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Nano-sized particles are widely regarded as a tool to study biological events at 

cellular and molecular levels. However, there are only a few imaging modalities that can 

visualize interactions between nanoparticles and living cells. A new technique – pulsed 

magneto-motive ultrasound imaging, capable of in-vivo imaging of magnetic 

nanoparticles at improved depth and in real-time is introduced in this study. In pulsed 

magneto-motive ultrasound imaging, an external high-strength pulsed magnetic field is 

applied to induce motion within magnetically labeled tissue and ultrasound is used to 

detect the induced internal tissue motion. A laboratory prototype of a pulsed magneto-

motive ultrasound imaging system was built, tested and optimized through modeling and 

experimental studies using tissue-mimicking phantoms, ex-vivo tissue samples and in-

vivo mouse tumor model. The results demonstrated a sufficient contrast between normal 

and iron-laden tissue labeled with ultra-small magnetic nanoparticles. Finally, further 

modifications and research directions are discussed which can eventually lead to 

development of a clinically applicable pulsed magneto-motive ultrasound imaging 

system. 
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Chapter 1:  Introduction - Molecular Imaging as an Essential Need in 
Healthcare 

This introductory chapter explains the motivations behind this research project.  

1.1 THE IMPORTANCE OF DETECTING PATHOLOGIES AT THEIR EARLY STAGES OF 
DEVELOPMENT 

Over the past few decades, medical imaging modalities have undergone 

significant growth. Various imaging techniques have been developed to help physicians 

to detect pathologies and develop effective treatment techniques and determine the 

effectiveness of therapeutic procedures [1, 2]. For example, development of magnetic 

resonance imaging (MRI), computed tomography (CT), and ultrasound (US) imaging has 

enabled physicians to visualize different tissue properties and abnormalities. Most of the 

efforts in the field of medical imaging have gone towards developing non-invasive (or 

minimally invasive), real time, functional, and more widely available imaging techniques 

with superior sensitivity and specificity. The final goal of these advanced imaging 

modalities is to improve patient care by changing several aspects of clinical medicine [3]. 

To date, the most challenging issue in medical diagnostic is to enable clinicians to 

detect the pathologies at their early stages of development. Often, the earlier pathology is 

diagnosed, the easier it is to manage and to have more effective treatment. Managing 

diseases at their early stages of development decreases mortality rates, decreases side 

effects associated with therapeutic procedures at more advanced stages, and can prevent 

serious complications. Moreover, it can significantly reduce healthcare costs [4-8].  

Cancer is one of the leading causes of death in the United States according to the 

American Cancer Society. There were estimated to be about 1.6 million new cases of 

cancer and approximately 572,000 estimated deaths in 2011 [9]. Once cancer has 

developed, the survival rate decreases significantly and treatment procedures, such as 
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chemotherapy, are mostly associated with various adverse side effects [10, 11]. Clinical 

cancer imaging technologies do not have sufficient spatial resolution and contrast for 

early detection based on morphology and anatomy of lesions. Therefore, effective early 

detection of precancerous and neoplastic lesions can play an important role in cancer 

treatment [12, 13].  

1.2 MOLECULAR IMAGING AS A TOOL DETECT PATHOLOGIES AT THE EARLY STAGES 
OF DEVELOPMENT 

Unraveling the molecular pathways of diseases and thus detecting pathology at 

early stages of development is possible through monitoring cellular and molecular 

mechanisms of diseases. To this end, significant efforts have been directed toward design 

and development of new imaging techniques, capable of visualizing biological events at 

molecular and cellular level [7]. Conventional imaging modalities are based on detecting 

the macroscopic physical, physiological, morphological, or metabolic differences 

between pathological and normal tissue rather than identifying specific molecular events 

responsible for disease [14]. In contradistinction to traditional medical diagnostic, 

molecular imaging sets forth to probe the molecular abnormalities that are the basis of 

disease, rather than to image the end effects of these molecular alterations [6, 7]. In other 

words, molecular imaging techniques are developed to temporally and spatially visualize, 

quantify and characterize the biological processes at the cellular and sub-cellular levels 

[14]. They combine traditional imaging techniques with innovative probes that can detect 

and contrast cellular events [15].  
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1.3 NANOPARTICLES AS A PROPER MOLECULAR PROBES 

Molecular imaging modalities are primarily based on utilizing molecular specific 

probes as the source of image contrast. Molecular probes must be capable of binding to a 

specific biological entity, an essential requirement in any molecular imaging technique. 

Therefore, appropriate molecular probes should be biocompatible, be able to overcome 

biologic delivery barriers (vascular, interstitial, cell membrane), bind to specific cell or 

molecule, be retained long enough to be detected, and provide a significant contrast 

between normal tissue and cells with desired targeted molecules [6, 7, 12, 16, 17]. 

Nanoparticles have shown great potential to act as molecular specific probes and 

therefore have been extensively used as molecular specific contrast agents for various 

imaging modalities, such as optical imaging and magnetic resonance imaging [15, 18]. 

The large ratio of surface area to volume in small nanoparticles opens up a great 

opportunity for surface functionality, which can be used to tune nanoparticles for a 

specific target cell or tissue in-vivo [15]. 

Recently, several nanoparticles-assisted imaging techniques have been developed 

and applied in biological and medical applications [6, 7, 18-23]. The nano-sized 

molecular probes are predicted to revolutionize medical imaging and therapeutics 

procedures. The development of nanoparticle-assisted molecular imaging techniques can 

significantly improve the specificity and sensitivity of diagnostic imaging through non-

invasive and quantitative detection of specific biomolecules in living subjects [12, 15]. 

1.4 CURRENT MOLECULAR IMAGING MODALITIES 

Current major medical imaging modalities include X-Ray and computer 

tomography (CT), magnetic resonance imaging (MRI), radionuclide imaging including 

positron emission tomography (PET) and single photon emission computer tomography 

(SPECT), ultrasound (US) and optical imaging modalities such as optical coherence 
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tomography (OCT), luminescence and fluorescence imaging.  Table 1.1 indicates the 

scope of capabilities for the most widely used medical diagnostic modalities [2, 24]. 

 

 Anatomy Physiology Molecular 

X-Ray, CT Imaging Excellent Fair Poor 

MRI Excellent Excellent Excellent 

Radionuclide Imaging Fair Excellent Excellent 

Optical Imaging Fair Fair Excellent 

Ultrasound Imaging Excellent Excellent Poor 

Table 1.1: The scope of capabilities for the most widely used medical diagnostic 
modalities. 

Currently, radionuclide imaging, magnetic resonance imaging (MRI) and optical 

imaging are the major molecular imaging modalities. Radionuclide molecular imaging 

techniques (i.e. PET and SPECT) use radionuclide probes to provide quantitative 

information of the cellular and molecular content of tissues. PET or SPECT imaging has 

the required sensitivity to visualize many interactions between specific physiological 

targets such as cancer cells, neurotransmitters, and brain receptors. These imaging 

modalities are capable of determining very low concentrations of specific radionuclide 

probes, as low as in the pico-molar range [25-28]. However, the spatial and temporal 

resolutions of radionuclide imaging are limited. Moreover, in radionuclide imaging, 

biologically important chemicals are labeled with radioactive materials and, therefore, 

there are concerns about the biological safety of tissues exposed to radioactive materials 

[29].  
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MRI molecular imaging uses superparamagnetic agents to label molecules and 

cells and to detect them through changes in magnetic properties (i.e., relaxation time) of 

tissue [6, 7, 30]. MRI molecular imaging has some notable advantages.  It is non-

ionizing, can be tomographic, and has high resolution. Moreover multiple contrast 

mechanisms are possible using MRI and therefore it can provide anatomical and 

physiological information as well as cellular and molecular information [30]. Several 

novel MRI-based molecular imaging studies have demonstrated the great potential for 

MRI augmented with superparamagnetic nanoparticles to detect biological cellular and 

subcellular processes [31-33]. However, these MRI-based molecular imaging modalities 

are relatively expensive and cannot provide cellular and molecular information in real-

time [2, 34].  

