
� (2-17) 
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In the isodynamic field, Sm is constant.  So, the value and direction of v are fixed, which 

implies that the same particles will move in a nearly uniform motion.  When the magnetic field is 

kept constant, the particles with different magnetophoretic mobilities could be separated. 

In the equation, μ𝑚𝑚 =  ΔχV
6πηR

 (by assuming that the particle is spherical, then upon 

substituting the volume as  𝑉𝑉 = 4
3
π𝑅𝑅3) we get 

 𝜇𝜇𝑚𝑚 =  
2𝑅𝑅2∆𝜒𝜒

9𝜂𝜂
 (2-18) 

The term 2𝑅𝑅
2∆χ
9η

 magnetophoretic mobility, related to properties (magnetic susceptibility, 

particle size) of the magnetic particle, is independent of the term ∇ � 𝐵𝐵𝑜𝑜
2

2μ𝑜𝑜
�, which is a result of the 

applied magnetic field. 

Researchers are focusing more on magnetophoretic mobility studies, as it is the key 

property of magnetic particles which helps in advancing the fields of cell separation, nanoparticle 

endocytosis, quantitative and qualitative cell analysis, cell isolation, cell tracking velocimetry etc. 

(Chalmers et al., 1999; Häfeli et al., 2002; Jin et al., 2008; Kennedy et al., 2007; Jinho Kim et al., 

2016; Kirby et al., 2015; McCloskey et al., 2000, 2001, 2003; Reece et al., 2010; Venkata Sunil 

Kumar Sajja et al., 2011; Suwa & Watarai, 2001; Watarai & Namba, 2002; Wise et al., 2015; Yu 

et al., 2010; Zhou et al., 2016, 2017, 2018). 
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2.2 Applications of Magnetic Particles 

This section contains significant applications of magnetic particles and the importance of 

key characteristic-magnetophoretic mobility in these applications. 

2.2.1 Magnetic Resonance Imaging (MRI) 

Contrast agents in magnetic resonance imaging (MRI) play a vital role in obtaining clear 

and bright images of the human organs and tissues.  This technique is based on proton alignment 

(either parallel or anti-parallel) with respect to the applied constant high magnetic field and the 

perpendicular electromagnetic radiofrequency current pulses.  Energy is absorbed by the protons 

when current is applied and it is released when the applied radiofrequency is removed.  This 

process occurs with relaxation times T1 and T2 (Haacke et al., 1999; Morris & Slesnick, 2018; Na 

et al., 2007; Rocklage et al., 1998).  Magnetic nanoparticles with their unique properties such as 

biocompatibility, superparamagnetic property, iron oxide core-shell structure, low toxicity 

(Wilhelm & Gazeau, 2008) will serve as the better contrast agents when labeled with cells, by 

reducing the T2 relaxation time of  MRI (Cunningham et al., 2005; Jain et al., 2008; Lee & Hyeon, 

2012; Yan et al., 2018).  Different surface modifications of magnetic nanoparticles such as 

stabilized coatings, polymer matrix and PEGylation improves cellular uptake and in turn help in 

creating better contrast agents (Chertok et al., 2008; Cole, David, et al., 2011, 2011; Kania et al., 

2018). 

Magnetophoretic mobility facilitates the prediction of susceptibility distribution and helps 

in identifying better contrast agents that are suitable for MRI study.  The detection sensitivity of 

MRI is increased by particles with higher magnetic susceptibility (Schenck, 1996). 
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2.2.2 Drug Delivery 

Magnetic nanoparticles when conjugated or encapsulated with drugs to target specific sites 

in the body were used to treat different tumors, leukemia and cancer theranostics (Cole, Yang, et 

al., 2011; El-Boubbou et al., 2017; McBain et al., 2008; Veiseh et al., 2010; Wong et al., 2017).  

With their high surface to volume ratio, they tend to accumulate at different sites of the human 

biological system depending on their particle size. So, targeted drug delivery depends on particle 

size distribution and pharmacokinetics (S.-D. Li & Huang, 2008; Zong et al., 2006). Magnetic 

nanoparticles need to overcome biological barriers to reach the targeted site (Yadav et al., 2011) 

where the characteristics, particle size and magnetophoretic mobility plays a key role in selecting 

the appropriate particles. The chitosan magnetic nanoparticles have high antimicrobial and 

biological properties (Anirudhan et al., 2014; Assa et al., 2017; Hurst, 2011; Ito et al., 2005; Kania 

et al., 2018). 

Knowledge of magnetophoretic mobility of particles facilitates the better selection process 

and quantification of particles with dual functionalities such as targeting and imaging (Jing et al., 

2008; Yu et al., 2010).  The photometric magnetophoretic assay was used in estimating a virus that 

is bound to the magnetic nanoparticles (Tresilwised et al., 2010). 

2.2.3 Cell Labeling and Separation 

The target cells labeled with magnetic particles could easily be separated from a group of 

labeled and unlabeled cells using magnetic field attraction.  The field-flow fraction (FFF) 

technique (J. Calvin Giddings, 1968; J C Giddings, 1993; J Calvin Giddings et al., 1970) which is 

based on chromatography and field-driven force separates the cells into different thin channels.  

The split flow thin channel (SPLITT) (J Calvin Giddings, 1985, 1992) technique was also 

developed, which is a continuous split separation of particles in thin channels.  Based on FFF and 
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SPLITT technologies, Quadrupole FFF was developed (Carpino et al., 2005).  The Quadrasep 

QMS which is a commercially available, continuous, high speed, high throughput cell sorting 

device was used to successfully separate the labeled islet cells(Venkata Sunil Kumar Sajja et al., 

2011; Weegman et al., 2016).  The magnetic cell separation technique was applied to the target 

cells such as rare circulating cancer cells(H. Xu et al., 2011), glial cells(Marek et al., 2008), stem 

cells (Reece et al., 2010), islet cells (Weegman et al., 2016) that are labeled with magnetic particles. 

2.2.4 Magnetic Hyperthermia 

Magnetic Hyperthermia is a treatment used to destroy cancer cells using a high-temperature 

environment induced by magnetic nanoparticles with the help of a magnetic field.  The heat 

localization of the magnetic nanoparticles is very important in this application as it determines the 

efficiency of this treatment (Hergt et al., 2006, 2008; Thiesen & Jordan, 2008).  The Neel 

relaxation, Brownian relaxation and hysteresis losses are the responsible factors to induce thermal 

energy.  These depend on the size, shape and aggregation of the particles (Deatsch & Evans, 2014).  

Surface-modified, functionalized and biocompatible SPIONs are widely used in this treatment 

(Gangopadhyay et al., 2005; Kandasamy et al., 2018).  Liver cancer cells were treated using 

functionalized SPIONs in fluid magnetic hyperthermia treatment (Jordan et al., 1999; Kandasamy 

et al., 2018). 

2.2.5 Magnetic Particle Standard and Quality Control 

Microsphere size standards of magnetic particles are maintained by the National Institute 

of Standards and Technology (NIST).  According to NIST traceable size standards, magnetic 

particles are isolated into 3 size groups:  nanobead (40 nm- 950 nm), microbead (1.00 μm- 9.00 

μm) and mega bead (10.0 μm- 80.0 μm).  These particles are measured using calibrated in-house 

instruments of NIST.  These standard beads are sold explicitly for calibration purposes in various 
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applications, such as electron microscopy, light scattering, optical imaging and sizing.  NIST does 

not provide any magnetic susceptibility information for the particles.  No one to date has reported 

uniformity and magnetic susceptibility of particles based on their magnetophoretic mobility. 

Companies usually report the average size of the magnetic particles they sell but cannot 

give detailed information like particle size, magnetophoretic mobility and magnetic susceptibility 

on a particle by particle basis.  Estimating magnetophoretic mobility provides a better 

understanding of particles by quantifying the quality of the particles. 

2.3 Magnetic Particle Characterization 

Characterization of magnetic particles can be classified into two categories:  Structural 

properties and Magnetic properties. 

2.3.1 Structural property characterization 

Different methods and devices have previously been recognized to characterize the 

magnetic structural properties such as particle size determination by Dynamic Light Scattering 

(DLS) (Jitkang Lim et al., 2013), observation of the particle microstructure by Scanning Electron 

Microscope (SEM)(Gherca et al., 2012), Transmission Electron Microscope (TEM) (Z. Li et al., 

2012), Atomic Force Microscopy (AFM) (Lacava et al., 2000), Magnetic force microscopy 

(Cordova et al., 2017), determination of the elemental composition and crystalline phase 

information by X-Ray diffraction (XRD) (Popa et al., 2003; Tadic et al., 2014; Zhao et al., 2000) 

and energy dispersive X-Ray spectrometer (EDX) (Sun et al., 2000; Tarasov et al., 2008) 

respectively.  The DynoMag AC susceptometer was used to measure structural properties and size 

distribution of the magnetic particles by measuring relaxation time after exciting the particles using 

high-frequency alternating current (F. Ludwig et al., 2017). 
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2.3.1.1 Optical light microscopy 

The optical light microscopy includes dark field and bright field illumination. Darkfield 

microscopy is a technique which generates bright images of the particles on a dark background 

when the incoming source light is reflected or scattered from the sample wherein bright field 

microscopy generates dark images of the particles on a bright background when the light is 

transmitted from the particles (Cerbino, 2018; Hu et al., 2008).  ImageJ software was used to 

analyze the optical images of hybrid plasmonic magnetic nanoparticles to obtain the particle size 

distribution (Larson et al., 2007).  Plasmonic magnetic nanoparticles containing iron oxide core-

shell with gold coating were characterized using optical dark field microscopy (JitKang Lim et al., 

2007).  The modified hyperspectral- dark-field microscopy system (from Cytoviva, Auburn,  AL 

) was used to characterize the nanoparticles in biological media (Zamora-Perez et al., 2018).  Janus 

plasmonic magnetic gold nanoparticles were characterized using optical dark and bright field 

microscopy(Reguera et al., 2017). 

2.3.1.2 ImageJ 

ImageJ is an open-source software (based on Java) which serves as an invaluable tool for 

image processing and analysis.  This software is a platform-independent software that runs on 

different operating systems with the Java run-time environment.  Applications of ImageJ include 

particle analysis, intensity processing and analysis, color-based thresholding, co-localization, 

fluorescence and staining analysis (Abràmoff et al., 2004; Collins, 2007; Jensen, 2013; Schneider 

et al., 2012).  The size distribution of iron oxide particles was estimated by analyzing TEM images 

using ImageJ (Jain et al., 2008).  In the study of continuous flow bioanalysis of magnetic particles, 

the average fluorescence intensity of particles, the greyscale intensities of diffusion bands were 

measured and investigated using this software (Peyman et al., 2009).  The mobility of 
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superparamagnetic particle chains was analyzed using an inverted light microscope, video camera 

and ImageJ video tracking software (Wise et al., 2015). 

2.3.2 Magnetic Property characterization 

Magnetic property characterization is crucial in determining the application of magnetic 

particles in different areas of science.  Magnetic particles and paramagnetic particles that can be 

magnetized in the presence of the external magnetic field possess better characteristics that specify 

the quality of the sample for a definite application. 

Different methods and instruments have been discovered to measure magnetic properties 

over the past years.  Some important instruments are described below. 

2.3.2.1 Sherwood Scientific Magnetic Susceptibility Balance 

The magnetic susceptibility of magnetic microcrystalline cellulose nanoparticles was 

measured using Sherwood Scientific magnetic susceptibility balance (Rashid et al., 2017).  Several 

other researchers used this instrument to characterize this property of paramagnetic particles 

(Anirudhan et al., 2014; Sevgi et al., 2018).  The underlying principle of this instrument is a 

generation of force to compensate and maintain the balance of the system when the magnetic 

material is placed on the other side of the balance.  The force data will be recorded and displayed.  

Thus, the magnetic susceptibility values will be calculated by the following equation: 

 𝜒𝜒𝑔𝑔 =  
𝐶𝐶 ∗ 𝐿𝐿 ∗ (𝑅𝑅 − 𝑅𝑅𝑜𝑜)

𝑀𝑀 ∗ 109
 (2-19) 

Where C is the calibration constant of the instrument, L is the sample length in cm, R is 

reading of sample tube, Ro is reading of the empty tube, M is the weight of the sample in grams. 
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2.3.2.2 Vibrating Sample Magnetometer 

This instrument was invented in 1956 by Foner (Foner, 1956, 1959), which is used to 

measure the magnetic properties of the liquid, powdered, thin films and also bulk samples.  The 

principle of this instrument is recording magnetic flux change and induced voltage while the 

sample is vibrated in a sinusoidal motion.  The hysteresis curves could be generated which contains 

coercivity, remnant magnetization and saturation magnetization (Filippousi et al., 2013; Kirupakar 

et al., 2016; Lopez-Dominguez et al., 2018).  Applications of VSM include measuring the magnetic 

properties of anti-cancer drug magnetic microspheres (Kirupakar et al., 2016), substituted Co-Cu-

Zn Nano ferrites (Bhukal et al., 2016). 

2.3.2.3 Superconducting quantum interference device (SQUID) 

A superconducting quantum interference device (Clarke, 1994) is a sensitive 

magnetometer which is used to measure very low magnetic fields.  The device is based on the 

Josephson junction effect.  The magnetic flux in the superconducting loop will be measured as a 

function of voltage.  Two types of squids are available depending on direct current and 

radiofrequency.  Applications of SQUIDs include detection of magnetic nanoparticles (Enpuku et 

al., 1999) and squid based magnetic resonance imaging (Buckenmaier et al., 2018).  Squid based 

susceptometer is a versatile instrument which supports two types of measurements:  VSM and dc 

scans (Hurt et al., 2013). 

2.3.2.4 Magnetorelaxometry 

Magnetorelaxometry (MRX) is a technique where the magnetic nanoparticles are 

immobilized by a brief magnetizing pulse and then SQUIDs will be used to measure the 

magnetization decay in the particles to determine the specificity and the degree of cell binding.  

This is based on Brownian relaxation and Neel relaxation mechanisms (Schmidl et al., 2007).  The 
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superparamagnetic relaxometry was used to detect and localize sensitive cancer cells, which is a 

potential application of this method (De Haro et al., 2015; Johnson et al., 2012). 

2.3.2.5 Atomic Force Microscopy (AFM) 

The surface domain microstructure distribution of the magnetic particles was determined 

by measuring magnetic forces using atomic force microscopy (Saenz et al., 1987).  The magnetic 

moment per unit mass was measured by the atomic force microscope (Park et al., 2007). 

Magnetic force microscopy is also based on atomic force microscopy and is used to characterize 

SPIONs without labeling by collecting images in air and water (Cordova et al., 2017). 

2.3.2.6 Hysteresis loop tracer equipment 

This is used to measure low-frequency magnetic properties for thin layers (Crittenden Jr et 

al., 1951).  Mn-Zn ferrite nanoparticles were characterized by this equipment to measure the 

coercivity, saturation magnetization and retentivity (Tangsali et al., 2011). 

2.3.2.7 Ferromagnetic Resonance (FMR) 

Ferromagnetic resonance is a spectroscopic technique used to characterize the 

magnetization of ferromagnetic nanoparticles, films and alloys (Brataas et al., 2002; Farle, 1998; 

T. Liu et al., 2014).  This technique is based on the resonance phenomenon that happens when the 

frequency of sample magnetization matches with the frequency of external magnetic force.  FMR 

was applied to characterize the Co-Fe core oxide shell nanoparticles (Kołtunowicz et al., 2017). 

2.3.2.8 Hyperflux Velocimeter 

The Hyperflux velocimeter is an instrument used to characterize magnetic particles in an 

isodynamic magnetic field and is based on principles of particle-tracking velocimetry (Chalmers 

et al., 1999; Gibson, 1936; Little et al., 2013; Zborowski et al., 1999; Zhou et al., 2016) and capture 
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dark-field images of the particle velocity tracks, thus analyzing twenty-three different 

characteristics of magnetic particles which include magnetophoretic mobility and particle size with 

the help of image analysis software.  The instrument is used to quantify magnetic-labeled cells, 

identify distinct labeled cell populations and validate sample quality. 

The instrument’s hardware includes a flow system channel cell made up of borosilicate 

glass of 6 cm length and selectable cross-section, a magnetic assembly which creates an 

isodynamic field in such a way that the net magnetic force is perpendicular to gravity, an automated 

pump which helps to move the sample solution and priming buffer through the channel cell 

(Figures 2.4 and 2.5).  It contains a dark-field LED light, high sensitivity and high resolution (4.4 

µm) Grasshopper® monochrome 2.0 MP Fire-Wire CCD Camera (Point Grey), 2x to 8x telecentric 

lens (Edmund Optics) to capture the image frames at a rate of 30 frames per second.  The 6x 

telecentric lens gives a 0.733 µm point-to-point resolution in the object plane within the liquid 

sample channel cell of 400 µm thick.  These lenses are positioned between two Frantz type pole 

pieces(Gibson, 1936) to view the mapped isodynamic zone (Chalmers et al., 1999; Moore et al., 

2000).  Both camera and lens are positioned to a tri-axial micrometer stage which allows horizontal 

and vertical alignment of the camera onto the flow channel cell.  A sample syringe and a prime 

buffer bottle are connected to one end of the channel cell while the other end is connected to a 

waste bottle.  In these connections, solenoid pinch valves are used to control the flow through 

channel cell by means of 0.125-inch OD tubing.  A DELL computer with a dual quad-core CPU 

design along with the Linux operating system (Kubuntu) is used to automate the process.  Point 

Grey’s FlyCapture Library was used to write the image capture and analysis in the IKOvision™, 

Cytotest™ and Magex™ softwares.  Each image is permanently recorded and stored in the 

computer which allows us to replay the experiment and based on different intensity threshold 
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values and size gating settings, particle sample’s magnetophoretic mobility, particle size and count 

along with twenty other characteristics are calculated automatically.  The images are collected in 

sets, where each set represents a fresh fluid sample drawn using the vacuum pump. 

 

 

 

  

Figure 2.4 - Block diagram of the components of Hyperflux velocimeter. 
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Figure 2.5 - Front view of Hyperflux Velocimeter- showing the microscopic 

camera, channel cell, sample syringe, buffer and waste containers. 
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2.3.2.9 Magnetic susceptibility measurement methods and devices 

The magnetic susceptibility of different materials has been measured by different 

techniques and devices reported in the literature as given in Table 2.1.  

Table 2.1 - Methods and devices used to measure magnetic susceptibility. 