Optical molecular imaging systems mostly use optical detectors to detect the light 

signal emitted by fluorescent and bioluminescent probes (such as quantum dots) in visible 

or near infrared wavelengths [35, 36]. There are also various optical-based molecular 

imaging techniques that utilize different signal sources, such as absorption and 

reflectance as the source of contrast [7, 37, 38].  These optical imaging techniques have 

no safety concerns associated with them and can visualize molecular and cellular events 

with high resolution and an acceptable sensitivity. However, light can travel only a few 

hundreds of micrometers in tissue before it scatters, therefore, the optical imaging is 

depth-limited [39-41].  

Given these limitations for current molecular imaging modalities, there is a need 

for a robust functional and structural molecular imaging technique, capable of imaging 

cellular and molecular events in real-time, at clinically relevant depths, with acceptable 

spatial resolution, and with efficient cost of implementation.  
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1.5 ULTRASOUND IMAGING AND ULTRASOUND-BASED MOLECULAR IMAGING 

Ultrasound (US) imaging is now a mature imaging modality and is the most 

widely used imaging tool for clinical practice. US accounts for approximately one in four 

of all imaging procedures worldwide [42]. Ultrasound imaging possesses several notable 

advantages such as excellent temporal resolution, clinically desirable penetration depth, 

portability and low cost. Furthermore, ultrasound imaging is a non-ionizing technique 

with no known adverse biosafety concern. Currently, ultrasound imaging is being used in 

various medical fields, ranging from obstetric medicine to cardiovascular applications 

[43-45]. Unfortunately, conventional US imaging is not capable of visualizing the events 

at molecular and cellular levels because of limited spatial resolution and contrast.  

Several different types of ultrasound contrast agents have been introduced to 

expand the scope of ultrasound imaging to detect cellular and molecular events. The most 

widely used US imaging contrast agents are microbubbles. They can produce significant 

contrast because of the high impedance difference between bodily fluid (mainly 

consisting of water) and microbubbles of different gases. However, the sizes of these 

microbubbles are usually larger than 1 "m [46]. Therefore they cannot pass through 

biologic delivery barriers, such as permeable tumor vasculature, in order to tag the 

specific cell or molecule of interest [47, 48]. Moreover, filled microbubbles have short 

lifespans in the body, which limits the capability of observing cellular and molecular 

events over a longer time frame [46, 49]. Another well-known type of ultrasound contrast 

agents are liposomes [50, 51].  Liposomes have a longer lifespan compared to 

microbubbles and they can also be designed readily with specific targeting moiety. 

However, they are still too large to pass through endothelial gap junctions in the leaky 

vasculature of pathologies such as cancer [52, 53]. Recently developed ultrasound 

nanoparticle contrast agents such as nano-sized perfluorocarbon droplets [54] and silica 
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nanoparticles [55] could extravasate through the leaky vasculature of a tumor and get 

close to the biological entities of interest, but they cannot provide significant contrast in 

ultrasound images. Perfluorocarbon droplets and liposomal contrast agents do not 

produce strong ultrasound reflections and thus cannot provide significant contrast in 

ultrasound images. Finally, metal nanoparticles cannot be directly used as molecular 

probes in ultrasound imaging due to their small size and weak ultrasound reflectivity.  

To summarize, ultrasound, due to its notable advantages, represents a suitable 

candidate for molecular imaging. The goal of this study is to introduce a newly-born 

ultrasound-based imaging modality which is capable of visualizing the presence magnetic 

nanoprobes through their dynamic mechanical response to an externally-applied magnetic 

field and therefore can potentially visualize cellular and molecular events by utilizing 

magnetic nanoparticles conjugated with a desired targeting moiety [56-58]. 
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Chapter 2:  Magneto-Motive Ultrasound Imaging: The Theoretical 
Principals and Preliminary Results 

This chapter will cover the basic principles of magneto-motive ultrasound 

imaging, including: magnetic field and magneto-motive force, motion of a moving object 

within a viscoelastic medium (i.e. soft tissue), and measurement of displacement using 

ultrasound techniques.  

2.1 PRINCIPALS OF MAGNETO-MOTIVE ULTRASOUND IMAGING 

Magneto-motived ultrasound (MMUS) imaging was introduced as an ultrasound-

based imaging modality, capable of detecting the presence and distribution of magnetic 

nanoparticles and with the potential to utilize these nano-sized magnetic particles as 

molecular probes to image biological events at the cellular and molecular level [1-6]. 

 MMUS imaging is performed in three steps: i) First, the magnetic nanoparticles 

(i.e. contras agents) are delivered and localized at the site of interest.  ii) Next, a focused, 

high strength, time varying magnetic field is applied to the tissue (within the imaging 

field of view). This magnetic field causes the magnetic nanoparticles and thus the tissue 

associated with them (i.e. cells or molecules labeled with magnetic nanoparticles) to 

move towards the lower magnetic potential, which is the magnetic source [4, 7, 8].  

However, as the nanoparticles or cells labeled with nanoparticles are located within a 

viscoelastic medium, a resisting force acts against their movement [9-11]. As a result of 

these two opposing forces, localized tissue displacement (or vibrations) occurs [1-6]. iii) 

Finally, ultrasound imaging with a high frame rate is used to detect the internal tissue 

displacement and thus indicate the presence and distribution of magnetic nanoparticles 

[12-14]. Figure 2.1 demonstrates the procedure of MMUS imaging.  
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Figure 2.1: The diagram demonstrates the MMUS imaging procedure for imaging a tumor as 
an example. (a) First the nanoparticles are administrated to the subject. (b) The 
nanoparticles are accumulated into the tumor (can take place via different 
mechanisms). (c) Then a time-varying magnetic field is applied to the subject, 
which causes the internal tissue displacement within the tissues loaded with 
magnetic nanoparticles. (d) Ultrasound imaging is used to detect the tissue 
displacement. 

 

2.2 MAGNETO-MOTIVE FORCE 

When a magnetic particle is exposed to a magnetic field, force acting on the 

particles is called magneto-motive force. If several magnetic nanoparticles accumulate 

into the tissue of interest and they become exposed to an external magnetic field with the 

magnetic flux density of B, the mechanical response of each individual nanoparticle (i.e. 

displacement) is determined by the magnetic moment, m and viscoelastic properties of 

the surrounding tissue. The following set of equations are utilized express the magneto-

motive force acting on magnetic nanoparticles, which are located within a time-varying 

magnetic field [7, 8].  
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The magneto-motive force (Fm) acting on a magnetic nanoparticle can be 

expressed as:  

 

                                                                                         (2.1) 

 

where m is the magnetic moment. Considering a z-directional magnetic flux B=(0,0,Bz), 

the magnetic moment (m) of paramagnetic nanoparticles can be described as (0,0,mz). 

Therefore, the magneto-motive force Fm can then be expressed as Fm = (mz!)Bz . When a 

magnetic nanoparticle is located in a weakly diamagnetic medium such as tissue, the 

magnetic moment, mz can be written as mz =VmMz . Here Vm is the volume of the 

magnetic portion of the nanoparticle and can be denoted as Vm =Vnp ! fm  where !!" is the 

total volume of the nanoparticle and fm  is a dimensionless factor called fraction of 

magnetite. This fraction represents the volumetric ratio of magnetic material in a 

nanoparticle. The z-directional volumetric magnetizationMz can be written as 

Mz = (!np " !medium )Hz  , where Hz is the magnetic field strength in the z-direction, and 

 and  are the susceptibilities of the magnetic nanoparticles and the surrounding 

medium respectively. The magnetic susceptibility of the medium, i.e., tissue is negligible 

compared to its value in magnetic nanoparticles. Assuming that B does not change 

significantly over the nanoparticle due to its small size, the volumetric magnetization Mz  

can be expressed as Mz = !np
Bz
µ0

. Therefore, from the magneto-motive force is: 

 

                                              (2.2) 

 

   Fm = (mi!)B

np! medium!

   
Fm =

Vnp fm! np

µ0

(Bz i")Bz
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Since  

 

                                  (2.3) 

 

Equation (2.2) can be simplified to: 

 

.                                                      (2.4) 

 

Equation (2.4) clearly shows that the magneto-motive force depends on the 

magnetic flux density and its gradient over distance as well as on the magnetic properties 

of the particles. 

In MMUS imaging system, a finite length solenoid (or electromagnet) is utilized 

to generate the magnetic field and thus cause magnetically induced displacement [1-4]. 

Considering the geometry for a finite length coil (as it is shown in figure 2.2), the on-axis 

and off-axis magnetic field can be analytically expressed as the following [15-17]. 

In case of on-axis points (e.g. point A in figure 2.2): 

 

        (2.5) 

 

where Bz is the magnetic flux density in the axial direction, I is the current which drives 

through the coil wires, n is the number of turns of wire per unit length of solenoid and r1, 

r2 and l are the solenoid geometry as depicted in figure 2.2. 
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Figure 2.2: The diagram a thin-shelled solenoid cross-section. The indicated geometry is used 
to calculate the magnetic flux density of any spatial point, on-axis such as point 
“A” or off-axis such as point “B”.  

In the case of off-axis positions (e.g. point B in figure 2.2): 

 

       (2.6) 

 

where B0z is the magnetic flux density in axial direction and at the center of the solenoid 

(can be calculated by equation 2.5), and . 

The coefficients of the equation 2.6 are (the first 3 terms): 
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    (2.7) 

 

and,  

 

c1 =
1

1+ ! 2

c2 =
! 2

1+ ! 2

c3 =
" 2

" 2 + ! 2
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! 2

" 2 + ! 2

c5 = ln(
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)

                                  (2.8)
 
 

 

where ! = r2
r1

and ! = 1
2r1

                                  (2.9)
 

The Legendre polynomials can be expressed as: 

 

        (2.10) 
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A MATLAB based software algorithm was created to calculate the spatial 

distribution of magnetic flux density generated by the coils, which were used in the 

MMUS imaging system. Simulations of magnetic flux density for various sizes and 

geometries indicated that the magnetic flux density degrades axially with lower rate when 

a larger coil is utilized. However, as indicated in equation 2.4, the magneto-motive force 

depends on both magnetic flux density (Bz) and its axial gradient over distance (dBz/dz). 

Therefore, in order to have magnetic excitation with deeper penetration, a larger solenoid 

can be used. 

2.3 CHARACTERISTICS OF MOTION WITHIN A VISCOELASTIC MEDIUM 

The motion of an incompressible medium can be characterized through the 

governing equation [9-11, 18]: 

 

                      (2.11) 

 

where P is the internal pressure,  and  are shear elasticity and viscosity coefficients, 

is the medium density, t is time and represents the displacement vector. Considering 

the polar axis of the spherical system of coordinates (r, !, ") to be along the force vector 

(i.e. an angle ! is between a radius vector and displacement), and , the 

external force applied to the displaced spherical object is [9, 19]: 

 

      (2.12) 

where !rr  and !r" are stress tensor components at the surface of the object: 
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, 
    (2.13) 

 

In a particular scenario where an impulsive force is used to excite magnetic nanoparticles, 

motion in the time domain can be written as: 
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where Uz is the displacement in z-direction, Fm (t) is the applied external magneto-motive 

force, R is the radius of the spherical nanoparticle,  is the shear wave speed 

and  is the nanoparticle density ( ) normalized by medium density. The 

displacement of an iron-laden inclusion inside an incompressible background will be 

determined by the displacement of all magnetic nanoparticles [1]. 

2.4 ULTRASOUND IMAGING TO DETECT INTERNAL TISSUE DISPLACEMENT 

Ultrasound imaging is shown to be fully capable of evaluating tissue motion [12-

14, 20-22]. The accurate detection of tissue displacement is utilized to measure strain 

tensor components are widely used to evaluate the spatial distribution of elastic moduli 

for elastography purposes [12, 13, 23-27].  

Traditionally, phase-based Doppler tracking is used to measure the tissue 

displacement [28, 29]. Doppler-based motion tracker is based upon detecting the 

frequency shift or phase shift in ultrasound radio frequency (RF) pulse-echo signals [30-

32]. The received complex ultrasound RF data r(t) can be expressed as: 
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r(t) = B(t)cos(!t) = B(t)

2
(e j!t + e" j!t )           (2.15) 

 

where B(t) is the envelope of the RF signal and ! is angular frequency of the transducer. 

If the time delay between two consecutive received RF signals (when a tissue motion 

occurs) is! , the analytic signals can be expressed as: 

 

  

ranalytical (t) = B(t)e j!t

ranalytical (t "# ) = B(t "# )

$
%
&

'&
e j! (t"# )          (2.16) 

 

The tissue displacement which occurs in the time frame between two consecutive 

RF signals can be calculated as: 

 

  
!(t) = "(ranalytical (t).r*

analytical (t #$ )) = "(B(t).B(t #$ )e j%$ ) =%$      (2.17) 

 

where   !(t) is the phase of complex conjugate product of two consecutive detected 

analytical signals. If the ultrasound transducer operates at the center frequency of  !0 , the 

tissue displacement can be estimated as: 

 

  
D(t) = c!(t)

2"0

= c"#
2"0

           (2.18) 

In most cases it can be assumed that   ! !!0 , which simplifies the detected displacement 

to be  c! . Doppler can precisely measure the small tissue displacements but in order to 

make the   ! !!0  assumption, the signal should be narrow-band in the frequency domain, 

which means a longer pulse is required. The detectable displacement is limited to the 

range of 
 
[! "

4
,"
4

]  where !  is ultrasound wavelength. 
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Besides the Doppler-based method, there are several other algorithms, which are 

being used to calculate the motion using ultrasound RF data. These techniques are based 

on block-matching algorithms. Block-matching techniques use different approaches to 

find the time-delay by using a maximum likelihood estimator. These approaches can be 

listed as: 

a) Sum of absolute difference (SAD) [33] 

b) Sum of squared difference (SSD) [34, 35] 

c) Cross-correlation [12-14] 

Correlation-based maximum likelihood-estimator has higher computational load. 

However, it considers the energy of two signals and has better signal to noise ratio [14]. 

The cross-correlation function of two signals r1(t) and r2(t) at t=t0 can be expressed as 

[13]: 

 

  
XCORRr1,r2

(t0 ,t0 +! ) = 1
T

r1
*

t0"T /2

t0+T /2

# (t) r2(t +! ) dt        (2.19) 

where * denotes the complex conjugate of the signal. Here ! is the correlation lag, and T 

is the kernel length.  Equation 2.19 expresses the cross-correlation function of two 

analytical (i.e. complex) signals r1 and r2. This correlation coefficient can be also 

computed by using RF signals. The time delay can be estimated where the maximum 

correlation coefficient is found. By using normalized cross-correlation, the effect of the 

speckle fluctuation in received ultrasound RF signal can be minimized. The 

normalization prevents the RF signals with higher intensities to dominate the motion 

tracking. The normalized cross-correlation coefficient can be expressed as: 
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where 

  
!r1,r2

represents the cross-corelation coefficient between r1 and r2. 