Method Sample Mechanism Reference 

Faraday 

Microbalance 

Powdered samples, 

Selenium 

Faraday method using 

torsion quartz 

microbalance 

(Bakovets et 

al., 2018; 

Freyland & 

Cutler, 1980) 

Superconducting 

Quantum 

Interference Device 

(SQUID) 

Human iron stores 

Josephson effect by 

Magnetometer- which 

measure small energy 

changes 

(Brittenham et 

al., 1982) 

Cryogenic 

Magnetometer 
Rocks 

Matrix susceptibility 

measurement in the 

high field 

(Rochette, 

1987) 

High Field Fourier 

Transform NMR 

Spectroscopy 

Paramagnetic particle 

solutions 

H NMR frequency 

shifts with respect to 

the reference compound 

(Sur, 1989) 

Bartington MS2 

sensors system 

Water (diamagnetic), 

calibration sample 

(ferrimagnetic), Ferro 

Sensors create a weak 

magnetic field by 

alternating current to 

(Dearing, 1994) 
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cassette tape 

(ferrimagnetic), steel wool 

(ferromagnetic) 

detect magnetization of 

the material 

CS‐2 apparatus and 

KLY‐2 Kappabridge 

 

Magnetic rocks 

Measurement of 

thermal changes of 

magnetic susceptibility 

(Hrouda, 1994) 

NMR Spectroscopy Insoluble solids: bone 

Change in 

spectroscopic linewidth 

results in an induced 

frequency shift 

(Hopkins & 

Wehrli, 1997) 

High field torque 

meter 
Rocks N/A 

(Banerjee & 

Stacey, 2013) 

 

2.4 Magnetic Cell Separation 

Magnetic cell separation depends on the theory of previously discussed parameters namely 

magnetic susceptibility, magnetic force, isodynamic magnetic field and magnetophoretic mobility 

of the labeled cells. 

The magnetophoretic mobility of the labeled cells is given by 

 μ𝑚𝑚 =  
ΔχV
6πηR

 (2-20) 
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2.4.1 Parameters that affect Magnetophoretic mobility 

In the literature, four parameters have been reported to affect the magnetophoretic mobility 

of  cells labeled with secondary antibody-coated beads, namely antibody binding capacity of the 

cell population (ABC), secondary antibody binding amplification (Ѱ), particle magnetic field 

interaction parameter (∇χ 𝑉𝑉𝑚𝑚) and, particle diameter (Dc) (Mccloskey et al., 2003).  For a labeled 

cell, the magnetophoretic mobility is given by 

 𝜇𝜇𝑚𝑚 =  
(𝐴𝐴𝐴𝐴𝐴𝐴)Ѱ𝑛𝑛3 ∆χ𝑉𝑉𝑚𝑚

3π𝐷𝐷𝑐𝑐η
=  

(𝑛𝑛1𝜃𝜃1𝜆𝜆1)(𝑛𝑛2𝜃𝜃2𝜆𝜆2)𝑛𝑛3 ∆χ𝑉𝑉𝑚𝑚
3π𝐷𝐷𝑐𝑐η

  (2-21) 

Where subscript 1 represents the primary antibody and 2 represents secondary antibody, n1 

is the number of antigen-binding sites per cell, n2 is the number of binding sites on the primary 

antibody recognized by secondary antibody, n3 is the number of magnetic nanoparticles conjugated 

to the antibody θ1 is the fraction of antigen sites on the particle surface bound by a primary 

antibody, θ2 is the fraction of sites on the primary antibody bound by the secondary antibody, λ1 is 

the valence of primary antibody binding, λ2 is the valence of primary antibody binding, (n1 θ1 λ1) 

is antibody binding capacity, (n2 θ2 λ2) is secondary antibody amplification (Ѱ), ∆χ is the difference 

in the magnetic susceptibility of particle and medium, Vm is the volume of magnetic particle, Dc is 

the particle diameter and η is the viscosity of the fluid medium. 

2.4.2 Magnetic velocity and settling velocity 

Settling velocity of the particle should also be considered when a particle is induced with 

magnetic velocity in a fluid medium with an applied external magnetic field.  The settling velocity 

of the particle is given by 
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 𝑣𝑣𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =
ΔρV 
6πηR

g (2-22) 

 

The ratio of the magnetic velocity and the settling velocity is given by 

 
𝑣𝑣𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝑣𝑣𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

=
Δχ 
Δρg

𝑆𝑆𝑚𝑚 (2-23) 

Assuming that the susceptibility and density of the particle are constant, the ratio of these 

velocities should be constant only if the applied magnetic pressure (Sm) is constant.  The 

comparative studies of magnetically induced velocity and the settling velocity along with the effect 

of magnetophoretic mobility on settling velocity were reported in the literature by Jin et al. 2008.  

The size distribution of the particles will result in data spread of the magnetic as well as settling 

velocities (J. Xu et al., 2012). 

2.4.3 Commercial magnetic cell separation technologies 

The commercial magnetic cell separation devices and technologies available to the 

researchers are tabulated below (Table 2.2). 

Table 2.2 - Commercially available magnetic cell separation devices in the market. 

Company Product Description Application 

Miltenyi Biotech 

(“Miltenyi 

Biotec”) 

Cell Separation 

reagents, MACS® 

Microbeads, Cell 

sorters, Buffer and 

MACS MicroBeads are 

superparamagnetic 

particles (50nm-diameter) 

which are very small to 

Positive selection, 

Depletion, 

Untouched 
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solutions, Flow 

Cytometers 

activate cells.  MACS 

Columns and MACS 

separator are used to 

isolate the labeled 

microbeads. 

isolation, 

Sequential sorting 

ThermoFisher 

Scientific 

(“ThermoFisher”) 

Dynabeads Human cell 

separation, Mouse cell 

separation by 

MagniSort technology 

Dynabeads are 

superparamagnetic, 

mono-sized polymer 

beads. These beads, when 

bound to the target cells, 

are easy to isolate using a 

Dynal magnet 

Positive and 

negative isolation, 

Depletion of 

unwanted cells 

 

R&D Systems 

Inc. (“R&D 

Systems”) 

MagCellect™ cell 

selection and detection 

kits, Reagents, Positive 

and negative cell 

selection kits, Cell 

Enrichment Column 

Kits 

Magcellect technology 

uses ferrofluids which 

contain 

superparamagnetic 

particles of diameter up 

to 150 nm.  Higher 

binding rate and binding 

capacity are the key 

aspects of this technology 

Rare cell detection, 

Positive isolation, 

Negative isolation 
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Menarini Silicon 

Biosystems Inc. 

(“Menarini 

Silicon 

Biosystems”) 

Cell Search® 

Circulating Tumor Cell 

(CTC) Kit, 

CellSearch® CTC 

Control Kit, CellSave 

Preservative Tube, 

CellTracks® 

AutoPrep® System, 

CellTracks Analyzer 

II® 

Provides a laboratory 

platform which 

standardizes sample 

collection, cell capture, 

staining, enumeration and 

characterization of CTCs 

Identification, 

counting and 

characterization of 

tumor cells 

Stemcell 

Technologies Inc. 

(“Stemcell 

Technologies”) 

Cell Isolation using the 

following products:  

EasySep, RoboSep, 

StemCep, RossetteSep, 

SepMate 

 

These products provide 

an easy, rapid and 

column-free cell selection 

system with open-

gradient quadrupole 

magnetic field 

configuration. Target cell 

bounded to MNPs will be 

retained and separated 

Positive selection 

and isolation, 

Depletion of 

unwanted cells 

BD Biosciences 

(“BD 

Biosciences”) 

BD IMag™ 

BD IMagnet is an 

economical, strong 

permanent magnet 

Positive and 

negative selection 

of leukocyte 
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subpopulation, Cell 

enrichment 

BioLegend 

(“BioLegend”) 

MojoSort™ magnetic 

cell separation system 

MojoSort Magnet, 

nanobeads, Isolation kits 

Positive and 

negative selection 

or depletion 

Magnaquant LLC 

(“Magnaquant”) 

Quadrupole Magnetic 

Sorter (QMS) 

Cell sorting is based on 

the magnetophoretic 

mobility of individual 

particles 

Positive and 

negative selection 

with high 

throughput, pure 

and high quantity 

 

2.5 Cell Labeling and Cellular Endocytosis 

As discussed in section 2.4, magnetic cell separation could be achieved by labeling cells 

with different types of magnetic nanoparticles (Bohmer & Jordan, 2015; Gupta et al., 2003; Hanot 

et al., 2015). The internalization of magnetic nanoparticles depends on their surface properties 

(Kolosnjaj-Tabi et al., 2013). Endocytosis is a process in which external magnetic nanoparticles 

are taken into (internalized) the cell membrane by different mechanisms (Bohmer & Jordan, 2015; 

S. Zhang et al., 2015). Endocytosis is divided into two main categories, namely Phagocytosis and 

Pinocytosis. Phagocytosis is the process in which large particles are internalized into the cell 

cytoplasm by forming phagosomes. This mechanism helps in removal of cell debris and pathogens 

from the cell cytoplasm (Oh & Park, 2014; Sahay et al., 2010; S. Xu et al., 2013).  
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Pinocytosis, on the other hand, is the intake of extracellular fluid by invagination and 

formation of pockets. Pinocytosis is further classified into three different mechanisms, clathrin-

dependent, clathrin-independent and macro-pinocytosis. Clathrin independent mechanism (Cheng 

et al., 2006) is further sub-divided into caveolae-mediated (Kiss & Botos, 2009; Nabi & Le, 2003) 

and clathrin & caveolae independent mechanisms (J. S. Kim et al., 2006). The caveolae & clathrin-

independent mechanism is further classified based on the type of endocytosis proteins involved in 

the internalization process. 

Magnetic nanoparticles with different surface modifications will bring in new chemical 

properties to the labeled cell system (Mok & Zhang, 2013). Endocytosis of magnetic nanoparticles 

depends on several factors (Sahay et al., 2010; Zablotskii et al., 2011; S. Zhang et al., 2015). The 

particle size and zeta potential (electrostatic interaction between the particle and surrounding 

biological fluid) are the important factors for cellular endocytosis mechanism (Cañete et al., 2010; 

Kania et al., 2018). Table 2.3 gives the hydrodynamic size, polydispersity index and zeta potential 

measured by dynamic light scattering technique for magnetic nanoparticles with different surface 

modifications.  
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Table 2.3 - Literature reported hydrodynamic size and zeta potential values for different magnetic 

beads with varied surface modifications, dispersed in distilled water and cell culture media. 

Particle 
Type 

Dispersed in distilled water 
Dispersed in cell culture 

media 
Reference 

Size  
(nm) PdI ZP (mV) Size 

(nm) PdI ZP (mV) 

Starch 
(50 nm) 55 ± 5 0.28 2.9 ± 0.1 28 ± 0 0.32 -5.4 ± 0.5 (Schaub et 

al., 2014) 

Starch 
(100 nm) 

  -9.6 71  -6.6 
(Eberbeck 

et al., 
2010) 

104.7 ± 1.7  -4.4 ± 0.5    
(J. Zhang 

et al., 
2013) 

104.1 ± 2.3 0.07 9 ± 0.8    
(Cole, 

David, et 
al., 2011) 

110 ± 1 0.12 3.1 ± 0.2    
(R. 

Ludwig et 
al., 2014) 

   66  -6.6 
(Eberbeck 

et al., 
2010) 

98.2 ± 25 0.1 -11.3 ± 6.89    (Anani, 
2018) 

105      
(Zhou, 
2017) 

Starch 
(150 nm) 

150  -4.88    
(Bahring 

et al., 
2012) 

135 ± 1 0.15 11.8 ± 0.4    
(R. 

Ludwig et 
al., 2014) 

Starch 
(200 nm) 

170 ± 2 0.18 -3.1 ± 0.1    
(R. 

Ludwig et 
al., 2014) 

182 ± 18  1 ± 6    (Riegler et 
al., 2013) 

Starch 1400  -10 1500  -15 
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   1300  -25 (Aires et 
al., 2017) 

FluidMAG
-Amine 
(50 nm) 

79 ± 0 0.23 24.3 ± 2.4 78 ± 1 0.34 -7.8 ± 0.5 (Schaub et 
al., 2014) 

FluidMAG
-Amine 

(100 nm)  

83 ± 1 0.15 34.5 ± 0.7 99 ± 1 0.33 -6.3 ± 0.3 
90  45 ± 10   -25 ± 5 (Aires et 

al., 2017)      -30 

114.2 ± 1.2 0.15 54.6 ± 0.8    
(Cole, 

David, et 
al., 2011) 

Aminated 
Starch 

(100 nm) 

136.3 ± 5.5  38.9 ± 3.2    
(J. Zhang 

et al., 
2013) 

134.3 ± 2.1 0.06 58.9 ± 0.6    
(Cole, 

David, et 
al., 2011) 

131.2 ± 34.1 0.12 16.7 ± 7.29    
(Anani, 
2018) 136.2 ± 0.28 - 52.67 ± 0.98    

139.43 ± 2.83 0.12 34.47 ± 1.19    

139.43 ± 2.83 0.12 45 ± 2    (Yeh, 
2018) 

170.6  36    (Zhou, 
2017) 

Dextran 
Sulfate 
DXS 

(100 nm) 

  -18 379  -14 
(Eberbeck 

et al., 
2010) 

 

The properties of nanoparticles measured in distilled water and cell culture media are 

different due to the presence of several anionic proteins in the culture media. The hydrodynamic 

size and zeta potential values reported by different labs (Table 2.3) differ approximately by two 

standard deviations.  According to (Eberbeck et al., 2010) and (Gräfe et al., 2016), the size and ZP 

of the beads are decreased when the concentration of the serum in the culture media is increased.  
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The endocytosis mechanisms of magnetic nanoparticles are investigated using different 

methods such as permanent micro-flux sources (Osman et al., 2012), chemical inhibitors (Dutta & 

Donaldson, 2012; Vercauteren et al., 2010).  Different types of inhibitors are used to inhibit one/ 

or more types of endocytosis mechanisms (Dutta & Donaldson, 2012; Vercauteren et al., 2010). 

Some of the chemical inhibitors include hypertonic sucrose, potassium depletion, chlorpromazine, 

phenyl arsine oxide, chloroquine, monensin, filipin, cytochalasin-D, genistein, amiloride, 

dynasore.  

Chlorpromazine is a cationic amphiphilic drug that inhibits clathrin-coated pit formation 

by a reversible translocation of clathrin from the cell plasma membrane.  Potassium depletion 

inhibits the formation of clathrin-coated pits by dissociating the clathrin at the inner leaflet of the 

cell plasma membrane.  Genistein is a tyrosine kinase inhibitor and inhibits caveolae-mediated 

endocytosis. Genistein causes local disruption of the actin network at the site of endocytosis and 

inhibits the employment of dynamin II.  Methyl β- cyclodextrin (MβCD) is a cyclic oligomer of 

glucopyranoside that inhibits cholesterol-dependent endocytic processes by reversibly extracting 

the steroid out of the cell plasma.  The dependence of endocytosis on lipid rafts is usually 

determined by MβCD (Vercauteren et al., 2010). 
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Chapter 3 - Characterization of Intrinsic Magnetic Properties by 

Multiparameter Dark Field Imaging Velocimetry 

Abstract 

Magnetic particle characterization determines the quality of the magnetic particles and is 

of great importance in particle technology, drug delivery, cell separation, in vivo diagnostics and 

other biomedical applications.  The particle size uniformity and colloidal stability of paramagnetic 

particles have been the focus of most producers, but magnetization is never specified and is 

typically mentioned only in terms of percent iron oxide content.  Bulk measurements of magnetic 

susceptibility and saturation magnetization, using a SQUID or a Vibrating Sample Magnetometer 

(VSM), provide an average value at best and do not account for the distributed nature of these 

variables or for particles with zero or very low susceptibility and magnetization.  By means of 

particle tracking velocimetry in dark field illumination we measured multiple characteristics of 

several thousand individual micron-sized particles per sample.  A commercial particle tracking 

velocimeter was used to record and captures dark-field images of particle trajectories in an applied 

isodynamic magnetic field.  It instantaneously records and reports particle size and 

magnetophoretic mobility within a total of twenty-six different characteristics of each magnetic 

bead imaged.  Magnetophoretic mobility and diameter of the particles are the important parameters 

for estimating the intrinsic magnetic properties of single particles using velocimetry.  As the dark 

field images overestimate the size of the particle, there is a need to calibrate the instrument and 

find the relationship between the instrument-reported diameter and the actual particle diameter.  In 

the present study, the size calibration capability of the instrument was extended with twenty-one 

different calibration beads by using transmission electron microscopy to validate the particle size 

reported by different vendors and thus enabling the estimation of intrinsic magnetic properties, 
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namely apparent magnetic susceptibility and saturation magnetization, of individual particles.  The 

intrinsic magnetic properties of the magnetic beads estimated by both the velocimeter and 

Vibrating Sample Magnetometer (VSM) are in good agreement.  It was found that estimation of 

the magnetophoretic mobility distributions and intrinsic magnetic properties of magnetic 

microparticles using dark-field particle tracking allows economical and time-efficient magnetic 

evaluation of a broad range of magnetic particle sizes. 

Keywords: magnetic instruments, magnetic particle characterization, particle size distribution, 

magnetophoretic mobility, magnetic susceptibility, saturation magnetization, velocimetry. 

3.1 Introduction 

Magnetic-particle reagents have been extensively used in the magnetic sorting of labeled 

cells (Williams et al., 1999; Zborowski & Chalmers, 2011), drug delivery and targeting, magnetic 

resonance imaging (Chertok et al., 2008; Eberbeck et al., 2011), hyperthermia (Goya et al., 2008; 

Tay et al., 2018), cellular endocytosis studies (Gupta & Gupta, 2005; Hanot et al., 2015; Jie et al., 

2010; Jing et al., 2008; Zhou et al., 2017, 2018), bio-separation and engineering (Harrison et al., 

2015), biological pathogen detection (Sullivan & Prorok, 2015), biochemical analysis and other 

biomedical applications.  The particle size and intrinsic magnetic properties play a prominent role 

in describing the quality of the sample (Paper et al., 1995).  Different methods and devices have 

been recognized previously to characterize the bulk average properties of the magnetic particles 

such as particle size determination by Dynamic Light Scattering (DLS) (Lim et al., 2013), 

observation of the particle microstructure by Scanning Electron Microscopy (SEM) (Gherca et al., 

2012), Transmission Electron Microscopy (TEM) (Li et al., 2012), Atomic Force Microscopy 

(AFM) (Lacava et al., 2000), Magnetic force microscopy (Cordova et al., 2017), DynoMag AC 

susceptometer (Ludwig et al., 2017), determination of the elemental composition and crystalline 
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phase information by X-Ray diffraction (XRD) (Popa et al., 2003; Tadic et al., 2014; Zhao et al., 

2000) and energy dispersive X-Ray spectrometer (EDX) (Sun et al., 2000; Tarasov et al., 2008).  

Magnetic susceptibility measurement by Superconducting quantum interference device (SQUID) 

(Granata & Vettoliere, 2016; Hurt et al., 2013), Vibrating sample magnetometer (VSM) (Liao et 

al., 2018), Faraday microbalance (Laachir et al., 1991), Guoy’s scale (Marcon & Ostanina, 2012), 

torque meter (Kligfield et al., 1981), The Bartington Magnetic Susceptibility System sensors 

(Dearing, 1999), magnetic magnetoresistance sensors (Little et al., 2013) and modified 

magnetization curves (Liu et al., 2009).  These methods estimate either bulk average particle size 

or bulk average magnetic susceptibility of the samples.  The characterization of intrinsic magnetic 

properties on a particle by particle basis can be achieved by simultaneous assessment of both the 

particle size and the magnetophoretic mobility (Chalmers et al., 1999; Sannidhi et al., 2019; Xu et 

al., 2012; Zborowski, Chalmers, et al., 1999; Zborowski & Chalmers, 2011). 