As ultrasound RF data acquisition systems are mostly digitize the RF data with a 

certain sampling rate, finding the maximum of cross-correlation coefficient requires peak 

interpolation (linear, bilinear, cubic, etc.). Usually interpolation adds an undesirable 

intense computational load to the motion-tracking modules. However, ultrasound RF 

signals can be represented in complex form, which contains the phase information. 

Therefore, complex correlation can be used to resolve the time-delay estimation in sub-

integer level [36, 37]. The comparison between the cross-correlation coefficient 

calculated using RF signals and the complex baseband signals is demonstrated in figure 

2.3 (adapted from Lubinski et. al [13]). 

As it is demonstrated, the magnitude of complex baseband cross-correlation 

coefficient matches with RF cross-correlation coefficient and both have the same 

maximum [13, 38]. By using the complex correlation function, and applying zero-phase 

crossing technique, it is possible to use the phase information to find sub-integer 

displacement [12, 13, 38, 39]. This technique enables ultrasound to detect tissue 

displacement on the order of several microns, an essential need for MMUS imaging.  
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Figure 2.3: (a) Cross-correlation coefficient calculated by using RF signals (solid) and 
complex baseband signals (dashed). (b) Correlation phase when the 
baseband signal is used (solid) and when analytic signal is used (dashed). 
The graphs are adapted from Lubinski et.al [13]. 
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1.5 CONCLUSION 

In this chapter, three key principles of MMUS imaging were discussed. 

Considering the large penetration depth of magnetic fields within the human body as well 

as the capability of ultrasound-based displacement tracking techniques, magneto-motive 

ultrasound imaging has great potential to detect the presence and distribution of magnetic 

nanoparticles at clinically relevant depths inside biological tissues. 
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Chapter 3:  Superparamagnetic Nanoparticles and their Applications in 
Biomedicine 

Magnetic nanoparticles are a key component of MMUS imaging. Therefore, this 

chapter is dedicated to the introduction of magnetic nanoparticles and their properties and 

to express several of their biomedical applications such as in biomedical imaging and 

therapy. 

3.1 MAGNETISM IN NANO-SCALE : SUPERPARAMAGNETIC NANOPARTICLES 

Magnetic properties of different materials are defined by their responses to an 

applied magnetic field. In general, materials can be classified into five categories in terms 

of their magnetic properties: diamagnetic, paramagnetic, ferromagnetic, 

antiferromagnetic, and ferrimagnetic [1].  

Diamagnetic materials have a very weak negative susceptibility and do not retain 

their magnetic properties after the externally applied magnetic field is removed. 

Paramagnetic materials have small positive magnetic susceptibility but do not retain the 

magnetic properties of the external magnetic field, although the atoms or molecules do 

have a permanent magnetic moment. Ferromagnetic materials have a large and positive 

magnetic susceptibility and can retain their magnetic properties after the external 

magnetic field is removed. In antiferromagnetic materials, atoms have a permanent 

magnetic moment but the magnetic momenst of neighboring valence electrons are 

oriented in opposite directions and therefore their net magnetization or magnetic 

susceptibility is zero. Ferrimagnetic materials can retain their magnetization in absence of 

a magnetic field but similar to antiferromagnetic materials, their adjacent spins have 

magnetic moments in opposite directions. However, the adjacent magnetic moments are 



 30 

of a different magnitude, resulting in a net magnetization in ferromagnetic materials [1-

3]. 

3.2.1 Superparamagnetism and Superparamagnetic Nanoparticles 

One of the most important category of magnetic materials is ferromagnetic 

materials. The most widely used magnetic nanoparticles are made of ferromagnetic 

materials such as Iron, Iron-oxide, Nickel and Cobalt [4].  The magnetic properties of 

ferromagnetic materials are temperature sensitive and above the Curie temperature, these 

materials become paramagnetic [2]. When the size of a ferromagnetic particles is reduced 

to one domain structure, it exhibits another magnetic form which is called 

superparamagnetism [4-6].  

Ferromagnetic materials breaks into magnetic domains in the absence of an 

external magnetic field [4] in order to decrease the net energy of magnetic moments 

produced by the spins of unpaired electrons [4]. The sizes of these magnetic domains 

depend on material type and atomic structure, but it is in range of a few tens of 

nanometers. If the size of a particle is smaller than the domain size, it can only contain a 

single domain [4, 7, 8]. In other words, superparamagnetism occurs in small 

ferromagnetic nanoparticles and is characterized by a single domain structure that has an 

associated magnetic moment that randomly changes directions. Magnetite (iron-oxide) 

with the chemical formula of Fe3O4 is one of the most common superparamagnetic 

nanoparticles in biomedical applications [4, 9-11]. 

 In superparamagnetic nanoparticles, the magnetic moment can randomly flip its 

direction. The time between two flips is called Néel relaxation time which is temperature 

dependent [12]. In the absence of an externally applied magnetic field, Néel relaxation 

time is much shorter than the time required to measure the magnetization of 
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superparamagnetic nanoparticles, and therefore they exhibit zero magnetization. When 

superparamagnetic nanoparticles are exposed to a magnetic field, their magnetic 

moments align with the external field becoming magnetized. Their relaxation time, i.e. 

the time they need to achieve zero magnetization after removing the external magnetic 

field, can be expressed as [13, 14]: 

 

! = ! 0 e
KV
KBT               (3.1) 

 

where ! 0  is the characteristic time, K is the anisotropy energy , V the volume of 

the particle, KB is the Boltzmann constant, and T is the temperature. 

A semi-empirical model applicable for superparamagnetism, first described by 

Langevin in 1905, assumes that an atomic or molecular magnet carries a permanent 

magnetic moment m. The average magnetization resulting from N elementary magnetic 

dipoles in a magnetic field H is given by the expression [15, 16]: 
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where KB is Boltzmann’s constant and T is the temperature.  The Langevin 

equation has been shown to model superparamagnetic nanoparticles by assuming that all 

of the magnetic moments are aligned in the nanoparticle, thus creating a large elementary 

magnetic dipole.   
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3.2 SUPERPARAMAGNETIC NANOPARTICLES AND THEIR BIOMEDICAL APPLICATIONS 

Superparamagnetic nanoparticles (NPs) have been used for various applications. 

For example, these nanoparticles have been used in industrial products such as data 

storage devices [17] and in remediation of environmental water samples [18, 19] . In last 

two decades, magnetic nanoparticles became a strong tool for several biomedical 

applications such as: MRI contrast agent [20, 21], hyperthermia [22, 23], cell labeling 

and separation [24, 25] and drug delivery [26-28]. 

Superparamagnetic nanoparticles possess several unique characteristics, which 

makes them a suitable tool for many applications in biomedicine [4, 9-11].  Their small 

sizes (ranging from a few nanometers to tens of nanometers), enable them to extravasate 

from leaky tumor microvasculature and accumulate in tumors [29, 30]. Moreover, they 

can be functionalized to have specific targeting moieties and therefore label specific cells 

or molecules of interest [31-34]. Comparing the small sizes of magnetic nanoparticles to 

the sizes of cells (10-40 m), viruses (20–450 nm), proteins (5–50 nm), or genes (2 nm 

wide and 10–100 nm long) can indicated their superior ability to label these specific and 

biologically important molecular targets in the human body [9]. 

More specifically, the magnetic properties of these nanoparticles provide 

opportunities for several more applications. For example, remotely manipulating these 

nanoparticles by an externally applied magnetic field [4, 9, 11] which have large 

penetration depth in the human body [35, 36] opens up an opportunity to conduct them to 

a desired sites within tissues [26-28]. Moreover, magnetic nanoparticle can resonate in 

respond to a time-varying magnetic excitation [9] and the energy of the magnetic field 

can be absorbed and converted to heat [37]. Therefore magnetic nanoparticles can 

generate localized heating, which has been effectively used for hyperthermia [33, 38, 39]. 

These characteristics, besides less adverse biosafety side-effects associated with certain 

µ
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types of magnetic nanoparticles [9, 29, 40], has made them as a strong tool for many 

biomedical applications [9]. 

In this section three major applications of magnetic nanoparticles in biomedical 

procedures will be described. 

3.2.1 Superparamagnetic Nanoparticles as Imaging Contrast agents 

Magnetic nanoparticles have been widely used as contrast agent in MRI [9, 41] 

and especially for molecular MRI [42]. There are three major parameters involved in 

MRI signals: the density of spins, longitudinal relaxation time (T1) which is the 

exponential decay constant for the recovery of the longitudinal component of spins, and 

spin-to-spin relaxation time (T2) which is the exponential decay constant in spin 

dephasing [4, 43, 44]. Magnetic nanoparticles can significantly change T1 and T2 

parameters. Of these constants only T1 and especially T2 are subject to modification by 

magnetic contrast enhancers. Since the primary parameter in spin dephasing is the 

interaction between magnetic field and protons, the presence of magnetic nanoparticles 

can strongly change the spin dephasing parameters (i.e. T2 contrast) [4]. These 

nanoparticles generate less contrast for T-weighted MRI images [4, 21, 45, 46].  

3.2.2 Magnetic Nanoparticles for Localized Hyperthermia Therapy 

The main goal in localized hyperthermia therapy procedures is to generate 

localized heat at clinically relevant depths non-invasively [47, 48]. Magnetic 

nanoparticles such as iron-oxide superparamagnetic nanoparticles are well-known for 

significant energy dissipation when they are exposed to an alternating magnetic field 

[37]. Externally applied alternating magnetic field can re-orient the magnetic moments 

within magnetic nanoparticles. This phenomenon is known as Néel relaxation [12] and 

includes the absorption of energy, which is converted to thermal energy    [37, 49, 50]. 
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Besides the energy dissipation due to the change in the magnetic moment alignments, 

magnetic nanoparticles can physically rotate in the presence of an alternating external 

magnetic field [51, 52]. When nanoparticles are located within a viscoelastic medium 

such as tissue, these rotations can create friction and thus generate heat. This 

phenomenon, known as Brownian relaxation, can induce frictional heating, when 

nanoparticles are located within a viscoelastic medium such as tissue. However, the 

frictional heat plays less important rule in nanoparticles-assisted magnetic hyperthermia. 

3.2.3 Superparamagnetic Nanoparticles as Drug Carriers 

Superparamagnetic particles were introduced as drug carriers in late 1970s [53] as 

a technique that can efficiently enhance the localized delivery of drugs and therapeutic 

agents to the site of interest [54]. In these methods, drugs or therapeutic agents are 

attached to or encapsulated within a magnetic particles (microparticles or nanoparticles) 

that acts as a controllable carrier. The carrier itself can be functionalized to have specific 

targeting moiety [55]. Once the drug/magnetic carrier systems are injected to the blood 

stream, a strong magnetic field with high gradient can focus over the site of interest, 

captures the magnetic particles and the drug attached to it, extravasate them at the target, 

and enhance the localized accumulation of drugs within the target tissue [27, 55, 56]. The 

highly selective accumulation of drug and therapeutic agents within the specific therapy 

site can minimize the drug doses and thus prevent side-effects associated with them.  
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Figure 3.1: A magnetic drug delivery system diagram. A permanent magnet is placed 
close to the target tissue and captures the drug (shown in yellow) particles 
that are attached to magnetic nanocarriers (shown in black) from the blood 
stream. The green arrows show the drag forces that causes the accumulation 
of drugs the tissue of interest.  

3.2.4 Superparamagnetic  Nanoparticles for Magnetic Separation 

Magnetic Nanoparticles have been widely used for selective separation of specific 

cells or molecules [57]. These nanoparticles can significantly enhance the efficiency of 

traditional separation techniques such as standard column solid phase separation (SPE) 

and liquid-liquid extraction [11, 58, 59]. In magnetic separation techniques, 

functionalized magnetic nanoparticles are added to a solution that contains specific cells 

or molecules and tags the specific target [60, 61]. Then a magnetic separator (as it is 

shown in figure 3.1 – adapted from Tartaj [11]) can separate the magnetic labeled cells or 

molecules of interest from the suspension. 
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Figure 3.2: A schematic of magnetic nanoparticle assisted separation of substances. In 
this particular case a magnetic nanosphere to which an antibody has been 
anchored is dispersed in a liquid medium containing the antigen (substance 
to analyse). The figure is adapted from adapted from Tartaj et.al [11]. 

3.3 CONCLUSION 

In this chapter, superparamagnetic nanoparticles were introduced as a strong tool 

for several various applications in biomedicine ranging from in-vitro to in-vivo. Utilizing 

these nanoparticles is a basic component of pMMUS imaging. 
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Chapter 4:  Harmonic Magneto-Motive Ultrasound Imaging 

The results of this study have been presented at IEEE UFFC symposium in 2007. 

ABSTRACT 

As it is discussed in previous chapters, MMUS imaging has potential to visualize 

the presence and distribution of magnetic nanoparticles within the tissue. Harmonic 

MMUS utilizes a low frequency sinusoidal magnetic excitation to induce displacement in 

magnetically labeled tissue. In this chapter, the harmonic magneto-motive force and the 

motion of magnetic nanoparticles in response to it will be discussed. Then, some of the 

imaging results will be presented. 

4.1 HARMONIC MAGNETO-MOTIVE FORCE 

Assuming a sinusoidal magnetic flux density along the Z direction (Bz), equation 

2.4 can be re-written as: 

 

 and if Bz (z,t) = B0 (z)cos(2! f0t) , then : 

 

Fm =
vnp fm !np

2µ0
(1" cos(4# f0t)) Bz (z)

Bz (z)
dz

          (4.1) 

 

Equation 4.1 indicates several aspects of magneto-motive force. First, the force is 

linearly proportional to the magnetic properties of magnetic nanoparticles such as 
magnetic susceptibility  

!np  and the geometry (Vnp and fm). Clearly nanoparticles with 

larger magnetic core and made out of materials with larger magnetic susceptibilities can 

experience larger magneto-motive force. Second, the force acting on magnetic 

nanoparticles is proportional to both magnitude and spatial gradient of magnetic flux 

0

np m np z
m z
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density ( ZB (z)). Finally, the oscillation frequency of magnetic nanoparticles is two times 

larger than the excitation frequency. This relationship can be used to reliably suppress 

non-desirable tissue motion from magnetically induced displacement [1-3]. 

4.2 HARMONIC MMUS IMAGING 

4.2.1 Materials and Methods 

To demonstrate the ability of the harmonic MMUS imaging to detect the magnetic 

nanoparticles, tissue mimicking phantom and living macrophage cells with internalized 

custom-designed magnetic nanoparticles were images using a custom-built MMUS 

imaging system [1]. 