Magnetophoretic mobility which defines the key property of the magnetic particles 

depends on the particle size, magnetic susceptibility and viscosity of the medium.  Particle tracking 

velocimetry has been utilized to measure magnetophoretic mobility which has been used in 

quantification and separation of magnetically labeled cells (Mccloskey et al., 2003; McCloskey et 

al., 2000, 2001; Watarai & Namba, 2002; Williams et al., 1999; Yu et al., 2010) and in developing 

the continuous quadrupole magnetic sorter (Sajja et al., 2011; Weegman et al., 2016; Zborowski, 

Sun, et al., 1999).  Similar and new methodologies have been employed to estimate the 

magnetophoretic mobility and susceptibility of single magnetic particles (Grob et al., 2018; 

Maldonado-Camargo et al., 2017; Wise et al., 2015).  Magnetophoretic mobility is independent of 

the applied magnetic field (H) for paramagnetic species.  The determination of intrinsic magnetic 

properties (apparent susceptibility and/or saturation magnetization) depends on simultaneous 
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knowledge of the mobility and size of each particle.  In one approach the ratio of magnetically 

induced velocity to the settling velocity has been used to calculate the saturation magnetization, 

thereby eliminating particle size from the susceptibility equation (Jin et al., 2008).  In another 

approach cell tracking velocimetry and modified susceptibility solutions were applied to measure 

volumetric magnetic susceptibility of polystyrene beads labeled with magnetic nanoparticles 

(Zhang et al., 2005).  Sedimentation velocity depends on, in addition to particle size, particle 

density, solution density and viscosity so that its substitution for particle size is not always 

possible.  In the current work, the diameter of every particle is measured along with its 

magnetophoretic mobility thereby providing a particle-by-particle evaluation of apparent magnetic 

susceptibility and saturation magnetization. 

Hyperflux™ velocimeter is an instrument used to measure the particle count, 

magnetophoretic mobility and particle size distribution on a particle by particle basis of magnetic 

particles and magnetically labeled cells.  This instrument is also used in quantitative cell analysis 

as a surrogate for Fluorescence Activated Cell Sorters (FACS) (Zhou et al., 2017) and in 

quantifying nanoparticle endocytosis (Zhou et al., 2018).  The size calibration of the instrument is 

critical in determining the exact particle diameter of the sample as the dark field imaging technique 

over-estimates the particle size based on image pixel size (Sannidhi et al., 2018, Sannidhi et al., 

2019; Zhou et al., 2016). 

The objective of accurate single-particle diameter measurement by the velocimeter 

instrument was to enable the determination of intrinsic magnetic properties of individual particles 

-- a multiparameter approach as is used in flow and image cytometry.  The calibration of the 

instrument is done by the validation of instrument reported diameter and vendor reported diameter.  
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Several de-identified commercial bead samples were used to interpret the particle size and intrinsic 

magnetic property distributions which varied among the different vendors. 

3.2 Theory 

Magnetophoresis is used to estimate the magnetophoretic mobility of particles which helps 

in quantifying  labeled cells, for example (Chalmers et al., 1999; Zborowski, Chalmers, et al., 

1999; Zborowski & Chalmers, 2011).  The force balance on a spherical particle in an isodynamic 

magnetic field and viscous medium gives the terminal velocity (v) attained by the particle, as 

 𝑣𝑣 =
𝐷𝐷2∆𝜒𝜒
18𝜂𝜂

.𝛻𝛻 �
𝐵𝐵𝑜𝑜2

2𝜇𝜇𝑜𝑜
� (3-1) 

The first term of the equation (3-1) represents the properties of the particle and fluid 

medium and the second term is the gradient of the magnetic field energy.  Magnetophoretic 

mobility of magnetic beads is defined as the ratio of field-induced bead velocity (dimensions of 

m/s) to the magnetic field body force (N/m3) exerted on the free space displaced by the bead so 

that its dimension is m4/N.s, equal to m3/T.A.s.  Magnetophoretic mobility Um of magnetic beads 

as a function of diameter of the particle D and the difference of magnetic volume susceptibility Δχ 

between particle and fluid medium is given by 

 𝑈𝑈𝑚𝑚 =
𝐷𝐷2∆𝜒𝜒
18𝜂𝜂

 (3-2) 

The difference in susceptibility (Δχ) is approximated to the volume susceptibility of the 

particle χp, while the susceptibility of the fluid medium, distilled water, is negligible. 𝜂𝜂 is the 

viscosity of distilled water. 

By estimating the particle size and magnetophoretic mobility simultaneously in the 

medium of known viscosity, the magnetic susceptibility of every single particle can be calculated 

(Chalmers et al., 1999; Gibson, 1936; Reddy et al., 1996; Xu et al., 2012; Zborowski & Chalmers, 
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2011).  In most practical cases, the difference in magnetic susceptibility is approximated to the 

susceptibility of the particle.  The susceptibility value given by the Hyperflux instrument is 

measured at an applied field of 0.56 Tesla which lies in the saturated region of the magnetization 

curve (Sannidhi et al., 2019), thus giving the equation for apparent magnetic susceptibility of the 

particle, (χapp) as 

 𝜒𝜒𝑎𝑎𝑎𝑎𝑎𝑎 =  
18𝜂𝜂𝑈𝑈𝑚𝑚
𝐷𝐷2  (3-3) 

where apparent magnetic susceptibility is defined as the slope of a straight line on the M 

vs. H curve (Figure 3.7) between the origin and the applied magnetic field Bo.  Thus, χapp is the 

variable that determines magnetophoretic mobility at any level of the applied field and is always 

less than the initial susceptibility (defined as the slope of the M vs. H curve at the origin, χin = 

M/H).   

The intrinsic saturation magnetization of the particle, Ms in terms of magnetophoretic 

mobility, size of the bead, intensity of the applied magnetic field and the viscosity of fluid medium 

is given by 

 𝑀𝑀𝑠𝑠 = 𝜒𝜒𝑎𝑎𝑎𝑎𝑎𝑎𝐻𝐻 =
18𝜂𝜂𝑈𝑈𝑚𝑚𝐵𝐵𝑜𝑜
𝐷𝐷2𝜇𝜇𝑜𝑜

  (3-4) 

Where H is the applied magnetic field strength, Bo is the local magnetic flux density of 

permanent magnet and µo is the permeability of free space.  The magnetic field forms a gradient 

in an isodynamic field region where the product of B.∇B is constant.  Equations 3-3 and 3-4 were 

used to estimate the intrinsic magnetic properties of several thousand individual micron sized 

composite magnetic particles per sample. 
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3.3 Materials and Methods 

3.3.1 Calibration beads 

Twenty-one calibration beads which include both magnetic and non-magnetic beads with 

different vendor specified diameters were used in this study.  Sixteen different magnetic beads 

(designated P1 – P16) having the size (diameter) range from 0.68 to 5.01 micrometers and five 

different non-magnetic beads (designated P17-P21) ranging from 0.43 to 4.99 micrometers in 

diameter were studied.  Table 3.1 shows the list of different beads (both magnetic and non-

magnetic beads) along with their vendor diameter, instrument reported mean diameter, calculated 

filtered mean diameter and the TEM mean diameter with their standard deviations as determined 

in this study (see below).   

Three additional magnetic bead samples, i.e., commercial Estapor magnetic beads 

designated N2, N4, (obtained from Merck Chimie SAS (Estapor 2018) and Dynabeads (N16) 

(procured from Thermofisher, USA) listed in Table 3.4 were added to study intrinsic magnetic 

properties vs. % iron oxides bringing to six the number of samples for which vendors had provided 

% iron oxides for the data used in Figure 3.9. 

3.3.2 Hyperflux™ velocimeter 

The HyperfluxTM velocimeter (Magnaquant, Louisville, KY, USA) is an instrument which 

captures the dark field images of several thousand tracks of the particles passed through a glass 

channel cell, thus analyzing twenty-six different characteristics of the magnetic particles (Figure 

3.1) (Sannidhi et al., 2019; Zhou et al., 2016) which include particle size, magnetophoretic 

mobility, intensity and others.  Image data from every experiment conducted by the velocimeter 

are stored and can be replayed and studied by altering the parameters of interest such as threshold 

intensity and size gating.  The embedded software ‘Cytotest’ analyzes the image data within 
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seconds and tabulates the characteristics of several thousand particles into a “tracks.csv” 

spreadsheet.  The video of each individual track of the particle can be interactively selected and 

viewed by the velocimeter’s “Magex” software package.  The list-mode spreadsheet variables used 

to determine “raw” dark-field particle diameters in this study were “tAvgIntensity” (gray-scale 

intensity between 0 – 255, higher being brighter) and “tAvgSize” (the number of pixels in the dark-

field image of the particle).  These are used as filters to select legitimate values of 

“tAvgSphereDiameter” (a circle-equivalent diameter calculated algorithmically from pixel 

occupancy).  The “Avg” designation means that the value was averaged over measurements made 

in every video frame in which the given particle was present (the spreadsheet also reports the 

standard deviation of each such average).  

Figure 3.1 - Schematic representation of the Hyperflux™ velocimeter with particle trajectories 

A, magnetophoretic mobility histogram of the sample B and the summary statistics C. 
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3.3.3 Transmission Electron Microscopy (TEM) 

A Zeiss EM 10 Transmission Electron Microscope (TEM) operating at 60 KV was used 

to capture the images of the beads.  A suspension of beads of about 5 to 10 µL was deposited and 

air dried on copper grids with formvar/carbon film- 300 mesh size (Catalog No: FCF300-CU) 

obtained from Electron Microscopy Sciences (Hatfield, PA, USA). 

3.3.4 Vibrating Sample Magnetometer (VSM) 

The Physical Property Measurement System (PPMS) Dynacool instrument of Quantum 

Design (San Diego, CA) was used to measure the bulk average magnetization and susceptibility 

of the dried samples of each type. The sample measurements require 90 to 120 minutes of run-

time to perform a magnetization curve based on the specified sweep rate of the applied magnetic 

field and temperature conditions. 

3.4 Procedure 

3.4.1 Velocimetry 

The magnetic particle samples were diluted to a concentration of about 104 to 105 

particles/mL (volume fraction of about 10-8 to 10-6) to avoid particle track interference while 

tracking.  Usually, the instrument requires a sample volume up to 3 mL to characterize and estimate 

the average properties of the beads over 10 sets by refreshing the sample in the region of interest 

within the sample cell.  Each data “set” takes about 2 seconds at a rate of 30 frames per second. 

Overall, the instrument captures 600 frames of a sample in one typical experiment.  The parameters 

such as the number of frames per second (fps), number of sets per experiment can be altered in the 

graphical user interface of the software before starting the experiment.  The image acquisition 

takes about 20 seconds for 10 sets, and the intensity threshold limit selection, auto-selection of the 

screen apart from the exclusion zones of the screen, tracking the trajectories of individual particles 
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take about 30 to 45 seconds (Zhou et al., 2016, 2017).  The embedded software generates a .csv 

file with 23 different characteristics of the particles on a particle-by-particle basis which also 

includes the magnetophoretic mobility histogram.  Individual bead diameters were calculated from 

dark-field image size using a calibration-based algorithm (Zhou et al., 2016). By considering the 

relationships between magnetophoretic mobility and intrinsic magnetic properties (equations 3-3 

and 3-4), apparent volume susceptibility and saturation magnetization of the selected beads were 

calculated and summarized in this chapter.  The temperature dependency of magnetic particle 

characterization by velocimeter and the precautionary measures of velocimeter operation are given 

in Appendix A and Appendix B of this dissertation.  

3.4.2 VSM 

Each dried sample was weighed (usually requiring 10-20 mg for optimum results) before 

inserting the sample into the chamber.  After updating the required maximum magnetic field 

intensity and temperature settings based on the sweep rate of 0.001 Tesla/second it takes around 2 

hours for the generation of a complete hysteresis loop. 

3.4.3 Data analysis 

Video image analysis was performed by the Hyperflux velocimeter software package 

CytotestTM, which creates a 26-parameter list-mode spreadsheet titled “tracks.csv”, from 

permanently recorded video frames.  These spreadsheet data were used in fitting linear and 

quadratic functions described below and calculating means and standard deviations using 

spreadsheet packages such as Microsoft ExcelTM.  Particle size distributions, means and standard 

deviations were derived from TEM images using ImageJTM. 
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3.5 Results and Discussion 

3.5.1 Magnetophoretic Mobility 

The magnetophoretic mobility of each particle of the sample was estimated by Hyperflux 

velocimeter in pRm (pRm is defined as pico Rembaum, where 1 pRm = 10-12 m3/T.A.s, honoring 

the units in the name of Alan Rembaum for his pioneering work on  magnetophoretic mobility and 

cell sorting apparatus (Rembaum, 1984; Yen et al., 1980) in the early 1980’s. 

3.5.2 Diameter data validation 

The following two forms of data validation were used to interpret the actual particle 

diameter from the dark field images in order to calibrate the instrument. 

3.5.2.1 Validation of the raw diameter values from the velocimeter 

Three main methods were used to confirm the validity of the raw diameter values obtained 

from dark-field images before calibration.  First, the value returned automatically in the Hyperflux 

display by the Cytotest software given as “Instrument reported average diameter” in Table 3.1, 

which comprises filtered values based on intensity thresholds and size limits for reporting 

automatically on a user-friendly standard format.  Second, the value determined by visual 

inspection of the raw particle diameter histograms.  The visual analysis of the raw particle size 

histograms always revealed a major peak at or near the actual mean diameter value in the cases of 

all particles.  This is considered a “modal” value and is not included in Table 3.1.  Third, the 

calculation of actual mean diameter by filtering raw data according to intensity threshold and size 

limits. 
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Table 3.1 - Vendor diameter, instrument reported average diameter, calculated filtered mean 

diameter and TEM mean diameter of 21 different particles. SD represents standard deviation of 

the average diameter values. 

Particle 
Name 

Vendor 
Diameter 

(micrometers)  

Instrument 
reported 
average 
diameter 

(micrometers) 

Calculated 
filtered mean 

diameter 
(micrometers) 

SD  
TEM mean 

diameter 
(micrometers) 

SD 

MAGNETIC BEADS 

P1 0.68 4.48 3.4 0.05 0.5 0.135 

P2 0.7 4.16 3.36 0.073 0.4 0.08 

P3 0.87 5.73 3.66 0.087 1 0.2 

P4 0.96 5.07 3.41 0.045 0.85 0.017 

P5 1 4.48 3.51 0.083 0.9 0.28 

P6 1 3.64 3.32 0.066 1 0.11 

P7 1.1 5.68 4.92 0.055 1.5 0.18 

P8 2.39 9.72 6.45 0.22 2.35 0.051 

P9 2.6 10.63 7.26 0.113 2.7 0.058 

P10 2.7 8.11 5.63 0.128 2.28 0.049 

P11 2.7 9.03 5.08 0.074 1.43 0.068 

P12 3 10.16 5.52 0.062 2.8 0.054 

P13 3.12 7.1 9.72 0.22 3.18 0.125 

P14 3.13 9.74 8.93 0.098 3 0.091 

P15 3.27 10.92 7.43 0.07 3 0.076 

P16 5.01 4.8 14.99 0.257 4.9 0.14 

NON-MAGNETIC BEADS 

P17 0.43 3.78 2.55 0.015 0.44 0.18 

P18 2.01 9.31 5.81 0.04 1.9 0.04 

P19 2.9 11.4 7.56 0.044 3 0.038 

P20 4.8 15.62 12.91 0.1316 4.5 0.058 

P21 4.993 15.27 13.03 0.312 5 0.043 
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In this method, the raw data given by the tracks.csv spreadsheet is sorted by two parameters 

namely, “tAvgIntensity” (the average intensity along the individual track of the particle given by 

the dark field image) and “tAvgSize” (representing the average size based on pixel count of the 

individual particle blob within the entire track of the individual particle).  The parameter 

“tAvgIntensity” is filtered to include all the data points with an average intensity greater than 35 

gray-scale units.  The parameter ‘tAvgSize’ is filtered to include the data points between 5 and 

300 squared pixels for the beads with vendor diameter less than 2.6 micrometers, the upper limit 

of tAvgSize parameter is 600 squared pixels for beads with vendor diameter greater than 2.6 

micrometers. 

3.5.2.2 Validation of vendor reported diameters 

The diameter values reported by different vendors were justified by the mean diameter 

values estimated from the TEM captured images as shown in Figure 3.2.  These images were made 

Figure 3.2 - TEM Images of the beads P1, P2, P4, P8, P11 and P20 covering the 

full range of the commercial particle sizes. 
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with "raw" samples, not magnetically selected before preparing for electron microscopy, as 

velocimeter data were also obtained using raw samples.  (Many, if not all, vendors recommend a 

magnetic purification step before using their beads for labeling or as reagents).  The diameters are 

reported in the last two columns of Table 3.1 and most of them are confirmatory of the vendor 

diameters (second column of Table 3.1 and Figure 3.3 (D)). 

3.5.3 Diameter Calibration curves 

The data of Table 3.1 were used to construct diameter calibration curves for the Hyperflux 

velocimeter following the examples of (Zhou et al., 2016, 2018).  The calibration curves of the 

instrument shown in Figure 3.3 illustrates the relationship among different diameters reported in 

Table 3.1.  The calibration plots shown in Figures 3.3 (A) and 3.3 (B) between “Calculated filtered 

mean diameter” and “Vendor diameter” are compared to show the small effect of two outlying 

data of P11 and P12 beads (possibly related to vendor statements), with the slope and intercept 

agreeing at better than two decimal places and acceptable goodness of fit (R2) values.  As expected, 

based on the use of dark-field illumination, instrument calculated filtered mean diameter is always 

greater than the true diameter, whether given by vendor or determined by TEM. The relationship 

between the TEM mean diameter and the vendor diameter is given by the linear curve compared 

with the expected y = x dotted line as shown in Figure 3.3 (D).  The linear curve fit parameters of 

the calibration curves along with standard deviations and goodness of fit values are given in Table 

3.2. 
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Figure 3.3 - Calibration curves with linear fits: (A) Calculated filtered mean diameter vs Vendor 

diameter; (B) Calculated filtered mean diameter vs Vendor diameter without outlier samples P11 

and P12; (C) Calculated filtered mean diameter vs TEM mean diameter; (D) TEM mean diameter 

vs Vendor diameter. 
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Table 3.2 - Calibration curve parameters with standard deviations and R2 values of the curves 

fitted to the plots given in Figure 3.3. 

Calibration graph type 
Linear curve fit parameters, y=mx+c 

Slope Intercept R2 

Calculated filtered mean diameter vs Vendor 
diameter 2.323 ± 0.1856 1.1317 ± 0.5088 0.89 

Calculated filtered mean diameter vs Vendor 
diameter (without outliers P11 and P12) 2.389 ± 0.1405 1.236 ± 0.3835 0.94 

Calculated filtered mean diameter vs TEM 
mean diameter 2.404 ± 0.1510 1.256 ± 0.3959 0.93 

TEM mean diameter vs Vendor diameter 0.9630 ± 0.0497 -0.0432 ± 0.1364 0.95 

 

3.5.4 Intrinsic Magnetic Properties 

Intrinsic magnetic properties of the magnetic particles such as magnetic volume 

susceptibility and saturation magnetization are vital in knowing the quality of the sample.  In this 

study, the shape of the particles is assumed to be spherical.  After calculating the actual diameter 

of each particle based on the generated calibration curves of the velocimeter instrument, the raw 

data from .csv files were subjected to data filters to generate the intrinsic magnetic properties such 

as apparent volume susceptibility and saturation magnetization of the individual particles. 