4.2.1.1 Magnetic Iron oxide Nanoparticles (MIONs) 

Five nm iron oxide particles were synthesized by coprecipitation of Fe2+ and Fe3+ 

ions in alkaline conditions with a modification of a method described previously [4]. 

Briefly, a dextran aqueous solution with NH4OH at pH 12 was heated in a flask with 

stirring. A freshly prepared FeCl3·6H2O and FeCl2·4H2O aqueous mixture was rapidly 

injected into the solution and the subsequent mixture was centrifuged to remove the 

aggregates and purified by dialysis against deionized water for 24 hrs. Custom-designed 

MIONs were stabilized by 10, 000 molecular weight (MW) dextran [5]. The total or 

hydrodynamic diameter of the MIONs including the dextran coating, measured by 

dynamic light scattering (DLS) (BI-200SM, Brookhaven Ins.) at a measurement angle of 

90°, was 20 ± 5 nm. To investigate magnetic susceptibility of MION nanoparticles, the 

induced magnetization of the nanoparticles was measured as a function of the applied 

magnetic field strength using a super-conducting quantum interference device (SQUID, 

Quantum Design, Inc.) at 300K. The sharp increase in magnetization (from 0 to 80% of 
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saturation) at a relatively low (0-2 Tesla) field strength along with the saturation value of 

50 emu/g of iron oxide is typical for this type of small MION. 

4.2.1.2 Tissue-mimicking Phantoms 

Tissue-mimicking phantoms: The experiments were first performed using tissue-

mimicking phantoms (Fig. 4.1). The phantoms consisted of the holder made out of 5% 

polyvinyl alcohol (PVA) material simulating background tissue, and insertable 5% PVA 

inclusions with different concentrations of MIONs (Fig. 4.1). The concentration of 

nanoparticles in inclusions varied from 0.014 to 0.42 (mg Fe) per cubic centimeter of 

mixture while control inclusion did not contain magnetic nanoparticles. In addition, 40 

"m silica particles were added to all inclusions to act as ultrasonic scatterers. To crosslink 

PVA, the inclusions and the holder went through 2 freeze/thaw cycles. 

 

   

Figure 4.1: left: Tissue mimicking phantoms with different nanoparticles concentration, 
Right: Inclusion embedded in PVA holder background 

4.2.1.3 Phantom with Macrophage cells 

The second set of experiments was performed using phantoms with living cells 

using the murine monocytes – macrophages (J774A.1 cell line). Two separate phantoms 

were prepared. The control phantom consisted of the macrophage cells embedded into 

10% gelatin gel. The second phantom contained macrophages loaded with nanoparticles. 

Cells were cultured in DMEM, supplemented with 5% FBS at 37°C in a 5% CO2. To load 
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cells with MIONs, they were incubated with a suspension of nanoparticles and diluted 

five or ten times from the initial suspension concentration in culturing media for 24 

hours. Like most cells of macrophage phenotype, the J774A.1 cells rapidly uptake 

nanoparticles. In addition, the dextran coating of our MIONs further inhibits macrophage 

recognition. 

To prepare 3-D phantoms with cell cultures, the intact (control) and MION-loaded 

macrophages were harvested and mixed with warm (35°C) 10% gelatin and 0.5% silica 

particles. The concentration of the intact and MION-loaded cells in each gelatin solution 

was approximately the same. The cells were then placed on a 1-2 mm thick substrate 

prepared out of pure 10% gelatin, and another thin layer of 10% gelatin was poured on 

top of the cells. Therefore, the cells were prevented from diffusing into PBS solution 

during the MMUS imaging studies. 

The cells from each phantom were imaged optically using a Leica DM 6000 

upright microscope in epi-illuminated darkfield mode. Images were collected through a 

20!, 0.5 NA darkfield objective lens with 12-bit CCD camera (Fig. 4. 2). The control 

sample does not contain any magnetic nanoparticles and hence the cells appear bluish 

white due to their intrinsic light scattering properties. The targeted sample shows orange 

colored cells caused by the light scattering from the MOINs. 
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Figure 4.2: Optical dark-field microscope images of: (left) the control cells appearing in 
bluish white, and (right) cells with nanoparticles.  

4.2.1.4 Harmonic MMUS Imaging System 

The MMUS imaging system consisted of a magnetic field generator interfaced 

with ultrasound imaging system. The magnetic field was generated by a solenoid (Ledex 

6EC, Saia-Burgess, Inc.) with an iron core to focus the field. To control the strength and 

frequency of the applied magnetic field, the electric current in the solenoid was adjusted 

using a function generator connected to a current amplifier. The photograph of the 

imaging system is shown in figure 4.3. 

 

 

Figure 4.3: The photograph of the first MMUS imaging system prototype used to 
perform harmonic MMUS imaging experiments. 
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Two types of ultrasound imaging systems were used – one operating with an array 

of ultrasound transducers and another one equipped with a mechanically scanned single 

element focused ultrasound transducer. A specimen (e.g., tissue-mimicking phantom) 

was placed into small rectangular plastic container filled with water to provide acoustic 

coupling between ultrasonic transducer and specimen. The sample was imaged from the 

top while the magnetic excitation of the sample was provided by the solenoid positioned 

underneath the bottom surface of the water tank. The air gap between the water tank and 

iron core tip was about 1 mm to avoid any direct contact between the sample and 

magnetic field generator. Magnetic force acting on the sample with nanoparticles was 

varied by applying a sinusoidal (1-10 Hz) current to a solenoid with a conical iron core. 

Specimens were imaged using pulsed wave Doppler, power Doppler, M- mode and 

grayscale B-scan. 

To quantitatively measure the internal displacement of the tissue, the ultrasound 

pulse-echo signals were captured using a 25 MHz, single element, focused (F/#=2) 

ultrasound transducer interfaced with ultrasound pulser/receiver (V324 and 5073 PR, 

Panametrics, Inc.). A 12 bit, 100 MS/s A/D card (Gage Applied, Inc.), controlled by a 

custom-designed module programmed using Labview (National Instruments, Inc.) was 

used to capture ultrasound RF signals. The pulse repetition frequency (PRF) of the pulser 

was set to 200 Hz and 1000 lines were captured during 5 second time interval. M-Mode 

image was reconstructed off-line from collected data. The tissue displacement was 

computed using cross-correlation based approach. Specifically, the displacements 

between the stationary pulse-echo signal (several reference RF lines captured first) and 

consecutive signals acquired during magnetic field excitation of the samples were 

estimated by calculating the sub-pixel motion between the RF lines. To further improve 
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accuracy of the estimates, we used the bottom of the tank as the stationary reference for 

motion calculation, i.e., the motion relative to the bottom of the tank was analyzed. 

The MMUS imaging of phantom with intact macrophages and phantom MION-

loaded macrophage cells in the phantoms were performed using multi-channel imaging 

systems (Sonosite 180 Plus by Sonosite, Inc. and Sonic RP by Ultrasonix, Inc.) equipped 

with a 38 mm aperture, broadband (10 ~ 5 MHz) linear array transducer. In contrast with 

single element, mechanically scanned transducer, the array-based ultrasound imaging 

system is capable of real-time 2-D grayscale, color Doppler, and power Doppler imaging. 

Therefore, in addition to pulsed wave Doppler, the array-based system was used to 

qualitatively image magnetically induced internal motion within the 2-D imaging plane. 

4.2.2 Results and Discussion 

The typical M-mode image indicating magnetically induced motion within the 

phantom with large concentrations of magnetic nanoparticles is presented in figure 4.4. 

The phantom was imaged along the center vertical line. The frequency of the magnetic 

field was set to 2 Hz while a 4 Hz sinusoidal pattern of the displacement was detected in 

the M-mode image. This result is consistent with theoretical expression given in (4.1). 
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Figure 4.4: M-Mode image captured by 25 MHz single element transducer. Applied 
sinusoidal frequency is 2 Hz. 

The results from the phantom studies are summarized in figure 4.5. Clearly, phantoms 

with higher concentrations exhibit larger motion – there is almost a monotonic increase in 

displacement amplitude with increased concentration of nanoparticles. When injected 

intravenously, the concentration of nanoparticles in tumor is expected to reach more than 

0.07 mgFe/cc – our results suggest that detectable motion can be reliably achieved and 

measured in real tumors. 
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Figure 4.5: Amplitude of the displacement detected in tissue mimicking phantoms with 
different concentration of magnetic nanoparticles 

B-Scan (grayscale) and power Doppler images of phantoms with macrophage 

cells are presented in figure 4.6. Although different, the grayscale images of both 

phantoms cannot differentiate between the samples as the difference in images is only 

derived from non-specific variations in the phantom materials. 

 

!"#$%#&'(&)"#*"+*#(#",('&)$-%. 
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Figure 4.6: The top row shows the B-scan images of the samples and the bottom row 
shows the power Doppler images. 

The power Doppler images of the phantoms in the presence of 1 Hz harmonic 

magnetic field are drastically different. The phantom with MION-loaded cells clearly 

exhibits the motion detected using power Doppler. In contrast, no measurable motion of 

the tissue was observed in control sample containing macrophage cells only. 

To analyze the frequency content of the magnetically induced motion, the pulsed 

wave Doppler (PWD) was used. The PWD measurements were performed at different 

frequencies, and the frequency of the measured PWD signal was always two times 

smaller than the excitation frequency of the magnetic field. An example of one such 

measurement is presented in figure 4.7, where phantom response to 5 Hz magnetic field 

is, as expected, measured at for 10 Hz. Furthermore, the presence/absence of the motion 

is clearly correlated with the presence of the magnetic field. 
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Figure 4.7: Pulsed wave Doppler response of the phantom motion. The peak Doppler 
pattern exhibits a periodicity at exactly twice frequency of the applied signal 
(excitation field was applied at 5 Hz) 

The results presented in figures 4.6 and 4.7 clearly demonstrate magnetically 

induced motion in MION-loaded macrophage cells. The same behavior is expected from 

the cells with molecularly targeted magnetic nanoparticles. Therefore, our results suggest 

the possibility of cellular molecular MMUS imaging using bioconjugated magnetic 

nanoparticles [6]. 

The results indicate that MMUS imaging can be used to detect and localize the 

iron oxide nanoparticles in tissue. The Doppler measurement indicated that the induced 

motion within tissue-mimicking and cell phantoms was two times larger than the 

frequency of the magnetic field. This predictable frequency response may be utilized in 

in-vivo measurements where unwanted signal from physiological motion of the tissue can 

be effectively filtered out by applying a filter in the frequency domain.  
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Chapter 5:  Pulsed Magneto-Motive Ultrasound Imaging 

The results of this study have been published in Molecular Imaging Journal in 

2011.  

ABSTRACT 

Nano-sized particles are widely regarded as a tool to study biological events at the 

cellular and molecular levels. However, there are only several of imaging modalities that 

can visualize interactions between nanoparticles and living cells. A new technique – 

pulsed magneto-motive ultrasound imaging, capable of in vivo imaging of magnetic 

nanoparticles in real-time and at sufficient depth is introduced in this chapter. In pulsed 

magneto-motive ultrasound imaging, an external high-strength pulsed magnetic field is 

applied to induce motion within magnetically labeled tissue and ultrasound is used to 

detect the induced internal tissue motion. Experiment results demonstrated a sufficient 

contrast between normal and iron-laden cells labeled with ultra-small magnetic 

nanoparticles for ultrasound detection of magnetic nanoparticles. Therefore, pulsed 

magneto-motive ultrasound imaging could become an imaging tool capable of detecting 

magnetic nanoparticles and characterizing cellular and molecular composition of deep-

lying structures. 

5.1 INTRODUCTION 

Unraveling of the molecular pathways of diseases and thus detecting pathology at 

early stages of development is possible through monitoring cellular and molecular 

mechanisms of diseases. To this end, significant efforts have been directed toward design 

and development of new imaging techniques, capable of visualizing biological events at 

molecular and cellular level. Molecular imaging, in contrast with classical diagnostic 
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imaging, aims to probe specific molecules or cells that are the basis of disease at the early 

stages of development [1]. Methods for molecular imaging are based on detecting a 

contrast between background tissue and specifically targeted cells or molecules. 

Therefore, utilizing contrast agents that can bind to a specific biological entity is an 

essential requirement in any molecular imaging technique. These contrast agents should 

be biocompatible, be able to overcome biologic delivery barriers (vascular, interstitial, 

cell membrane), bind to specific cell or molecule, be retained long enough to be detected, 

and provide a clear contrast between normal cells and cells with desired targeted 

molecules [2].  

Nanoparticles are attracting considerable interest as contrast agents in many 

molecular imaging modalities. The small size of nanoparticles makes them proper for 

binding to a biological entity of interest. In addition, the development of biocompatible 

nanoparticles that have the desired molecular targeting moiety provides a controllable 

“tagging” mechanism. Metal-based nanoparticles are being extensively used as molecular 

specific contrast agents for various imaging modalities such as optical imaging and 

magnetic resonance imaging (MRI) [3].  

Among various types of particles, magnetic nanoparticles are already used in a 

wide range of biomedical applications. Their controllable small size and the magnetic 

response to an external magnetic field gradient made them a suitable tool in several 

applications of biomedicine such as molecular MR imaging, cell labeling and magnetic 

separation, drug delivery, and hyperthermia [4]. During the past decade, several different 

types of magnetic nanoparticles have been introduced as MRI contrast agents. Because of 

their small size, magnetic nanoparticles can extravasate from leaky tumor vasculature 

microvasculature, accumulate in tumors and bind to a specific cell type [5]. Moreover, 

they remain in circulation without inducing blood vessel embolism. The magnetic 



 57 

properties of these nanoparticles above a certain temperature (blocking temperature) are 

identical to that of superparamagnetic materials with a large magnetic moment and thus 

large susceptibility. These superparamagnetic nanoparticles do not magnetically interact 

with each other in the absence of an external magnetic field because their net magnetic 

moments are randomized and vanish macroscopically. Therefore, magnetic nanoparticles 

are very stable under the physiological conditions and thus are very attractive for 

biomedical applications [6].  

Currently, radionuclide imaging, magnetic resonance imaging (MRI) and optical 

imaging are the major molecular imaging modalities. Positron emission tomography 

(PET) and single photon emission computed tomography (SPECT) use radionuclide 

probes to provide quantitative information of cellular and molecular content of tissues. 