3.5.4.1 Apparent magnetic susceptibility distribution 

The apparent volume susceptibility of magnetic particles is inversely related to the applied 

field (B) when particles undergo saturation magnetization as shown in Figure 3.7.  The work by 

Jin et al. presents magnetization, M vs. B and shows, as expected, saturation (Jin et al., 2008).  In 

this present study, the used induction value of  0.56 T is in the saturation range for all the beads 
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(Figure 3.7 and ref. (Zhou et al., 2016)), so susceptibility, which is the slope of M vs. B, will be 

lower than the initial slope, χin, of the curve in the range where M increases linearly, up to a certain 

value less than 0.1 T.  The intrinsic magnetic properties of the beads, the average apparent volume 

susceptibility and average saturation magnetization estimated by the velocimeter were in good 

agreement with those measured by bulk average method using Vibrating Sample Magnetometry 

(VSM) (Sannidhi et al., 2019).  The apparent magnetic susceptibility of the individual magnetic 

particles are calculated based on the relationship between susceptibility and magnetophoretic 

mobility (equation 3.3) using the actual diameter calculated from the linear curve equation of 

calibration plot ‘Calculated filtered mean diameter vs Vendor diameter’ (given in Table 3.2) and 

assuming the viscosity of the medium (distilled water) to be 0.001 Pa s (Pascal-second).  An 

example of the histograms of the two calculated parameters is given for the P15 beads in Figure 

3.4, where the solid vertical line in the upper panel (Figure 3.4 (A)) denotes the vendor diameter, 

which is near the major peak bin of the size histogram.  The log-scale histogram of apparent 

susceptibility is given in the lower panel.  The 2-parameter apparent susceptibility vs actual 

diameter distributions for all the beads is shown in Figure 3.5, where the vertical solid line 

represents the vendor reported diameter and the horizontal dotted line corresponds to the mean 

apparent magnetic susceptibility.  The apparent susceptibility is inversely proportional to the 

square of the diameter (χapp α 1/D2) theoretically given by equation 3-3, which agrees with the 

experimental values reported in Figure 3.5.  The experimental 2- parameter plots between- 

‘Apparent volume susceptibility vs Actual diameter’ are fitted by the model equation, y = A + 

B/x2.  Table 3.3 provides the curve fitting parameters of the model equation for all the sixteen 

beads.  The apparent volume susceptibility is directly proportional to the percent iron oxides 

present in the beads (Figure 3.9). 
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Table 3.3 - Mean apparent susceptibility and mean saturation magnetization for all the 16 magnetic 

beads. Apparent volume susceptibility vs calculated diameter with the fitted curve parameters of 

the model equation, y= A + B/x2, underscored tabs represent the curves with R2> 0.8. 

Particle 
Name 

Vendor 
Diameter 

(micrometers) 

Mean 
apparent 

susceptibility 
χapp (SI) 

Mean 
saturation 

magnetization 
Msat (kA/m)  

Apparent Volume Susceptibility (SI) vs 
Calculated Diameter (micrometers) 

Model Equation: y = A + B/x2 
A B R2 

P1 0.68 0.218 97.272 0.0167 ± 0.0028 0.0558 ± 0.0012 0.63 

P2 0.7 0.230 104.250 0.0302 ± 0.0056 0.0449 ± 0.0023 0.49 

P3 0.87 0.282 126.101 0.0349 ± 0.0091 0.1189 ± 0.0038 0.64 

P4 0.96 0.097 43.356 0.0123 ± 0.0012 0.0388 ± 0.0004 0.84 

P5 1 0.12 53.853 0.0260 ± 0.0053 0.0573 ± 0.0031 0.57 

P6 1 0.203 90.865 0.0259 ± 0.0053 0.0557 ± 0.0023 0.53 

P7 1.1 0.121 53.951 0.0155 ± 0.0029 0.0817 ± 0.0015 0.66 

P8 2.39 0.027 12.349 0.0016 ± 0.0059 0.0962 ± 0.0047 0.89 

P9 2.6 0.083 37.098 0.0246 ± 0.0075 0.0860 ± 0.0045 0.63 

P10 2.7 0.071 32.033 0.0341 ± 0.0043 0.0359 ± 0.0035 0.18 

P11 2.7 0.239 106.688 0.0129 ± 0.0040 0.1984 ± 0.0027 0.85 

P12 3 0.13 58.027 0.0093 ± 0.0020 0.1433 ± 0.0016 0.84 

P13 3.12 0.029 12.934 0.0205 ± 0.0057 0.0403 ± 0.0036 0.27 

P14 3.13 0.146 65.450 0.0291 ± 0.0034 0.1785 ± 0.0025 0.84 

P15 3.27 0.050 23.501 0.0183 ± 0.0014 0.1203 ± 0.0013 0.81 

P16 5.01 0.020 8.920 0.0088 ± 0.0008 0.1808 ± 0.0134 0.50 

 

In Table 3.3 it is seen that two-parameter data from several bead samples show a poor fit 

to the 1/D2 rule of equation 3.3.  Inspection of the two-parameter displays of Figure 3.5 reveals 

points quite distant, most of them below, the fitted curve.  All the data were obtained using 
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untreated samples of beads as received.  Most vendors recommend pre-treatment of bead samples 

by qualitative magnetic selection before use as reagents for labeling or capturing experiments.  

This is typically done by holding an external magnet of unknown strength against the external wall 

of the vessel containing the sample for a specified length of time and then decanting all particles 

not trapped by the external magnet.  Thus, the distributions shown in this work are for “raw” 

samples prior to any magnetic selection.  Many of the samples have mean apparent volumetric 

susceptibility rather close to 0.1.  Smaller beads are consistently above this level and larger beads 

below.  The reason is apparent in Figure 3.9, where smaller beads have a higher per cent iron 

oxides and vice versa. 
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Figure 3.4 - Actual diameter and apparent volume susceptibility histograms of P15 beads.   

(A) The solid vertical line in the top panel represents the vendor reported diameter. Actual 

Diameter of each bead is calculated from the linear calibration curve between “Calculated 

filtered mean diameter vs Vendor diameter” as shown in Figure 3.3 (B).  Populations of particle 

doublets and debris particles (which are also found in distilled water used as a diluent) are 

evident.  (B) The solid vertical line in the bottom panel corresponds to the calculated mean 

apparent susceptibility, which is above the mode due to small numbers of very high (small 

diameter) susceptibility beads represented by the cumulative bar at χapp = 0.6. 



81 
 

 

Figure 3.5 - Apparent Volume Susceptibility vs Calculated actual diameter for 16 different 
magnetic beads, with curve fitting 1/D2 (Using filter χapp> 0.01 for all the beads and actual 
diameter>2 µm for P16 beads only; here each “Calculated Actual Diameter” is estimated by 
using the calibration curve between “Calculated filtered mean diameter vs Vendor diameter” as 
shown in Figure 3.3 (B). 
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3.5.4.2 Saturation Magnetization 

As the applied magnetic field (0.56 T) lies in the saturation region of the magnetization 

curves of particles, the calculated magnetization using equation 3.4 is named “saturation 

magnetization”.  A significant broad distribution of the particles in each sample is evident from 

the calculated saturation magnetization vs. calculated diameter curves shown in Figure 3.6, where 

an example of the 1/D2 fit is shown for particles P1 (R2 = 0.63).  In all cases some counts of non-

magnetic debris are seen below the 1/D2 curve.  The experimental data are consistent with the 

equation which determines the saturation magnetization of the beads as inversely proportional to 

the square of the diameter (Ms α 1/D2). 

The bulk average intrinsic magnetic properties of selected magnetic beads were estimated 

by VSM Dynacool instrument, Quantum Design.  Figure 3.7 summarizes the magnetization curves 

from which initial volume susceptibility of the beads (χin) which is the slope of the hysteresis curve 

near the origin, the apparent volume susceptibility (χapp) which is the slope of the line from origin 

to the corresponding point on the curve at Bo = 0.56 T and saturation magnetization of the beads 

(Msat) were determined and entered into Table 3.4. 
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Figure 3.6 - Calculated Saturation Magnetization vs. calculated Diameter (Equation 3-4) for 16 

different commercial magnetic beads.  The vertical line indicates the diameter specified by the 

vendor in each case. The solid curve in the P1 data fits the 1/D2 function with R2 = 0.63. 
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3.5.5 Magnetic property comparison between VSM and Hyperflux velocimeter 

The applied local flux density of the velocimeter is 0.56 T, which is far into the saturation 

region (usually above about 100 mT for magnetic microparticles) (Bronzeau & Pamme, 2008), the 

susceptibility at this fixed magnetic field is termed “apparent volume susceptibility” in the present 

research.  The saturation magnetization and apparent volume susceptibility of those beads for 

which sufficient sample material was available are compared between those of VSM and 

Hyperflux velocimeter and summarized in Table 3.4. 

 

Figure 3.7 - Magnetization curves determined by VSM for 6 different beads.  The apparent 

susceptibility is calculated for a magnetizing field of 0.56 T and is the slope of a straight line 

between the origin and the 0.56 T point on the magnetization curve. 
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A similar comparative study has been made previously (Moore et al., 2000), by using four 

synthesized different PSM microspheres (Jin et al., 2008). Magnetic data comparison is shown in 

Figure 3.8 where the magnetization of the beads is directly proportional to the percentage of iron 

oxides contained in the beads.  The saturation magnetization of pure iron is reported as 1.7 * 106 

A/m and the magnetization of ultrafine Fe nanoparticles ranged from 105 to 106 A/m 

(Gangopadhyay et al., 1992). 

Table 3.4 - Intrinsic saturation magnetization and susceptibility comparison between VSM and 

Hyperflux.  For standard deviations see Figure 3.8. 

 

The magnetic beads used in this study have an iron oxide composition of 13 to 45 percent, 

so the saturation magnetization of these beads is in the range of 104 to 105 A/m, less than that of 

pure iron.  Only few publications have reported the size, composition and volume magnetization 

of the beads (Häfeli et al., 2002; Haynes, 2014).  The saturation magnetization and apparent 

volume susceptibility of the samples measured by VSM and Hyperflux were in acceptable 

agreement.  The susceptibility estimated by micro-magnetometry of a single Dynabead of size 2.8 

micrometers is 0.65 SI (Sinha et al., 2012).  The single particle analysis achieved by this technique 

gives the magnetic property distributions within each sample (Figure 3.6) and the magnetic 

Magnetic Beads Composition Saturation Magnetization 
(kA/m) 

Volume Susceptibility (SI) 

Bead 

name 

Vendor 

Size (µm) 

Fe Oxides 

(%) 
by VSM by Hyperflux 

Initial χ 

by VSM 

Apparent χ by 

VSM 

Apparent χ by 

Hyperflux 

P2 0.70 41.00 90.841 104.250 2.500 0.197 0.230 

N2 0.74 37.50 65.104 76.778 1.740 0.150 0.172 

P4 0.96 23.70 39.966 43.356 1.000 0.085 0.097 

N4 0.96 23.70 28.618 45.913 0.800 0.070 0.100 

P15 3.27 14.00 16.567 23.501 0.500 0.040 0.050 

N16 2.80 13.25 21.158 21.633 0.700 0.044 0.048 
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properties measured by velocimeter are always slightly larger than the average results obtained by 

VSM (Table 3.4) (Sannidhi et al., 2019). 

The linear relationships for the results in Figure 3.8 are statistically significant with the 

coefficient of determination (R2) values greater than 0.9.  The saturation magnetization by VSM 

given in emu/g is converted to A/m by the known values of density of the beads from the 

manufacturers to maintain uniform units for better comparison.  Most of the publications in the 

literature have reported the intrinsic magnetic properties in units of mass, either bulk average mass 

susceptibility (in m3/kg) or molar magnetic susceptibility (in m3/mol) and bulk average saturation 

magnetization (in emu/g or Am2/kg) (Hunt et al., 1995; Shi et al., 2015); volumetric units were not 

specified.  Intrinsic properties specified in volumetric units and exact compositional information 

of the beads provide ease for the reader for conversion and comparison of results. 

 

Figure 3.8 - Comparison of intrinsic magnetic properties determined by the two methods. 

(A) Apparent volume susceptibility comparison between Hyperflux velocimeter and VSM  

(B) Saturation Magnetization comparison between Hyperflux velocimeter and VSM. 
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3.6 Conclusions 

Following suitable size calibration of the Hyperflux velocimeter instrument linear 

calibration curves of particle size provide a means of determining individual actual particle size 

from the overestimated value given by the captured dark-field image.  This benefits researchers 

and vendors to determine intrinsic magnetic property distributions of magnetic bead samples.  

Under most conditions of magnetic bead use the beads are magnetically saturated by the applied 

field, so the appropriate magnetization variables in determining magnetophoretic mobility are 

apparent magnetic susceptibility or saturation magnetization (Sannidhi et al., 2019) as seen in 

equations 3.3 and 3.4 and not initial magnetic susceptibility (Figure 3.7).  It is also seen that 

apparent magnetic susceptibility will be inversely related to the applied field that magnetizes the 

beads.  One possible measure of bead sample quality is the goodness of fit (R2) of the 1/D2 rule to 

the two-parameter sample data (Figure 3.5).  A poor fit implies large numbers of beads not having 

the specified per cent iron oxides. 

Figure 3.9 - Apparent Susceptibility (A) and Saturation Magnetization (B)  vs. percent iron oxides 

for P2, P4, P15, N2, N4 and N16 beads listed in Table 3.4. 
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The estimation of intrinsic magnetic properties of individual particles using particle 

velocimetry (approximate run-time 2 minutes) is time-efficient and reduces the time of analysis 

by 98% when compared to that of VSM (approximate run-time of 2 hours).  Adequate sample size 

for particle tracking is less than 106 beads in total, about 1/1000th that required for VSM.  A better 

understanding of particle sample quality is achieved by estimating the magnetic properties of the 

sample on a particle-by-particle basis.  Velocimetry results are in good agreement with VSM, 

which is a traditional but more demanding measurement, but velocimetry does not produce 

magnetization curves.  Overall, the usage of velocimetry when compared to VSM or SQUID is 

time efficient and cost-effective. 
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Chapter 4 - Methods to Estimate Magnetophoretic Mobility of Individual 

Magnetic Nanoparticles 

Abstract 

Magnetic particle characterization determines the quality of the magnetic particles and is 

of great importance in particle technology, drug delivery, cell separation, in vivo diagnostics, and 

other biomedical applications.  The HyperfluxTM velocimeter is utilized to provide quantitative 

video analysis of particles using a high definition camera and captures the images of the particle 

trajectories in an isodynamic field.  The direct measurement of magnetophoretic mobility of the 

particles with a size of less than 400 nanometers is limited by optical resolution.  To overcome the 

size limitation, six different approaches such as optical density methods, chain velocity methods, 

and intrinsic magnetic properties were studied to estimate the mobility of 100 nm beads.  The 

optical density method is based on optical absorbance versus time measured in a bright field.  The 

chain velocity method takes advantage of chain formation of the superparamagnetic nanoparticles 

in an applied magnetic field, making particles visible in the dark field and extrapolates the 

magnetophoretic mobility of nanoparticle chains.  The estimation of magnetophoretic mobility of 

magnetic nanoparticles using dark-field particle tracking gives more reasonable results when 

compared to the optical density methods. 

Keywords: magnetophoretic mobility, magnetic nanobead characterization, chain velocity, 

nanoparticle magnetophoretic mobility. 
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4.1 Introduction 

Superparamagnetic Iron Oxide Nanoparticles (SPIONs) in the size range of 10 to 500 nm 

are biocompatible and most widely used in various biomedical applications such as drug delivery 

and targeting (Mahmoudi et al., 2011), cell separation (Williams et al., 1999; Zborowski & 

Chalmers, 2011), magnetic resonance imaging (Chertok et al., 2008; Eberbeck et al., 2011; Yoffe 

et al., 2013), cellular phagocytosis/endocytosis studies (Gupta & Gupta, 2005; Hanot et al., 2015; 

Jie et al., 2010; Jing et al., 2008; Prijic et al., 2010; Zhou et al., 2017, 2018).  The magnetic 

properties of individual nanoparticles such as magnetophoretic mobility and intrinsic magnetic 

properties are of greater importance when compared to that of bulk average values.  Ongoing 

research has estimated the magnetophoretic mobility of single magnetic nanoparticles by different 

research groups (Grob et al., 2018; Maldonado-Camargo et al., 2017; Wise et al., 2015). 

In this study, the velocimeter instrument was used to conduct dark field and bright field 

experiments.  The direct mobility measurement of nanoparticles by velocimeter using the darkfield 

technique is limited by optical resolution.  The objective of single-nanoparticle mobility 

measurement was to enable the determination of magnetic properties using the velocimeter at the 

nanoscale of below 400 nm at which most of the drug targeting and cellular studies are focused.  

Six different approaches were studied to measure magnetophoretic mobility of individual magnetic 

nanoparticles using the optical density method, chain velocity method, and intrinsic magnetic 

properties.  Among the different approaches, the chain velocity methods are more reasonable and 

estimated by more robust methods than the optical density methods. 
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4.2 Theory 

Magnetophoretic mobility is estimated by the ratio of terminal velocity (vm) attained by the 

particle to the applied magnetic pressure (Sm) 

 

 𝑈𝑈𝑚𝑚 =
𝑣𝑣𝑚𝑚
𝑆𝑆𝑚𝑚

 (4-1) 

 

 The applied magnetic pressure is given by 

 

 𝑆𝑆𝑚𝑚 =
𝐵𝐵𝑜𝑜(𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑)⁄

𝜇𝜇𝑜𝑜
 (4-2) 

 

Here, 𝐵𝐵𝑜𝑜 represents the applied magnetic field intensity, (𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑)⁄  is the gradient of the 

magnetic field, 𝜇𝜇𝑜𝑜 is the magnetic permeability constant.  

Additional theory is provided for each of the methods applied to single-particle mobility 

estimation in each subsection of 4.5 - Results and Discussion. 

4.3 Materials and Methods 

4.3.1 Magnetic Nanoparticles 

FluidMag-DXS nanoparticles of size 100 nm (procured from Chemicell, Germany) with 

dextran-sulfate (DXS) coating were studied in this research. 

4.3.2 LED white light 

A single LED light procured from LEDGLE (rechargeable Neck LED light Model no- 

2710750-DW) with Daylight white color (6500 - 7500K), 3.7 V, and 650 mAh Li-on battery was 
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used to produce a bright field imaging setup.  This LED light has dual features of flood and 

spotlight. 

4.3.3 Hyperflux™ velocimeter (original and modified) 

The description of the unmodified original velocimeter is given in the 3.3.2 section of 

Chapter-3.  This instrument is used to measure mobility data using the dark-field imaging 

technique.  To overcome the limitation of poor focus of nanoparticles, we modified the instrument 

to conduct bright field-optical density experiments.  The modifications include the following major 

changes in the original instrument setup.  By opening the back cabinet of the instrument, the foam 

plug from the center of illumination ring was replaced with the LED light to focus on the sweet 

spot of the channel cell.  The LED light was covered with a double layer of white office paper 

acting as a diffuser to produce uniform illumination.  The instrument has been operated semi-

manually by disengaging all lines from their valves and using slide clamps (Qosina slide clamps-

13014 which fits 0.125-inch OD tubing) to control the input/output flow of the sample and buffer 

through the sample channel cell.  The sample has been inserted into the channel cell using 1 mL 

syringes (Air-Tite 1 mL Luer lock syringes) and the waste line has been terminated into a waste 

beaker.  Since the optical density method involves high particle concentrations, the modified 

instrument has been designed to minimize sample volume usage and to be able to preserve sample 

after the experiment. 

4.3.4 Food coloring 

La Flor food coloring (blue, yellow, and red) were combined in equal volumes to produce 

a dark grey solution which gives a good absorbance with the LED light. 
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4.3.5 Spectrophotometer and method of use 

The SpectraMax i3 instrument from Molecular Devices (San Jose, CA) was used to 

measure the absorbance of different dye and particle suspensions of 200 µL volume in a 96-well 

plate reader. 

4.3.6 Procedures 

4.3.6.1 Experimental procedure for optical density method 

The velocimeter was modified to record the movement of magnetic nanoparticles and the 

clearing rate of SPIONs to determine the velocity of nanoparticles in the applied magnetic field.  

For this modified instrument setup as described in 4.4.3, ensure that the sample chamber is filled 

with the suspension of particles.  Establish a typical mobility experiment in the instrument using 

IKOVision software.  In the ‘new experiment’ window change the following parameters as 

follows:  ‘number of sets=1’ and ‘number of seconds=1’.  The image acquisition should be done 

without activating the values and vacuum pump.  The captured images will be stored in the 

‘experiments’ directory of the computer. 

4.3.6.2 Image analysis for optical density method 

The captured images were analyzed further to estimate grey value of the image using 

ImageJTM software.  A long narrow horizontal scan rectangle was selected on the image (free from 

unwanted dark and bright spots); the traces were better when both flood and spotlight setting were 

employed in the LED light.  Finally, the grey value of the region of interest was estimated by 

clicking ‘Analyze’, then ‘Plot Profile’ option of the ImageJTM software interface.  The grey value 

represents the brightness of image pixels ranging from 0 to 255 (where 0 is black and 255 is white 

in ImageJTM). The grey values of the selected region are converted to arbitrary intensities by 
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dividing the measured grey value with its maximum value of 255, for better comparison with the 

absorbance (arbitrary) measured by spectrophotometer and find the clearing rate of the particles. 

4.3.6.3 Experimental procedure for the chain velocity method 

The typical mobility experiments have been conducted in the original velocimeter 

instrument dark-field setup (unmodified).  The image analysis is done by CytotestTM software by 

using a standard intensity threshold setting of 35, and the size gating range of 2 to 300 squared 

pixels. In this method, three parameters of interest analyzed are ‘tAvgElongation’, ‘tMobility’ and 

‘tLength’ from the 26-parameter list-mode of the “tracks.csv” spreadsheet.  The parameter 

‘tAvgElongation’ is the ratio of length to width of the captured image blob, which is proportional 

to the length of the formed nanoparticle chains.  The parameter ‘tLength’ is the length of the 

particle track captured by the camera and ‘tMobility’ is the mobility of the individual tracked 

particle. 
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4.4 Results and Discussion 

4.4.1 Optical Density Method- Optical density change in velocimeter 

The idea of this approach was to measure the absorbance of nanoparticle concentration change 

with respect to time and characterize the clearing rate of particle concentration from the 

concentration versus time data to get the magnetophoretic mobility of the 100 nm magnetic 

nanoparticles.  The velocimeter was subjected to modifications by changing the light illumination 

from dark field to bright field setup.  A black food color solution was used to estimate the 

concentration range of particles required for the optical density experiments and to know the 

absorbance range of LED light used in the velocimeter. 

 

  

Figure 4.1 - (A) Absorbance versus wavelength spectrum of black food color measured by 

a spectrophotometer at different concentrations of  0.2, 0.25, 0.33, 0.5, 1, and 2 mg/mL and 

(B) Grey value of black food color measured by ImageJ at different concentrations of 0.2, 

0.25, 0.33, 0.5, 1, and 2 mg/mL. 
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The calibration curve for the black food color solution is obtained from the greyscale data 

of captured images measured by image processing software ImageJ.  The comparison of 

absorbance by spectrophotometer (Spectramax i3) and greyscale value (ImageJ) for the food color 

solution is shown in Figure 4.1. The grey value (0= black and 255= white) of the captured images 

decreased as the concentration increased.  The data points of grey value do not trend downward 

below 0.2 and above 2.0 mg/mL.  At low concentrations (below 0.2 mg/mL) the concentrations 

are below the error of the measurement method; at high concentrations (above 2.0 mg/mL), the 

measurement was too close to zero to be above the error of the measurement (Sannidhi et al., 

2019). 

 

  

Figure 4.2 - (A) Particle absorption spectrum and (B) LED emission spectrum. 
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The greyscale data range/ bandwidth (0 to 0.8 approximately) of food color solution is 

reasonable as shown in Figure 4.1 (B) and helps in finding the concentration clearing rate which 

is evident from the comparison of absorbance measured by spectrophotometer given in Figure 4.1 

(A).  The emission spectrum of cool white LED light and the absorbance spectrum of magnetic 

particles are in the acceptable range to be able to conduct experiments in the velocimeter (Figure 

4.2) (Digikey LED Lighting- https://www.digikey.com/en/products). 

 

The absorbance of nanoparticles at different concentrations was measured by using a 

spectrophotometer and the velocimeter as shown in Figure 4.3 (A) and (B) respectively.  The 

absorbance bandwidth for the particle concentrations used in the velocimeter was low (0.72 to 

0.77) and not sufficient to generate significant data points to estimate the mobility of nanoparticles.  

The use of light absorption to monitor particle concentration in the velocimeter was not possible 

owing to very small changes in grey value resulting from the thinness of the chamber.  Even at 

Figure 4.3 - (A) Absorbance vs Wavelength spectrum of 100nm magnetic beads measured by 

Spectrophotometer at different concentrations of 0.125, 0.166, 0.25, 0.5, and 2.5 mg/mL (repeated 

from 4.2(A) to indicate particle concentration range) and (B) Grey value of 100 nm magnetic 

beads measured by ImageJ at different concentrations of 0.125, 0.25, 0.5, 1.25 and 5 mg/mL. 
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these high particle concentrations (up to 5 mg/mL) the volume fraction that absorbs light was too 

small to absorb appreciable intensity in the light path. 

Effect of Pathlength- The pathlength of light in the velocimeter is 0.3 mm (thickness of sample 

channel cell) and that of the spectrophotometer is about 6.96 mm (diameter of a single well of 96-

well plate). Thus, the pathlength of light using the velocimeter is reduced by more than 95%.  

 

Effect of volume fraction- The sufficiently large volume fraction is not achievable due to chain 

formation (Figure 4.4); therefore, taking advantage of chain formation as a means of making 

particles visible leads to a chain velocity method in dark field setup.   

4.4.2 Optical Density Change in Microwell Plate 

There are three approaches to deriving mobility from the work of (Yeh et al., 2020).   

4.4.2.1 Using parameters from Yeh’s theory 

From the theoretical background of work done by Yeh et al., a non-linear curve fit was 

used for the optical density versus time data, given by equation 4-3.  The magnetic attraction rate 

(𝛽𝛽) values at different concentrations and sizes of SPIONs were estimated using this equation. 

Figure 4.4 - The SPIONs chains formed in bright field illumination 
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 𝑐𝑐 = 𝑐𝑐𝑜𝑜𝑒𝑒−𝛽𝛽𝛽𝛽 (4-3) 

where c is the final concentration, co is the initial concentration of magnetic particles and t is the 

time of attraction.  The magnetic attraction rate was assumed to be the function of particle size 

(Rp), given by the following equation: 

 𝛽𝛽 =  
𝐴𝐴′

𝑅𝑅𝑝𝑝
+ 𝐵𝐵′𝑅𝑅𝑝𝑝2 (4-4) 

where the parameters A’ and B’ are given by, 

 𝐴𝐴′ = −
𝑘𝑘𝑘𝑘

6πη
∇2𝑐𝑐
𝑐𝑐𝑜𝑜

 (4-5) 

 𝐵𝐵′ =
2

9η
�∇�𝑀𝑀��⃗ .𝐵𝐵�⃗ �.

∇𝑐𝑐
𝑐𝑐𝑜𝑜

+
𝑐𝑐
𝑐𝑐𝑜𝑜
∇2�𝑀𝑀��⃗ .𝐵𝐵�⃗ �� 

 

(4-6) 

The magnetophoretic mobility can be found from the above equations based on dimensional 

analysis of some of the variables used in the above equations. (Yeh et al., 2020) 

Units of 𝐴𝐴′ , 𝐵𝐵′ and  𝛽𝛽 assist in finding the mobility of SPIONs as follows: 

𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 𝑜𝑜𝑜𝑜 𝐴𝐴′ =
𝑚𝑚
𝑠𝑠

 

𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 𝑜𝑜𝑜𝑜 𝐵𝐵′ =
1

𝑚𝑚2. 𝑠𝑠
 

The dimensions of magnetophoretic mobility are  

U𝑚𝑚 =  
𝑣𝑣

∇ � 𝐵𝐵𝑜𝑜
2

2μ𝑜𝑜
�

=  
𝑚𝑚3

𝑇𝑇.𝐴𝐴. 𝑠𝑠
  

Given that 1𝑁𝑁 = 𝑇𝑇.𝐴𝐴.𝑚𝑚, the units of Um are 
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𝑚𝑚3

𝑇𝑇.𝐴𝐴. 𝑠𝑠
=  

𝑚𝑚4

𝑁𝑁. 𝑠𝑠
 

Since the particle size is measured in nanoscale, the dimension ‘meter’ mentioned in the above 

equation will be replaced by ‘nanometers’ 

𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 𝑜𝑜𝑜𝑜 𝐵𝐵′ =
1

𝑛𝑛𝑚𝑚2. 𝑠𝑠
 

From equation 4-4, we get 

𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 𝑜𝑜𝑜𝑜 𝛽𝛽 = 𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 𝑜𝑜𝑜𝑜 
𝐴𝐴′

𝑅𝑅𝑝𝑝
=  

1
𝑠𝑠

 

By using the above terms, along with the fluid viscosity, the dimensions are 

𝛽𝛽
𝐵𝐵′η

=
𝑛𝑛𝑛𝑛2.𝑚𝑚2

𝑁𝑁. 𝑠𝑠
 

𝛽𝛽
𝐵𝐵′η

∗ 10−18 =
𝑚𝑚4

𝑁𝑁. 𝑠𝑠
 

The dimensions of above equation agree with those of magnetophoretic mobility. 

𝛽𝛽
𝐵𝐵′η

∗ 10−18 =  U𝑚𝑚 =
𝑚𝑚4

𝑁𝑁. 𝑠𝑠
= 𝑅𝑅𝑅𝑅 

The units of magnetophoretic mobility are expressed in Rembaum (Rm) equivalent to the SI units 

of m4. N-1. s-1.  Hence, magnetophoretic mobility could be calculated using the equations 4-7 or 4-

8. 

 U𝑚𝑚 =
𝛽𝛽
𝐵𝐵′η

∗ 10−18 (4-7) 
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 U𝑚𝑚 =
𝐴𝐴′

𝑅𝑅𝑝𝑝𝐵𝐵′η
∗ 10−18 (4-8) 

From the relationship between 𝛽𝛽 and particle size 𝑅𝑅𝑝𝑝, the values of A’ and B’ were reported using 

the plots between different 𝛽𝛽 values at different particle sizes.  The mobility of nanoparticles was 

estimated by using equations 4-7 and 4-8 as given below. 

From equation 4-7: 

For starch coated particles with a particle size of about 100 nm  

U𝑚𝑚 =
𝛽𝛽
𝐵𝐵′η

∗ 10−18 =
20

(7 ∗ 10−3) ∗ (10−3)
 ∗ 10−18

𝑚𝑚4

𝑁𝑁. 𝑠𝑠
 

U𝑚𝑚 = 2.8 𝑝𝑝𝑝𝑝𝑝𝑝 

For aminated starch coated particles with particle size of about 100 nm  

U𝑚𝑚 =
𝛽𝛽
𝐵𝐵′η

∗ 10−18 =
21

(6 ∗ 10−3) ∗ (10−3)
 ∗ 10−18

𝑚𝑚4

𝑁𝑁. 𝑠𝑠
 

U𝑚𝑚 = 3.5 𝑝𝑝𝑝𝑝𝑝𝑝 

For pegylated starch coated particles with particle size of about 100 nm  

U𝑚𝑚 =
𝛽𝛽
𝐵𝐵′η

∗ 10−18 =
15

(5 ∗ 10−3) ∗ (10−3)
 ∗ 10−18

𝑚𝑚4

𝑁𝑁. 𝑠𝑠
 

U𝑚𝑚 = 3.0 𝑝𝑝𝑝𝑝𝑝𝑝 
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From equation 4-8: 

Using equation 4-8 the approximate values of A’ reported by Yeh et al. by considering standard 

deviation and magnitude alone are 300, 1000, and 500 for starch, aminated starch, and pegylated 

beads respectively. 

For starch coated particles with particle size of 100 nm  

U𝑚𝑚 =
𝐴𝐴′

𝑅𝑅𝑝𝑝𝐵𝐵′η
∗ 10−18 =

300
100 ∗ (7 ∗ 10−3) ∗ (10−3)

 ∗ 10−18
𝑚𝑚4

𝑁𝑁. 𝑠𝑠
 

U𝑚𝑚 = 0.4 𝑝𝑝𝑝𝑝𝑝𝑝 

For aminated starch coated particles with particle size of about 100 nm  

U𝑚𝑚 =
𝐴𝐴′

𝑅𝑅𝑝𝑝𝐵𝐵′η
∗ 10−18 =

1000
100 ∗ (6 ∗ 10−3) ∗ (10−3)

 ∗ 10−18
𝑚𝑚4

𝑁𝑁. 𝑠𝑠
 

U𝑚𝑚 = 1.7 𝑝𝑝𝑝𝑝𝑝𝑝 

For pegylated starch coated particles with particle size of about 100 nm  

U𝑚𝑚 =
𝐴𝐴′

𝑅𝑅𝑝𝑝𝐵𝐵′η
∗ 10−18 =

500
100 ∗ (5 ∗ 10−3) ∗ (10−3)

 ∗ 10−18
𝑚𝑚4

𝑁𝑁. 𝑠𝑠
 

U𝑚𝑚 = 0.7 𝑝𝑝𝑝𝑝𝑝𝑝 

4.4.2.2 Using Model Magnet-1 

An arbitrarily chosen magnet typically used in the field with known magnetic parameters- 

magnetic field (Bo) and magnetic field gradient (dB/dx) was used to estimate magnetophoretic 

mobility of magnetic nanoparticles (100 nm).  By estimating particle velocity from the work of 

Yeh et al., estimating geometry, using the model magnet parameters from (Cooper et al., 2004) 
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and the concept of clearing rate of particles from early research at the University of Colorado (Al-

Mutairi, 1998; Davis & Hassen, 1988), the mobility is: 

𝑈𝑈𝑚𝑚 =
𝑣𝑣𝑚𝑚
𝑆𝑆𝑚𝑚

 

𝑣𝑣𝑚𝑚 =
3 𝑚𝑚𝑚𝑚
500 𝑠𝑠

= 6 ∗ 10−6
𝑚𝑚
𝑠𝑠

 

𝑆𝑆𝑚𝑚 =
𝐵𝐵. (𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑)⁄

𝜇𝜇𝑜𝑜
=

(100 𝑚𝑚𝑚𝑚). (28 𝑚𝑚𝑚𝑚 𝑚𝑚𝑚𝑚)⁄
4𝜋𝜋 ∗ 10−7  𝑇𝑇.𝑚𝑚 𝐴𝐴⁄

∗
103 𝑚𝑚𝑚𝑚

𝑚𝑚
∗

10−6 𝑇𝑇2

𝑚𝑚𝑇𝑇2
= 2.23 ∗ 106  

𝑇𝑇.𝐴𝐴
𝑚𝑚2  

𝑈𝑈𝑚𝑚 =
𝑣𝑣𝑚𝑚
𝑆𝑆𝑚𝑚

=
6 ∗ 10−6  𝑚𝑚 𝑠𝑠⁄

2.23 ∗ 106  𝑇𝑇.𝐴𝐴 𝑚𝑚2⁄  

𝑈𝑈𝑚𝑚 =  2.7 𝑝𝑝𝑝𝑝𝑝𝑝 

4.4.2.3 Using Model Magnet-2 

Another magnet (model magnet-2) which was used by Cribb et al. was employed to 

estimate the mobility of nanoparticles (100 nm).  Estimating minimum particle velocity from the 

dimensions of a single well of 96 well plate, using actual geometry 

𝑈𝑈𝑚𝑚 =
𝑣𝑣𝑚𝑚
𝑆𝑆𝑚𝑚

 

The distance traveled for the particles from the center of a single well of 96 well plate is 

(center to wall distance) is 3.4 mm.  The total time of particle movement from the center to wall is 

1600 seconds (Yeh et al., 2020). 

𝑣𝑣𝑚𝑚 =
3.4 𝑚𝑚𝑚𝑚
1600 𝑠𝑠

= 2.12 ∗ 10−6
𝑚𝑚
𝑠𝑠

 

By using the model magnet from the work done by Cribb et al. with Bo = 0.35 T and 

adjusting to 0.25T, we get the following parameters. 
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At 5.9 mm, Bo = 0.022 T, and dB/dx = 7 T/m, 

𝑆𝑆𝑚𝑚 =
𝐵𝐵. (𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑)⁄

𝜇𝜇𝑜𝑜
=

(0.022 𝑇𝑇). (7 𝑇𝑇 𝑚𝑚)⁄
4𝜋𝜋 ∗ 10−7  𝑇𝑇.𝑚𝑚 𝐴𝐴⁄

= 1.22 ∗ 105  
𝑇𝑇.𝐴𝐴
𝑚𝑚2  

 

𝑈𝑈𝑚𝑚 =
𝑣𝑣𝑚𝑚
𝑆𝑆𝑚𝑚

=
2.12 ∗ 10−6  𝑚𝑚 𝑠𝑠⁄

1.22 ∗ 105  𝑇𝑇.𝐴𝐴 𝑚𝑚2⁄  

 

𝑈𝑈𝑚𝑚 =  17.37 𝑝𝑝𝑝𝑝𝑝𝑝 

This value and the previous value are very high, most likely due to the underestimation of 

magnet parameters which had not been measured in the cited study.  A more precise value of the 

magnet parameters would be useful.  The long duration of exposure to the field is likely to result 

in the formation of chains, possibly very long chains, thereby contributing to increased mobility.   

4.4.3 Calculation based on Volume Susceptibility 

The size of the magnetite crystallite in these 100 nm beads is estimated at some 10 nm 

diameter (Wallyn et al., 2019).  Calculating its volume susceptibility from its mass susceptibility 

of 11 x 10-4 m3/kg and multiplying by the volume ratio to that of the 100 nm bead gives χp = 5.7 x 

10-3, which is close to the value of 4.9 x 10-3 used by (Zhou et al., 2018).  Calculating from the 

equation of mobility of particle (Up),  

 𝑈𝑈𝑝𝑝 =
𝜒𝜒𝑝𝑝𝑑𝑑𝑝𝑝2

18𝜂𝜂
 (4-9) 

𝑈𝑈𝑝𝑝 =
(4.9 ∗ 10−3). (105 ∗ 10−9 𝑚𝑚)2

(18). (10−3  𝑁𝑁. 𝑠𝑠 𝑚𝑚2⁄ )
 

𝑈𝑈𝑝𝑝 =  0.003 𝑝𝑝𝑝𝑝𝑝𝑝 
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4.4.4 Chain Velocity Method 

The chain formation of SPIONs at higher concentrations was the motivation to conduct the 

chain velocity method using velocimeter measurements.  The dark-field mobility measurements 

were made to determine single-particle mobility by extrapolation.  The normal volume fraction 

required for dark- field mobility experiments ranges from 10-8 to 10-6.  The high-volume fraction 

in this method includes a volume fraction of 10-3.  Above this volume fraction, there was 

insufficient space for the particles to move freely in the thin channel cell and webbing of particle 

tracks was observed. 

The theoretical background required for the chain velocity method is as follows:  the 

magnetic force acting on a single nanoparticle is given by 

 𝐹𝐹𝑚𝑚 =  ΔχV∇�
𝐵𝐵𝑜𝑜2

2μ𝑜𝑜
� (4-10) 

 

The magnetic force acting on a chain of ‘n’ nanoparticles (Wise et al., 2015) is given by  

 𝐹𝐹𝑚𝑚∗ = 𝑛𝑛𝐹𝐹𝑚𝑚 (4-11) 

 

The drag force acting on a chain of nanoparticles when the magnetic field is perpendicular to the 

net force is given by 

 𝐹𝐹𝑑𝑑 = 8πη𝑑𝑑𝑝𝑝𝑣𝑣[N] (4-12) 

where 

 

 

[𝑁𝑁] =
𝑛𝑛2 − 1

�2𝑛𝑛
2 − 3

√𝑛𝑛2 − 1
� �ln�𝑛𝑛 + √𝑛𝑛2 − 1�� + 𝑛𝑛

 (4-13) 
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where dp is the diameter of one nanoparticle, v is the terminal velocity, 𝜂𝜂 is viscosity of solution, 

n is the number of nanoparticles per chain. [N] is the drag force proportionality constant (Kasper, 

1985; Wise et al., 2015). 

Equation 4-13 does not lend itself easily to extrapolation (to n = 1, for example, our goal).  Using 

a second-order curve fit,  

N = -0.0006n2 + 0.1164n + 0.3166 and R² = 0.9998 with [N]=0.4324 at n=1. 

The chain length is given by the product of number of particles per chain (n) and diameter of the 
particle (dp) as 

 𝐶𝐶ℎ𝑎𝑎𝑎𝑎𝑎𝑎 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿ℎ = 𝑛𝑛 ∗ 𝑑𝑑𝑝𝑝 (4-14) 

 

Force balance gives the magnetophoretic mobility of nanoparticle chains denoted by U𝑚𝑚
∗  as 

Figure 4.5 - The drag force correction factor [N] versus number of particles in SPION chain (n). 
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 𝐹𝐹𝑚𝑚∗ − 𝐹𝐹𝑑𝑑 = 0 (4-15) 

 

 
𝑈𝑈𝑚𝑚∗ =  

𝑣𝑣

∇ � 𝐵𝐵𝑜𝑜
2

2μ𝑜𝑜
�
 

 

(4-16) 

 

Substituting, 

 𝑈𝑈𝑚𝑚∗ =  
𝑛𝑛Δχ𝑉𝑉

8πηd[N]
 (4-17) 

Substituting the volume of spherical nanoparticles into equation 4-17,  

 𝑈𝑈𝑚𝑚∗ =  
𝑛𝑛𝑑𝑑2∆χ
48η[N]

 (4-18) 

 

As the magnetophoretic mobility is calculated by calculating the terminal velocity and the applied 

magnetic pressure using equation 4-1, the intrinsic properties of nanoparticles can be estimated as 

well. 

Comparison of the mobility of microparticles and nanoparticle chains: 

From the theory of velocimetry, magnetophoretic mobility is  

 𝑈𝑈𝑚𝑚 =  
𝑑𝑑𝑝𝑝2∆χ
18η

 

 
(4-19) 

Comparing the relationship between the mobility of chains estimated from Wise et al., and the 

mobility of particles estimated using velocimeter (𝑈𝑈𝑚𝑚), the magnetophoretic mobility of 

nanoparticle chains (𝑈𝑈𝑚𝑚∗ ) is given by the  

 𝑈𝑈𝑚𝑚∗ =  
3𝑛𝑛

8[N]
𝑈𝑈𝑚𝑚 (4-20) 
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The value of 3𝑛𝑛
8[N]

 is 0.8672 for a single nanobead, knowing the value of [N] as 0.4324 at n=1.  

Mobility of 105 nm starch coated beads chains using the equation 4-19 as reported in section 4.5.3, 

is 0.003 pRm (where 1 pRm= 10-12 m3/T.A. s).  Mobility of single bead using equation 4-18 or 4-

20, where N= 0.4324 for n=1, and with the help of the above-mentioned data for 105 nm beads 

gives a value of Um= 0.0026 pRm.  The theoretical mobility versus chain length (Figure 4.6) was 

generated using the equation 4-20 given the initial value of 0.0026 pRm for single nanobead 

mobility.  The theoretical curve fit for Um versus chain length, at a chain length of 1, gives Um = 

0.0025 pRm as shown in Figure 4.6. 

  

  

Figure 4.6 - Theoretical mobility versus chain length plots with a 

non-linear curve fit. 
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The experimental mobility estimated by the velocimeter instrument given by the tracks 

spreadsheet (tMobility) was plotted with tAvgElongation (Figure 4.7) upon filtering the data with 

the data filter tLength>5.  This data filter sorted and selected the beads that moved through at least 

5 video frames during the experimental image acquisition.  The parameter tAvgElongation 

recorded for each particle by the velocimeter software was defined as the length-to-width ratio of 

the object averaged over all video frames in which the object was present.  Mathematically this is 

the same as n.  Figure 4.7 (A) is the filtered data of mobility versus tAvgElongation for a distilled 

water sample in the velocimeter.  Nearly all points fall below 0.001 pRm and correspond to non-

magnetic events.  

Four curve-fitting exercises were applied to the (highly scattered) data set shown in Figure 

4.7 (B).  From the simple exponential (upper) curve fit of the experimental mobility as shown in 

Figure 4.7 (B), the mobility was estimated as 0.0035 pRm at n=1 upon extrapolation.  This fits 

with low correlation coefficient.  The mobility calculated from the experimental tAvgElongation 

Figure 4.7 - Experimental mobility versus tAvgElongation for (A) the distilled water and 

(B) 100  nm magnetic beads 



120 
 

data using the theoretical fitting equation of y=0.0019ln(n)+0.00246, as predicted in Figure 4.6, is 

shown in the Figure 4.7 (B) as the red curve and corresponds to the data with R2 = 0.88 giving a 

single-bead mobility of 0.00246 pRm as mentioned above.  From the linear fitting equation of the 

full data set (curve not shown), the mobility Um = 0.02 pRm at n=1 with R2 = 0.88.  The longer 

chains typically have Um = 0.2 pRm, with minimum values of 0.001 pRm.  Emphasizing the 

mobilities of shorter chains, the plot of tMobility vs. tAvgElongation with the filters of tLength> 

5 and tAvgElongation < 25, shows a cluster around Um = 0.005 pRm, and a linear curve fit gives 

a value of Um = 0.013 pRm with R2 = 0.92. 

4.4.5 Mobility of Labeled Cells 

The relationship used to calculate the number of beads per cell (n) in (Zhou et al., 2018) 

work is given by   

 𝑛𝑛 =
18𝜂𝜂𝑈𝑈𝑐𝑐𝐷𝐷𝑐𝑐
𝜒𝜒𝑝𝑝𝑑𝑑𝑝𝑝3

 (4-21) 

where Uc is the mobility of cell, Dc is the diameter of the cell, χp is the susceptibility of the particle, 

and dp is the diameter of the particle (p for particle, c for cell). 

Substituting from equation 4-9, 

𝑈𝑈𝑝𝑝 =
𝜒𝜒𝑝𝑝𝑑𝑑𝑝𝑝2

18𝜂𝜂
 

so that  

𝜒𝜒𝑝𝑝𝑑𝑑𝑝𝑝3 = 18𝜂𝜂𝑈𝑈𝑝𝑝𝑑𝑑𝑝𝑝 

Solving for Up: 
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 𝑈𝑈𝑝𝑝 =
𝑈𝑈𝑐𝑐𝐷𝐷𝑐𝑐
𝑛𝑛𝑑𝑑𝑝𝑝

 (4-22) 

where n = 6.7 x 105 estimated from Ferrozine assay, an independent measurement of the number 

of beads/cell (Zhou et al., 2018), giving 

𝑈𝑈𝑝𝑝 =
𝑈𝑈𝑐𝑐𝐷𝐷𝑐𝑐
𝑛𝑛𝑑𝑑𝑝𝑝

 

𝑈𝑈𝑝𝑝 =
(13.3 𝑝𝑝𝑝𝑝𝑝𝑝). (16 𝜇𝜇𝜇𝜇)

(6.7 ∗ 105). (105 ∗ 10−3𝜇𝜇𝜇𝜇 )
 

𝑈𝑈𝑝𝑝 =  0.003 𝑝𝑝𝑝𝑝𝑝𝑝 

4.4.6 Calculation Based on Saturation Magnetization 

For the starch coated 100 nm magnetic particles, a typical literature value of saturation 

magnetization is given as Ms = 50 emu/g (Dung et al., 2009).  The resulting saturation 

magnetization (Ms) in SI units is 13.5 x 104 A/m (assuming a density of 2.7 g/cm3 for the particle).  

This value is similar to the saturation magnetization for the smallest beads (700 nm) reported in 

Chapter-3 (Sannidhi et al., 2019).  Mobility is calculated from its relationship between saturation 

magnetization given by, 

 𝑈𝑈𝑚𝑚 =
𝑀𝑀𝑠𝑠𝑑𝑑2𝜇𝜇𝑜𝑜
18𝜂𝜂𝐵𝐵𝑜𝑜

 (4-23) 

𝑈𝑈𝑚𝑚 =
(13.5 ∗ 104  𝐴𝐴 𝑚𝑚⁄ ). (1 ∗ 10−7 𝑚𝑚)2.  (4𝜋𝜋 ∗ 10−7  𝑇𝑇.𝑚𝑚 𝐴𝐴⁄ )

(18). (10−3  𝑁𝑁. 𝑠𝑠 𝑚𝑚2⁄ ). (0.56 𝑇𝑇)
 

𝑈𝑈𝑚𝑚 =  0.168 𝑝𝑝𝑝𝑝𝑝𝑝 
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4.4.7 Summary and comparison of results 

All the mobility values estimated using different approaches are tabulated in Table 4.1. 

 Table 4.1 - Magnetophoretic mobility of magnetic nanoparticles of 100 nm size estimated using 

different approaches. 

Method 

number 
Description Magnetophoretic 

Mobility, pRm 

1 OD Change in Microwell Plate, based on β 2.8 

2 OD Change in Microwell Plate, based on A’/Rp 0.4 

2 OD Change in Microwell Plate, magnet 1 2.7 

3 OD Change in Microwell Plate, magnet 2 17.3 

4 Chain Velocity Method in Velocimeter, exponential fit 0.003 

5 Chain Velocity Method in Velocimeter, linear fit 0.02 

6 Chain Velocity Method in Velocimeter, cluster 0.005 

7 Chain Velocity Method in Velocimeter, linear fit (n<25) 0.013 

8 Chain Velocity Method in Velocimeter, theory 0.0025 

9 Mobility of Labeled Cells 0.003 

10 Calculation Based on Volume Susceptibility 0.003 

11 Calculation Based on Saturation Magnetization 0.17 

 

4.5 Conclusions 

The magnetophoretic mobilities of magnetic nanoparticles and single nanobeads have been 

estimated using different approaches.  The optical density (OD) methods gave high values of 

mobility, due to lack of accurate magnetic force information and formation of longer chains by 
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exposure to the magnetic field for longer durations and at high particle concentrations.  Methods 

using the velocimeter instrument (chain velocity method, mobility of labeled cells, intrinsic 

magnetic properties) gave reasonable values of magnetophoretic mobility of single nanobeads 

which are estimated by more robust methods.  The most frequently encountered values are around 

0.003 pRm and are based on the more robust approaches.  There is a reasonable agreement between 

experimental and theoretical mobility values obtained by most of the methods used by velocimeter 

instrument. 
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Chapter 5 - Quantification of Magnetically Labeled CHO-K1 Cells to Infer 

Roles of Different Endocytosis Mechanisms 

Abstract 

The receptor-independent endocytosis is one of the common mechanisms of particles in 

the size range of 100 nm.  The characterization of receptor-independent uptake mechanisms is 

important due to their major role in cell growth regulation and development.  Magnetic 

nanoparticles (MNPs) of size 100 nm with varied surface modifications are extensively used in 

cell labeling, cell purification, cell physiology, endocytosis, biochemical micro assays, endosome 

research, cell separation, drug targeting, and in vivo diagnostics. Magnetic cytometry by 

velocimetry records the motion of labeled cells in an isodynamic magnetic field thereby estimating 

the key parameter, magnetophoretic mobility of labeled cells.  Magnetophoretic mobility is 

proportional to the number of particles ingested per cell.  The HyperfluxTM velocimeter uses 

particle tracking velocimetry to measure magnetophoretic mobility, size and other morphological 

parameters of magnetic particles and labeled cells.  The rapid estimation of magnetophoretic 

mobility by the instrument and collection of multiple thousand data points facilitates cellular 

uptake quantification and kinetic studies in less time than any other existing technique.  The 

receptor-independent uptake by cultured CHO (Chinese Hamster Ovary) cells of 100 nm iron 

oxide nanoparticles with different surface coatings, namely starch, dextran sulfate (DXS), and 

amino groups, was studied to reveal the role of nanoparticle endocytosis mechanisms.  Caveolae-

mediated and clathrin-coated endocytosis are revealed by using specific mechanism-based 

inhibitors such as Genistein and Chlorpromazine Hydrochloride.  Uptake inhibition has been 

investigated at different inhibitor concentrations during endocytosis by evaluating the cellular 
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survival rate, inhibitor toxicity, and uptake of nanoparticles with the different surface coatings, 

which also reveal the relevance of surface charge.  

Keywords: magnetophoretic mobility, endocytosis mechanisms, surface modifications, 

mechanism-based inhibitors. 

5.1 Introduction 

Magnetic nanoparticles with the superparamagnetic nature of the inner iron oxide core and 

biocompatibility of the outer shell with different surface coatings are widely used in different 

therapeutic and biomedical applications such as drug delivery and targeting (Kim et al., 2012; 

Mahmoudi et al., 2011; Strojan et al., 2017; J. Zhou et al., 2013), cell separation (Williams et al., 

1999; Zborowski & Chalmers, 2011), hyperthermia (Gazeau et al., 2008), magnetic resonance 

imaging (Chertok et al., 2008; Eberbeck et al., 2011; Yoffe et al., 2013; Yu et al., 2010), cellular 

phagocytosis/endocytosis studies (Gupta & Gupta, 2005; Hanot et al., 2015; Jie et al., 2010; Jing 

et al., 2008; Prijic et al., 2010; C. Zhou et al., 2017, 2018).  Ongoing research for quantifying 

cellular uptake and different endocytosis mechanisms of magnetic nanoparticles and non-magnetic 

nanomaterials (such as gene vectors, liposomes, air contaminants and viruses) employs a variety 

of methods such as fluorescence spectroscopy (Knežević & Lin, 2013; Strojan et al., 2017), flow 

cytometry (Hathaway et al., 2011), magnetic bead enzyme-linked immunosorbent assay (ELISA) 

method (Chen et al., 2011; Kala et al., 1997; Liao et al., 2016), immunofluorescent microscopy 

(Kiselev et al., 1999; Lundkvist et al., 1993), inductively coupled plasma (ICP)-based 

spectroscopic techniques including -optical emission spectrometry (ICP-OES) (Nguyen et al., 

2018), mass spectrometry (ICP-MS) (Jeong & Lim, 2018), focused ion beam scanning electron 

microscopy (FIB-SEM) (Ahlberg et al., 2014; Lee et al., 2007), transmission electron microscopy 

(TEM) (Strojan et al., 2017).  Magnetophoretic mobility measurement of magnetically labeled 
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cells is a facile, cost-effective and more robust method for estimating superparamagnetic iron 

oxide nanoparticles (SPIONs) uptake.  The cellular uptake of SPIONs by Chinese Hamster Ovary 

cell line (CHO-K1) with the velocimeter instrument has been investigated and optimum instrument 

threshold and size gating settings were determined previously (Zhou, 2017).  The study of roles of 

endocytosis mechanisms of the magnetic beads with different surface coatings is focused in this 

research. 

Cellular endocytosis is classified into two main categories:  Phagocytosis (restricted to 

specialized cells only) and pinocytosis (occurs in almost all cell types).  Pinocytosis is further 

classified into three different mechanisms, namely, clathrin dependent (Xu et al., 2013); clathrin 

independent and macro-pinocytosis (Dutta & Donaldson, 2012; Sahay et al., 2010).  The clathrin 

independent mechanism is further subdivided into caveolae mediated (Kiss & Botos, 2009) and 

caveolae and clathrin independent mechanism (Damm et al., 2005).  The most commonly used 

chemical inhibitors such as chlorpromazine, potassium depletion, genistein, methyl-β-cyclodextrin 

(MβCD) have heterogeneous effects in terms of cytotoxicity and inhibitor specificity and are cell 

line dependent (Vercauteren et al., 2010).  Table 5.1 provides information of different chemical 

inhibitors used in the literature and their uses. 

The adopted endocytosis and uptake mechanisms of nanoparticles depends on size, shape 

and intrinsic surface properties of individual particles and plays a major role in characterization 

and quantification of the labeled cells.  The magnetic properties of individual nanoparticles such 

as magnetophoretic mobility and intrinsic magnetic properties are of much importance in assessing 

the particle quality and cellular uptake kinetics (Sannidhi et al., 2019; C. Zhou et al., 2016, 2018).  

In this study, caveolae mediated and clathrin mediated endocytosis mechanisms were inhibited by 
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using two different chemical inhibitors, genistein and chlorpromazine respectively at different 

concentrations. 

Genistein is an isoflavone drug derived from soy products and used in the treatment of 

many chronic diseases, diabetes, tumors  and menopausal symptoms (Akiyama & Ogawara, 1991; 

Hsiao et al., 2019).  It is a tyrosine-kinase inhibitor and causes local disruption of the actin network 

at the site of endocytosis (Thangavel et al., 2019).  It inhibits cancer cell invasion and metastasis 

at  nanomolar to micromolar concentrations (Pavese et al., 2010).  The cell growth and cell cycle 

progression of normal human lymphocytes and human leukemic MOLT-4 and HL-60 cells were 

effected by genistein, reported at different concentrations and incubation periods(Traganos et al., 

1992). 

Table 5.1 - Common chemical inhibitors used to inhibit different endocytosis mechanisms. 

Inhibited 
Endocytosis 
Mechanism 

Chemical Inhibitors Comments References 

Caveolae 
Mediated 

Endocytosis 

MβCD, methyl-beta-
cyclodextrin 

• Removes cholesterol out of 
the plasma membrane 

• Interferes fluid phase 
endocytosis and CME 

(Dutta & 
Donaldson, 

2012; Sahay et 
al., 2010; 

Vercauteren et 
al., 2010) 

Filipin 
• Binds to cholesterol in the 

membrane 
• Toxic at higher 

concentration; inhibits CME 
PP2 (4-amino-5-(4-
chloro-phenyl)-7-(t-

butyl) pyrazolo[3,4-d] 
pyrimidine) 

• Inhibitor for Src- family 
kinases 

Genistein 

• Inhibition of the 
mammalian hexose 
transporter GLUT1, 
tyrosine kinases, cytosine 
methylation 
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Clathrin 
Mediated 

Endocytosis 

 

Hypertonic sucrose 

 

• Traps clathrin in microcages 
• Nonspecific; interferes with 

fluid phase 
macropinocytosis 

(Dutta & 
Donaldson, 

2012; Sahay et 
al., 2010; 

Vercauteren et 
al., 2010) 

Cytochalasin D 
• Depolymerizes F-actin 
• Affects most endocytic 

pathways 
Latrunculin A N/A 

Chlorpromazine 
• Translocates clathrin and 

AP2 from the cell surface to 
intracellular endosomes 

Potassium Depletion 
• Aggregates clathrin 
• Nonspecific; affects actin 

cytoskeleton 

 

Chlorpromazine, having cationic amphiphilic properties, induces inhibition of clathrin and 

AP2 transportation at the cell membrane.  Chlorpromazine applications include treatment of 

chemoresistant glioma (Oliva et al., 2017), inhibition of histamine release from human lung 

fragments (Church & Young, 1983), cell-cell fusion, clathrin-mediated endocytosis (Liu et al., 

2015), replication of West Nile virus (WNV), Middle east respiratory syndrome-coronavirus 

(MERS-CoV) (Momattin et al., 2019) and Severe Acute Respiratory Syndrome-coronavirus 

(SARS-CoV) (Dyall et al., 2014).  Chlorpromazine at the concentration of 20 μM inhibited SARS-

CoV (Inoue et al., 2007) and completely inhibited MERS-CoV infected cells at a concentration of 

12 μM (De Wilde et al., 2014).  The drug Chlorpromazine has antiviral activity, where the half 

maximal effective or inhibitory concentration (EC50 or IC50) for Chlorpromazine towards different 

RNA-viruses ranges from 1 to 10 µM (Otręba et al., 2020).  
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The objective of this chapter is to determine how nanomaterials enter cells (endocytosis 

pathway mechanism) by characterizing and quantifying cellular uptake, cell toxicity/viability and 

roles of different endocytosis mechanisms of magnetically labeled mammalian cells by measuring 

magnetophoretic mobility using a velocimeter.  In this study, the cellular uptake mainly depends 

on two independent parameters, namely zeta potential of the beads (electrostatic interaction 

between the particle and biological environment), and the inhibitor toxicity.  The toxicity constant 

for the inhibitors were determined using the magnetophoretic mobility data.  The major dominant 

mechanisms of endocytosis of magnetic beads with starch, aminated starch, dextransulfate (DXS) 

and aminated dextran sulfate coatings by CHO-KI cells were estimated. 

5.2 Theory 

Magnetophoretic mobility of the labeled cells is estimated by the ratio of terminal velocity 

(vm) attained by the magnetically labeled cell to the applied magnetic pressure (Sm) 

 

 𝑈𝑈𝑚𝑚 =
𝑣𝑣𝑚𝑚
𝑆𝑆𝑚𝑚

 (5-1) 

 

 The applied magnetic pressure is given by 

 

 𝑆𝑆𝑚𝑚 =
𝐵𝐵𝑜𝑜(𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑)⁄

𝜇𝜇𝑜𝑜
 (5-2) 

 

Here, 𝐵𝐵𝑜𝑜 represents the applied magnetic field intensity, (𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑)⁄  is the gradient of the magnetic 

field, and 𝜇𝜇𝑜𝑜 is the magnetic permeability constant. 
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5.3 Materials and Methods 

5.3.1 Magnetic Nanoparticles 

FluidMAG nanoparticles of size 100 nm with different surface coatings such as starch 

coating (fluidMAG-D) and dextran-sulfate coating (fluidMAG-DXS) were procured from 

Chemicell (Germany).  Coating methods are described below. 

5.3.2 Mammalian Cells 

Chinese Hamster Ovary (CHO-K1) Cells (catalogue no: ATCC CCL-61) obtained from 

ATCC (Manassas, VA, USA) were used in this research.  

5.3.3 Chemical Inhibitors 

In this study, to focus on specific type of endocytosis mechanism, two different 

mechanism-based chemical inhibitors namely, Genistein (Catalogue No: TCG0272) and 

Chlorpromazine Hydrochloride (Catalogue No: TCC2481) procured from VWR (Radnor, PA, 

USA) were used. 

5.3.4 Hyperflux™ velocimeter  

The velocimeter instrument (described in section 3.3.2 of Chapter-3) is used to quantify 

the endocytosis mechanisms by estimating magnetophoretic mobility of labeled cells.  The average 

mobilities of the labeled cells were determined by applying two data filters, tAvgIntensity >130 

and tMobility >0 to the raw mobility data taken from tracks.csv spreadsheet generated by the 

instrument. 
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5.3.5 Dynamic Light Scattering (DLS) 

Zetasizer Nano Series- Nano ZS (Malvern Panalytical Inc., MA, USA) was used to 

estimate hydrodynamic size (backscattering angle = 173°) and zeta potential (Smoluchowski 

model) of different magnetic nanoparticles by dynamic light scattering technique.  

5.3.6 Spectrophotometer 

The FlexStation 3 Multi-Mode Microplate Reader instrument (Molecular Devices, San 

Jose, CA) was used to measure the absorbance of labeled cells for cell viability studies. 

5.3.7 Procedures 

5.3.7.1 SPIONs surface modification 

The unmodified SPIONs with starch and dextransulfate surface coatings were cross-linked 

and modified with aminosilane coating to yield aminated starch and aminated DXS beads (Figure 

5.1) by following the protocols described in the literature (Anani, 2018; Cole et al., 2011).  

Ferrozine assay was used to measure iron concentration of magnetic beads.  Briefly, unmodified 

SPIONs (starch and dextran-sulfate coated SPIONs) were mixed with NaOH solution.  After 15 

Figure 5.1 - SPIONs surface modifications - Aminosilane coating for starch and dextran-sulfate 

beads. 
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minutes of incubation at room temperature, epichlorohydrin is added and incubated for 24 hours 

to introduce amine reactive epoxy groups.  These cross-linked SPIONs are then shaken with 

concentrated NH4OH-producing aminated SPIONs.  The amine quantification was done by 

quantitative fluorescamine assay and confirmed using the positive zeta potential values when 

compared to those of unmodified beads (Anani, 2018; C. Zhou, 2017).   

5.3.7.2 Chinese Hamster Ovary (CHO-K1) cells subculture 

CHO-K1 cell lines are maintained as a monolayer in a humidified incubator (95% air, 5% 

CO2) in a six well plate with complete cell culture media.  The complete cell culture medium 

consists of 10% (v/v) Fetal Bovine Serum (FBS) (VWR Life Science Seradigm), 89% (v/v) F-12K 

Nutrient Mixture (Kaighn's Mod.) with L-glutamine, CorningTM (VWR), and 1% (v/v) Antibiotic 

solution.  The following steps were all conducted within an approved biosafety cabinet.  Discard 

the cell culture medium from T-75 flask (surface area of 75 cm2).  Briefly rinse the cell monolayer 

with 10 mL Hanks’ Balanced Salt Solution (HBSS) (VWR Life Science) and discard the HBSS.  

Add 1 mL TrypLETM Express- dissociation reagent (Thermofisher Scientific) and transfer the flask 

to the incubator.  Incubate for 5 minutes at 37°C in the incubator to detach the cells from the 

surface.  Transfer the flask from incubator to biosafety cabinet and add 10 mL HBSS and transfer 

the cell suspension from flask to 50 mL centrifuge tube (VWR).  Centrifuge at 1500 rpm for 5 

minutes.  Transfer the tube to the biosafety cabinet, then discard the supernatant.  Add 5 mL new 

culture medium. Pipette to resuspend the cells.  Collect some cell solution to a new flask with 14 

mL culture medium (subcultivation ratio is about 1:8).  Incubate the cells at 37 °C in the incubator.  

All the laboratory equipment and collected waste during and after the experiments was sterilized 

in an autoclave (Primus Sterilizer Co). 
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5.3.7.3 Cell labeling with SPIONs using inhibitors  

CHO-K1 cells were counted using a hemacytometer by taking a few microliters of the cell 

suspension and viewing under VWRTM Trinocular inverted microscope to determine the count 

(number of cells per mL).  CHO-K1 cell lines may be seeded/plated at about 1 x 106 cells into each 

well of a six-well plate, then add the culture medium up to 2 mL.  Incubate at 37°C for 24 hours 

in the incubator.  Next, change the culture media and add mechanism-based inhibitors (such as 

genistein (1 mg/ mL dissolved in dimethyl sulfoxide (DMSO)) at a concentration ranging from 0 

- 300 µM (micro molar); and chlorpromazine (1 mg/ mL dissolved in DMSO) at a concentration 

of 0-10 µM.  Then add SPIONs (superparamagnetic iron oxide nanoparticles) to cell solution to 

allow the magnetic particles to enter the cell membrane (iron concentration of 100 μg/mL).  

Incubate at 37°C for 24 hours in the incubator.  Measurements of cell morphology and cell viability 

are then taken using standard microscopy or spectroscopy methods (trypan blue indicator cell 

counts by VWRTM Trinocular inverted microscope and MTT assay absorbance measurement by 

spectrophotometer). 

5.3.7.4 Sample preparation for velocimeter analysis 

Discard the culture media from the six well plate.  Wash the cell monolayer using 2 mL 

HBSS and incubate for three minutes at 37°C.  Repeat the above two steps five times and transfer 

the well plate to the biosafety cabinet.  Add 0.5 mL TripLE Express and incubate 5 to 10 minutes 

in the incubator at 37°C.  Collect the cell suspension into a 50 mL centrifuge tube.  Centrifuge at 

1500 rpm for 5 minutes, transfer the tube to the biosafety cabinet, discard supernatant and 

resuspend the cell with 4 mL 1X-PBS.  Collect the cell suspension for later testing in the 

velocimeter instrument (C. Zhou, 2017).   
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5.3.7.5 Cellular Viability 

MTT Assay- The MTT substrate (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide) prepared in PBS solution was added to the CHO-K1 cells in culture with chemical 

inhibitors and SPIONs and incubated for 4 hours.  Viable cells with active metabolism convert 

MTT (yellow color) into a formazan product (purple color).  The formazan product of the MTT 

tetrazolium accumulates as an insoluble precipitate.  After solubilization of formazan by dimethyl 

sulfoxide (DMSO), the quantity of formazan was measured by estimating the absorbance at 540 

nm wavelength using a spectrophotometer.  The dead cells lose the ability to convert MTT into 

formazan, thus color formation serves as a convenient marker of the viable cells.  The ratio of 

treated and untreated cells gives the cellular viability at different inhibitor concentrations. 

Trypan Blue Indicator- Live cells with intact cell membrane do not allow trypan blue stain 

to enter the cell cytoplasm and appear clear/ translucent, whereas the indicator enters the dead cells 

and they appear blue in color.  Based on hemacytometer counts, the percentage of dead cells and 

live cells were calculated, thus giving the percentage of cell viability/toxicity. 

5.4 Results and Discussion 

5.4.1 Cellular Uptake with different inhibitors 

Cellular uptake of different inhibitors at different concentrations and their effects on 

endocytosis were evaluated by measuring magnetophoretic mobilities of the SPION- labeled 

CHO-K1 cells.  The magnetophoretic mobility of the labeled cells is directly proportional to the 

cellular uptake of SPIONs.  Figure 5.2 shows the magnetophoretic mobility of CHO-K1 cells 

labeled with aminated starch beads and treated with genistein inhibitor at different concentrations.  

The mobility of untreated SPIONs is high depicting that the uptake is high for untreated beads and 

the mobility decreased with the increase in genistein concentration from 0 to 100 µM.  
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Table 5.2 - Average control magnetophoretic mobilities and their standard deviations of CHO-

K1 cells labeled with 4 different surface functionalized magnetic nanoparticles. 

Particle Type 
Average control 
magnetophoretic 
mobility (pRm) 

SD 

Dextran Sulfate (DXS) 4.285 0.063 

Aminated DXS 4.182 0.135 

Starch 5.678 0.157 

Aminated starch 19.372 2.173 

 

Figure 5.2 - Magnetophoretic mobility of labeled CHO-K1 cells (labeled with aminated starch 

beads) treated with genistein at different concentrations. The error bars represent standard error 

of the mobilities. 
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Table 5.2 gives the average control magnetophoretic mobilities of CHO-K1 cells labeled 

with different functionalized nanoparticles along with their standard deviations. This data shows 

the reproducibility and accuracy of the method. The average mobilities were estimated by applying 

data filters as described in section 5.3.4. The average magnetophoretic mobility of cells labeled 

with aminated starch beads is high when compared to other magnetic beads, indicating the higher 

cellular uptake. 

The normalized magnetophoretic mobility (expressed as per cent of mobility at zero 

inhibitor concentration and plotted as “Normal Mobility”) of labeled cells with different SPIONs 

and inhibitors is shown in Figures 5.3 and 5.4.  A Marquardt-Levenberg least-squares 

multiparameter fit was used to fit the non-linear exponential curve with the equation y= A + ((1-

A) exp(-kx)), where y is the total fraction of uninhibited endocytosis sites, k is the toxicity of the 

inhibitor and A is the uninhibited fraction of endocytosis events.  

Genistein with a concentration range of 0 to 300 μM (Figure 5.3) and chlorpromazine with 

a concentration range of 0 to 10 μM (Figure 5.4) were used to inhibit endocytosis of different 

surface modified SPIONs.  The normalized mobilities of cells taking up aminated DXS and starch 

coated beads and treated with genistein were fitted linearly, as the data did not reach the saturation 

plateau even beyond the lethal concentration range of 200 μM.  The normalized mobilities of 

dextransulfate and aminated starch beads followed an exponentially decreasing function with the 

increase in the concentration of genistein.  The curve fit parameters are given in Figure 5.3.  The 

cellular uptake (normalized mobility) is decreased for all the beads as the concentration of 

genistein is increased. 
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The normalized mobility (cellular uptake) of labeled cells for all the beads with 

chlorpromazine drug were exponentially decreasing with the increase in the concentration of 

chlorpromazine hydrochloride.  The curve fit parameters are given in Figure 5.4, with R2 > 0.9. 

Figure 5.3 - Normalized mobility change of  cells labeled with different SPIONs with respect to  

genistein concentration. 
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5.4.2 Inhibitor toxicity and Zeta Potential 

The hydrodynamic size, zeta potential, and inhibitor parameters for different SPIONs are 

given in Table 5.3.  The inhibitors toxicity was quantified by the toxicity constant (k) derived from 

the normalized mobility graphs (Figures 5.3 and 5.4) as shown in Table 5.3 and Figure 5.5.  The 

difference in values of size and zeta potential measured in distilled water (dH2O) and complete 

culture media (CM) are due to the presence of balanced salt solution, serum, serum proteins, 

cationic and anionic species in the cell culture media.  The electrostatic interactions of 

nanoparticles and culture media plays a significant role in protein adsorption and cellular uptake 

Figure 5.4 - Normalized mobility change of cells labeled with different SPIONs as a function 

of  chlorpromazine hydrochloride concentration. 



142 
 

(Patil et al., 2007).  The better cellular uptake and ligand adsorption can be achieved by proper 

tuning of surface properties of nanoparticles (Vincent et al., 2009). 

Table 5.3 -  Hydrodynamic size and zeta potential (ZP) measured in distilled water and complete 

cell culture media along with standard deviations, and inhibitor parameters for different SPIONs. 

Particle 
Type 

Size 
(nm) 

in dH2O 

Size 
(nm) 

in CM 

ZP in 
dH2O 
(mV) 

ZP in 
CM 

(mV) 

Inhibitors 
Genistein Chlorpromazine 
k A k A 

Dextran 
Sulfate 
(DXS) 

133.9 ± 
1.3 

166.5 ± 
0.8 

-52.93 ± 
0.9 

-0.975 ± 
0.05 0.012 0.615 20.570 0.528 

Aminated 
DXS 

164.7 ± 
0.6 

148.2 ± 
0.6 

-33.43 ± 
0.5 

-0.337 ± 
0.13 0.001 N/A 30.790 0.828 

Starch 108.6 ± 
1.4 

151.1 ± 
0.7 

-8.99 ± 
0.2 

-3.78 ± 
0.6 0.002 N/A 3.224 0.765 

Aminated 
Starch 

142.7 ± 
1.1 

128.5 ± 
0.5 

39.60 ± 
0.8 

-0.692 ± 
0.2 0.024 0.201 32.504 0.264 

  

The maximum inhibition by each inhibitor on each type of bead is estimated by considering 

(1-A) values in most cases which gives the quantified inhibited endocytosis sites.  Table 5.4 shows 

the approximate maximum % inhibitions. 

Table 5.4 - Maximum inhibitions observed (%) for each bead type with different inhibitors. 

Bead Type Genistein Chlorpromazine Remaining 

DXS 40 48 12 

Aminated DXS 22 18 60 

Starch 70 24 6 

Aminated Starch 80 74 0 
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For dextransulfate (DXS) beads, the inhibition percentage for genistein (40%) and 

chlorpromazine (48%) are almost equal.  The aminated DXS beads show minimum percent 

inhibition with both inhibitors indicating that caveolae and clathrin independent and/or 

micropinocytosis mechanisms are dominant.  For starch coated beads maximum inhibition is 

observed with genistein.  For the aminated starch beads both the inhibitors exhibited maximum 

inhibition indicating that the aminated starch beads undergo both caveolae mediated (80%) and 

clathrin dependent (74%) endocytosis mechanisms.   

 

Genistein showed a low toxicity constant (in the order of 0.01 per micromolar) indicating 

that high doses are required.  Chlorpromazine exhibited higher inhibition toxicity (in the order of 

10 per micromolar) and was sensitive to low dosages.  For both inhibitors, the toxicity toward the 

uptake of aminated starch beads was high and that of starch beads was low. 

 

Figure 5.5 - Inhibitor toxicity constant (k) versus zeta potential (ZP in dH2O) for different 

SPIONs. 
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5.4.3 Cell Viability with different inhibitors 

The viabilities are high in the range of 70 to 90% for both the inhibitors and consistent 

between two methods- MTT assay and trypan blue indicator (Figures 5.6 and 5.7).  However, the 

viabilities decreased monotonically with the increase in inhibitor concentration (Figure 5.6) 

agreeing with the literature where genistein with a concentration higher than 20 µM and incubation 

period of 24 hours, reduced cell viability of mouse embryonic fibroblast cell line (Rucinska et al., 

2008).   

 

Figure 5.6 - Viability of labeled CHO-K1 cells with different types of SPIONs and genistein 

estimated by trypan blue indicator and MTT assay. 
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Genistein-8-C-glucoside (G8CG), at concentrations higher than 10 µM and incubation 

period of 1 hour significantly reduced cell viability, induced apoptosis and DNA damage in CHO 

cells.  The concentrations higher than 50 µM genestein, has decreased the cell viability to less than 

40% (Rucinska et al., 2007).  Genistein inhibits glucose uptake, induces apoptosis and 

autophagocytosis in ovarian cancer cell lines A2780, CaOV3, and ES2 (Gossner et al., 2007).  

 

The percentage of viable cell density of different mammalian cells is decreased by 

increasing the concentration of genistein from 0.0625 mM to 1 mM (Tian et al., 2020).  At high 

concentrations, 50 to 150 μM (3 hours of incubation period) genistein induced formation of 

Figure 5.7 - Viability of labeled CHO-K1 cells with different types of SPIONs treated with 

chlorpromazine hydrochloride estimated by trypan blue indicator and MTT assay. 
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micronucleus, which indicates the chromosome breakage in Chinese hamster V79 cells (Snyder & 

Gillies, 2003).  Increase in chlorpromazine concentration (>10 μM) decreased cell viability in 

human neuroblastoma cell line (Abe et al., 1986), and greater than 100 μM concentration is 

considered highly toxic (Suwalsky et al., 2008). 

5.4.4 Effect of both inhibitors 

The cellular uptake of cells labeled with aminated starch coated beads was quantified by 

magnetophoretic mobility measurement by treating the aminated starch labeled CHO-K1 cells with 

both the inhibitors to examine whether both the inhibitors are targeting same or different 

endocytosis mechanisms.  The concentration of chlorpromazine was held constant at 0.3 µM and 

the genistein concentration was varied from 0 to 200 µM.  

 

The decrease in normal mobility values for the genistein and chlorpromazine experiment 

(red data points in the left panel of Figure 5.8) when compared to the genistein alone (black data 

points) experiment reveals that the two inhibitors target and inhibit different endocytosis pathways.  

Figure 5.8 - Normalized mobility of CHO-K1 cells labeled with aminated starch beads and treated 

with genistein + 0.3 µM chlorpromazine hydrochloride and viability of CHO-K1 cells labeled 

with aminated starch beads and treated with genistein + 0.3 uM chlorpromazine hydrochloride. 
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The viability data for these experiments shown in Figure 5.8 are consistent between methods and 

decrease with the increase in inhibitor concentrations.  

5.5 - Mechanisms of Uptake 

The magnetic beads with aminated starch and dextran-sulfate coatings exhibited clathrin 

and caveolae mediated endocytosis as dominant mechanisms.  The starch coated beads showed 

caveolae mediated endocytosis as the major pathway to enter cell membrane.  Based on literature, 

aminated-DXS beads follow a likely clathrin and caveolae independent mechanism as tabulated in 

Table 5.5. 

Table 5.5 - Types of endocytosis mechanisms dominant for different SPIONs. 

Particle Type 
Endocytosis Mechanism 

Major/ Dominant Minor/ Low to Moderate 

Dextran Sulfate (DXS) Clathrin & Caveolae 
mediated 

Clathrin & Caveolae independent 

Aminated DXS Clathrin & Caveolae 
independent 

Clathrin dependent & Caveolae mediated 

Starch Caveolae mediated Clathrin dependent, Clathrin & Caveolae 
independent 

Aminated Starch Clathrin & Caveolae 
mediated 

Clathrin & Caveolae independent 

 

5.5 Conclusions 

SPIONs with different surface modifications were studied and utilized in this research to 

quantify the cellular uptake of magnetically labeled mammalian (CHO-K1) cells.  The toxicity and 

inhibition rate of the mechanism-based inhibitors was quantified by magnetophoretic mobility 
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measurement of thousands of magnetically labeled CHO-K1 cells.  The two independent 

parameters- inhibitor toxicity and zeta potential of magnetic beads accountable for the cellular 

uptake of SPIONs were estimated and discussed to find the types of endocytosis mechanisms 

dominant for different magnetic beads.  The objective of determining how magnetic beads enter 

cellular cytoplasm was achieved as given in Table 5.5.  Thus, characterization of labeled cells and 

magnetic particles by magnetic velocimetry facilitates the optimization of SPIONs coatings, a 

better understanding of cell labeling, and the evaluation of the role of different cellular endocytosis 

mechanisms. 
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Chapter 6 - Summary 

Magnetic characterization is of much importance in the fields of cell labeling, cell 

purification, cell physiology, endocytosis, biochemical micro assays, endosome research, cell 

separation, drug targeting and in vivo diagnostics.  A particle tracking velocimeter is utilized to 

measure magnetophoretic mobility, size and other morphological parameters of magnetic particles 

and magnetically labeled cells. 

The calibration capability of the instrument has been extended by generating linear 

calibration curves in order to estimate the actual particle size and thereby estimate the intrinsic 

magnetic properties of several commercially available magnetic beads on a particle-by-particle 

basis.  The quality of the magnetic beads can be assessed using the regression coefficient (R2) 

values of the two-parameter curves between diameter and apparent magnetic susceptibility or 

saturation magnetization distributions (Sannidhi et al., 2019).  Different approaches were explored, 

such as optical density methods and chain velocity methods, to estimate the magnetophoretic 

mobility of a single nanoparticle in a chain.  The rapid estimation of magnetophoretic mobility by 

the instrument and collection of multiple thousands of data points facilitates cellular uptake 

quantification and kinetic studies in less time than any other existing technique (Zhou, 2017). 

Magnetic cytometry by velocimetry records the motion of labeled cells in an isodynamic 

magnetic field thereby estimating a key parameter, magnetophoretic mobility of labeled cells.  The 

receptor-independent uptake by cultured Chinese Hamster Ovary (CHO-K1) cells of 100 nm iron 

oxide nanoparticles with different surface coatings, namely starch, dextran-sulfate and amino 

groups was studied to reveal the role of nanoparticle endocytosis mechanisms.  Caveolae-

mediated, clathrin-dependent and independent endocytosis mechanisms were revealed by using 

specific mechanism-based inhibitors- genistein and chlorpromazine hydrochloride respectively.  
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The surface charge of the particle and inhibitors of specific uptake mechanisms are the important 

factors that impact the process of cellular endocytosis.  The cellular survival rate/viability, inhibitor 

toxicity and uptake of different nanoparticles have been investigated.  This research facilitates the 

rapid estimation of intrinsic magnetic properties, the optimization of SPIONs surface coatings and 

a better understanding of cell internal labeling and different cellular endocytosis mechanisms. 

Magnetic cytometry by particle tracking velocimetry provides new opportunities for the 

application of magnetic carriers to safe and efficient cell therapeutics.  The optimization of cell 

labeling systems can be achieved for a specific application by controlling the magnetic particle 

size, surface functionalization, rate of cellular uptake, phagocytosis kinetics and roles of 

endocytosis mechanisms by a time-efficient and cost-effective method. 
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APPENDIX A - Temperature Dependency of Magnetic Particle 

Characterization by Particle Tracking Velocimetry 

Isothermal conditions are required for the correct operation of the velocimeter because 

thermal gradients can cause non-magnetic flows to set in.  Non-magnetic particles have significant 

(high) mobility when injected as a hot sample (some 40 to 60oC above ambient temperature).  It 

should be noted that the original sample observation channel cell is not thermostated. 

The magnetophoretic mobility of non-magnetic beads (Estapor beads, 5 µm in size) has 

been analyzed at different sample temperature conditions:  hot, ambient and cold.  The mobility of 

non-magnetic beads is almost zero, but the instrument reported high mobility at hot and cold 

temperature conditions.  We tested the hypothesis that the differences in the temperature of bead 

suspensions and glass channel cell resulted in Marangoni flow, or thermo-capillary convection, 

which is driven by an interfacial-tension gradient.  To study the effect of the hot-sample 

temperature condition, we conducted three bead experiments:  (1) sample and channel cell at room 

temperature, (2) sample at 98oC and channel cell at 50oC, (3) sample and channel cell at 50oC.  

Only under condition (2) did the non-magnetic beads show mobility. 

When the sample cell was thermostated at 50oC and a sample that was heated to 98oC was 

immediately subjected to mobility analysis, the mobility histogram as shown in Figure A-1(A) was 

obtained indicating mobility around 25 pRm, which corresponds to highly magnetic beads, but 

when both sample and cell were thermostated at 50oC (isothermal conditions) a typical mobility 

histogram for non-magnetic beads was produced.  Thus, increased temperature per se does not 

induce anomalous motion; a temperature gradient is required.  Two explanations for this 

temperature-gradient-induced result were explored: thermocapillary flow and thermal contraction 

during heat loss. 
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Hypothesis 1: 

First, we investigated the explanation of such motion by thermocapillary (Marangoni) flow.  

After several steps of derivation, the velocity equation for our geometry looks like 

 𝑣𝑣𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥 =  
1
𝜂𝜂

.
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

.
𝛥𝛥𝛥𝛥
𝑙𝑙

.ℎ (A-1) 

Figure A-1 - Magnetophoretic mobility histogram for Estapor 5 µm non-magnetic beads 

(A) injected as a sample in the water at 98oC into a thermostated cell at 50oC and  

(B) injected as a sample in the water at 50oC into a thermostated cell at 50oC. 
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Substituting variables in CGS units 

𝜂𝜂 = 0.01 𝑑𝑑𝑑𝑑𝑑𝑑 .  𝑠𝑠
𝑐𝑐𝑐𝑐2 , the viscosity of water 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 0.11 𝑑𝑑𝑑𝑑𝑑𝑑
𝑐𝑐𝑐𝑐 .  ℃

, the temperature dependence of water-glass interfacial tension, which was 

calculated from published thermo-physical data 

∆𝑇𝑇 = 20℃, a rough estimate for injecting 98oC water into 50oC sample cell with a little cooling 

time 

𝑙𝑙 = 3 𝑐𝑐𝑐𝑐, length of the channel cell 

ℎ = 0.03 𝑐𝑐𝑐𝑐, the thickness of the channel cell 

This combination gives 𝒗𝒗𝒙𝒙𝒙𝒙𝒙𝒙𝒙𝒙 = 𝟐𝟐 𝒄𝒄𝒄𝒄
𝒔𝒔

 

Several problems exist with this hypothesis.  The above equation A-1 applies to a free 

“upper” surface – an air-water interface.  Even by substituting interfacial tension for surface 

tension the velocity still applies only to a free surface.  The glass surface will not move or deform.  

In our closed system, if there were thermocapillary crawl along the front and back walls of the cell 

mass conservation would require a return flow in the reverse direction, but we observed particle 

movement from left to right only.  Furthermore, 2 cm/sec is much faster than can be observed in 

the velocimeter.  One research group successfully performed this same experiment with the open-

ended flow and particle tracking by providing a film of air or oil between the water and solid 

surface and obtaining a flow of 1 mm/sec with a 1.75oC/cm gradient in 0.4 mm microfluidic 

channels (Amador et al., 2018).  Others conducted similar experiments but the upper surface was 

in contact with air  (Song et al., 2018) and used poly(dimethylsiloxane) (Mondal et al., 2015). 
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As the observed particle velocity was not consistent with the predictions of thermo-

capillary flow, so a contractile-flow hypothesis was tested as explained below. 

Hypothesis 2 

An alternative explanation is the thermal contraction of the incoming sample as it is being 

cooled.  As a sample of 98oC water enters into 50oC water from the right end of the cell it displaces 

the cool water and loses heat to the walls of the cell as it flows in, leaving, reasonably, a higher 

temperature on the right end, where the walls experienced more pre-heating by the inflow.  Where 

there is more heat there is expanded volume, but cooling is still occurring during the 2-sec “set” 

recording, so there is more thermal contraction on the right than on the left.  We are making 

observations at the center of the cell, so the volume of water to the right will be half the cell 

volume.  A linear velocity of contraction can be estimated from 

 𝑣𝑣𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥 =  
𝐶𝐶𝐸𝐸𝛥𝛥𝛥𝛥
𝜏𝜏

 
𝐿𝐿
2

 (A-2) 

where 𝐶𝐶𝐸𝐸 = 6 ∗  10−4 ℃−1, coefficient of volumetric expansion of water at 80oC 

∆𝑇𝑇 = 20℃, estimated temperature drop while the sample is in the cell for measurement 

𝜏𝜏 = 2 𝑠𝑠, the period during which a sample is in the channel cell for measurement 

𝐿𝐿 = 3.0 𝑐𝑐𝑐𝑐, length of sample channel cell 

This combination (based on estimates) gives vxcon ≈ 90 µm/s. 

We compare these velocities with a particle apparent magnetic velocity derived from 

Figure A-1(A), using  
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 𝑣𝑣𝑚𝑚𝑚𝑚𝑚𝑚 =
𝑈𝑈𝑚𝑚𝑆𝑆𝑚𝑚
𝜇𝜇𝑜𝑜

 (A-3) 

where Um = 2.5 x 10-11 m3/T.A. s (25 pRm), magnetophoretic mobility calculated by velocimeter 

Sm = 8.6 T2/m, velocimeter magnet gradient force 

µo = 4π x 10-7 T m/A, magnetic permeability of free space 

This combination gives vmag = 170 µm/s. 

The observed velocity is much closer to the estimated thermal-contraction velocity 

(Hypothesis 2, 90 µm/s) than it is to the calculated thermocapillary velocity (Hypothesis 1, 2 cm/s). 

Thus, so far, the best explanation for the observed unexpected mobility of non-magnetic particles 

is the thermal contraction of the hot water as it cools upon entering the right end of the sample cell. 

Finally, to find whether this explanation is feasible in terms of the required cooling rate, 

the sensible heat lost at ΔT = 20 oC in a time of Δt =2 s is determined from  

 ∆𝐻𝐻 =  𝑚𝑚𝑐𝑐𝑝𝑝∆𝑇𝑇 (A-4) 

for m = 0.024 g water, cp = 4.16 J/goC, ΔT = 20 oC, 

so ΔH = 2.0 J, and ΔH/Δt = 1.0 J/s 

To find whether this heat transfer rate be matched by thermal conductivity through 0.04 

mm thickness of the glass, the heat transfer rate is estimated, given by  

 
∆𝐻𝐻
∆𝑡𝑡

= 𝑞𝑞𝑞𝑞 = 𝑘𝑘𝑘𝑘 �
∆𝑇𝑇
∆𝑋𝑋

� (A-5) 

For 𝑘𝑘 = 0.01 𝐽𝐽
𝑐𝑐𝑐𝑐 .  𝑠𝑠.  ℃

, the thermal conductivity of glass, 

𝐴𝐴 = 0.6 𝑐𝑐𝑐𝑐2, transfer area of the half channel cell, 
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∆𝑇𝑇 = 20℃ between inner and outer glass surfaces, 

∆𝑥𝑥 = 0.04 𝑐𝑐𝑐𝑐, glass wall thickness. 

This gives ΔH/Δt = 3.0 J/s, more than enough heat transfer rate to account for the required 

sensible heat loss. 

The observed particle velocity, about 100 µm/s was found consistent with the predicted 

rate of water-cooling during contraction and the calculated heat-transfer rate.  This resulted in the 

entire particle suspension movement, and therefore significant mobility is being recorded by the 

instrument. 

This data indicates the importance of isothermal conditions for measuring magnetophoretic 

mobility by particle tracking velocimetry.  The sample and cell must both be at ambient or 

thermostated to a single temperature before injecting the sample into the cell.  It was originally 

thought that thermostating a magnetophoresis cell would be unnecessary since the particles and 

the field do not generate sensible heat.  Electrophoresis cells are always thermostated because the 

application of an electric field to an electrolyte solution produces thermal gradients that distort 

electrophoretic velocities. 

Conclusions 

In conclusion, this study indicates the importance of isothermal conditions for measuring 

magnetophoretic mobility by particle tracking velocimetry.  The sample and channel cell must 

both be at ambient temperature or thermostated to a single temperature before injecting the sample 

into the channel cell to achieve optimal results which specify the particle quality accurately.  For 

the hypothesis of thermal contraction of hot water, we found the velocity, cooling rate and heat 

transfer calculations to be consistent. 
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APPENDIX B – Velocimeter Operation 

The operation of the velocimeter is user-friendly and straightforward.  For best output 

results, the following precautionary measures need to be considered while operating the 

instrument. 

• Underflow:  At least two reasons exist for the high percent underflow - a condition 

occurring when a mathematical operation results in a mobility number that is too small to 

store in the device but is recorded, counted and displayed at the minimum value on a 

histogram.  Firstly, with the lower bead concentration, there will be a high percentage of 

signals from non-beads (debris).  Secondly, as the cell gets accumulated with removable 

dirt, the absolute number of underflow signals increases.  Achieving a minimum percentage 

of underflow reflects the better quality of the data unless the sample is a known mixture of 

magnetic and non-magnetic objects. 

• Changing samples:  When making major switches of the sample perform a blank run with 

water only, checking the magnetophoretic mobility histogram to determine whether 

magnetic particles are still present in the channel cell system. 

• Downstream bubbles:  Downstream bubbles and vapor gaps could be due to a leak.  Make 

sure the outlet tubing is fully wetted when starting each measurement.  Otherwise, you may 

get anomalously long tracks due to pressure-driven flow. 

• External vibrations:  During image acquisition of the tracks vibrations near the instrument 

should be minimized.  The presence of external vibrations moves the particles in a zigzag 

manner resulting in anomalous tracks and results. 

• Cleaning channel cell:  The following procedure was employed to clean the channel cell 

which removed the debris to some extent.  Fill a syringe with a 1% cleaning solution (Ex: 
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Microclean) load some of this into the cell, allow to sit overnight, then flush the cell with 

at least 5 mL distilled water followed by 5 mL of 70% ethanol or 91% isopropanol, then 

flush with 5 mL distilled water.  If the outside of the cell is dirty, try to clean it as follows.  

Twist a sheet of microscope lens paper to form a stick; soak this stick in alcohol; use the 

stick to wipe the outer surfaces of the cell without applying finger pressure (pressure on 

the paper could scratch the glass). 

• Buffer and waste chamber:  The buffer solution chamber needs to be filled and cleaned, 

checking to make sure no dirt particles accumulated, and the connected tubes are immersed 

completely in the liquid to avoid air bubble formation.  The waste liquid collection chamber 

needs to be emptied without creating a disturbance to the vacuum pump to generate a 

required vacuum which facilitates the flow from the sample chamber and buffer chamber.  

The liquid trap (filter) connected between the waste chamber and vacuum pump should be 

cleaned/ or replaced regularly as some waste that accumulates in the filter blocks the pump 

and disturbs the generation of vacuum. 

• Sample channel cell assembly/ replacement: The sample channel cell needs to be 

replaced if there is evidence of excessive debris accumulation.  The area with the debris is 

excluded from particle tracking by the software and only a few particles will be tracked.  

Make sure to assemble the clean channel cell and run a sample of calibration beads to get 

appropriate mobility results before conducting other experiments. 
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