These techniques can visualize very low concentrations of radionuclide probes. However, 

the spatial and temporal resolutions of radionuclide imaging are limited. Moreover, in 

radionuclide imaging, biologically important chemicals are labeled with radioactive 

materials and, therefore, there are concerns about the biological safety of tissues exposed 

to radioactive materials. MRI molecular imaging uses superparamagnetic agents to label 

molecules and cells and to detect them through changes in magnetic properties (i.e., 

relaxation time) of tissue. Although molecular MRI has high spatial resolution, it is 

relatively expensive and not a real-time imaging modality. Optical molecular imaging 

systems use optical detectors to detect the light emitted by fluorescent and 

bioluminescent probes in visible or near infrared wavelengths. Unfortunately light can 

travel only a few hundreds of micrometers in tissue before it scatters, therefore, the 

optical imaging is depth-limited. Consequently, there is a need for a robust functional and 

structural molecular imaging technique that can overcome the limitations of current 

molecular imaging modalities [7-9]. 
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Ultrasound (US) imaging – a non-ionizing, real time and cost effective imaging 

modality, represents an additional suitable candidate for molecular imaging. However, 

ultrasound is not capable of visualizing the events at molecular and cellular levels 

because of limited spatial resolution and contrast. Ultrasound contrast agents such as 

microbubbles, perfluorocarbon droplets and liposome, have been introduced to enhance 

and improve the quality of ultrasound images but they these agents are not ideal for 

cellular and molecular ultrasound imaging. Microbubbles are too large to cross the 

microvasculature, therefore limiting the accessible cellular/molecular targets. They also 

have short life spans in the circulation system and may collapse when exposed to 

ultrasound pressure waves. Perfluorocarbon droplets and liposomal contrast agents do not 

produce strong ultrasound reflections and thus cannot provide significant contrast in 

ultrasound images [2,10]. Finally, metal nanoparticles cannot be directly used as 

molecular probes in ultrasound imaging due to their small size and weak ultrasound 

reflectivity. 

However, ultrasound-based imaging techniques can be used to image molecularly 

targeted nanoparticles. Magneto-motive ultrasound (MMUS) imaging [11,12], capable of 

visualizing magnetic nanoprobes through their dynamic response to an externally-applied 

magnetic field, is an example of such an imaging technique. In MMUS imaging, a high 

strength continuous-time harmonic magnetic field is used to induce motion within the 

magnetically labeled tissue and ultrasound imaging is used to detect the internal tissue 

displacement. However, imaging of deep-lying tissue structures with higher sensitivity 

requires stronger magnetic excitation because the induced tissue motion is proportional to 

the magneto-motive force which, in turn, is proportional to magnetic flux density 

squared.13 Unfortunately, a harmonic magnetic field of finite amplitude can generate heat 

in magnetically labeled cells and tissue – indeed, thermal damage is one of the possible 
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concerns associated with the safety of harmonic MMUS imaging. Consequently, using 

MMUS to image deeper tissue structures is limited by thermal constraints [14]. 

Furthermore, there are several hardware limitations associated with the relatively long 

operation time in harmonic MMUS, which results in significant heating within both the 

current amplifier and the magnetic coil. Moreover, the strong harmonic magnetic field 

requires high current to drive the coil which is not feasible at higher frequencies due to 

the coil inductance. To overcome these limitations, pulsed magneto-motive ultrasound 

(pMMUS) imaging approach capable of high-sensitivity imaging of magnetic 

nanoparticles at significant depth is developed. In pulsed magneto-motive ultrasound 

(pMMUS) imaging, a pulsed magnetic excitation is utilized instead of a continuous-time 

field while the contrast mechanism remains the same as in MMUS imaging. 

When a magnetically labeled tissue is exposed to an external time-varying 

magnetic field, the magnetic moments of nanoparticles are aligned with the magnetic 

field. Therefore, the magnetic nanoparticles and thus the associated tissue tend to move 

towards lower magnetic potential. The motion of a magnetic particle depends on the 

spatio-temporal characteristics of the magneto-motive force and on the viscoelastic 

properties of the surrounding tissue. The magneto-motive force (Fm) acting on a magnetic 

nanoparticle causes displacement of surrounding tissue, which can be expressed as: 

 

  Fm = (m.!)B ,               (5.1) 

where m is the magnetic moment. Considering the z-directional component of the 

magnetic field (Bz) and the magnetic moment (mz), the magneto-motive force Fmz acting 

in z-direction can then be expressed a  Fmz = (mz .!)Bz . For a magnetic nanoparticle located 

in a weakly diamagnetic medium such as tissue, the magnetic moment, mz can be written 
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as z m zm V M=  where Vm is the volume of the magnetic portion of the nanoparticle and zM  

is the z-directional volumetric magnetization. The volume of the magnetic portion of the 

nanoparticle ( mV ) can be denoted as Vm =Vnp ! fm , where Vnp is the total size of the 

nanoparticle and fm  is a dimensionless factor that represents the volumetric ratio of 

magnetic material in a nanoparticle. The z-directional volumetric magnetization, zM , can 

be written as Mz = (!np " !medium )Hz , where Hz is the magnetic field strength in z-

direction and np!  is the volume magnetic susceptibility of the nanoparticle. Assuming 

that Bz does not change significantly over the nanoparticles due to its small size, the 

volumetric magnetization Mz can be expressed as 
0

z
z np

B
M !

µ
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magneto-motive force is: 
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equation (2) can be simplified to: 

  
Fmz =

Vnp fm! np

µ0

Bz

"Bz

"z
.             (5.4) 

According to equation (5.4), the magneto-motive force is directly proportional to 

the magnetic flux density and its gradient over the distance from the source. It also 

depends on the geometric and magnetic properties of the nanoparticles [13-15].  
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Larger magneto-motive force can be obtained by using materials that exhibit 

larger magnetic susceptibility. Table 1 compares the magnetic properties of several types 

of tissues/cells with magnetic materials which are commonly used in synthesis of 

magnetic nanoparticles. Negative values for mass magnetic susceptibility indicate the 

material with diamagnetic properties. The mass magnetic susceptibility for magnetic 

nanoparticles was measured using superconducting quantum-interference-device 

(SQUID) susceptometer. To compare the magnetic properties of soft tissue and the 

magnetic nanoparticles quantitatively, the volume magnetic susceptibilities of various 

human soft tissue were converted to mass magnetic susceptibilities assuming that the 

densities of red blood cells (deoxygenated), hemoglobin molecules (deoxygenated), 

whole blood (deoxygenated) and human tissue (including liver) are 1093 kg/m3, 

1335 kg/m3, 1057 kg/m3 and 1050 kg/m3, respectively [15]. The significant difference 

between magnetic susceptibility of normal tissue and the magnetic nanoparticles is the 

basis of the contrast mechanism in pulsed magneto-motive ultrasound imaging. 
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Material Magnetic susceptibility (emu/gr) 

Water (37 ºC) -6-9.05 10!  

Red blood cell (deoxygenated) -6-5.96 10!  

Hemoglobin molecules (deoxygenated) -60.11 10!  

Whole blood (deoxygenated) -6-7.47 10!  

Air -6300 10!  

Human tissues -6~ (-11 to -7) 10!  

Liver (severe iron overload) ~ 0 

Feridex I.V. – 5 nm core size – FeO1.44 ~ 53.43 

 20-30 nm Fe3O4 nanoparticles 69.34  

20 nm carbon coated cobalt nanoparticles 131.95  

Table 5.1: Mass susceptibility of various tissue constituents and magnetic 
nanoparticles. 

5.2 MATERIALS AND METHODS 

In this study, superparamagnetic iron-oxide (SPIO) nanoparticles (Feridex I.V., 

Bayer Healthcare, Inc.) were used as magnetic nanoprobes. The size and morphology of 

the magnetic nanoprobes were characterized by transmission electron microscope (TEM) 

and dynamic light scattering (DLS). While the TEM measured iron-oxide core size of 

particles was 5 nm (Fig. 5.1a), the DLS measured volume-averaged hydrodynamic 

diameter of the nanoprobes including the dextran coating was about 87 nm (Fig. 5.1b). 

The induced magnetization of the nanoprobes was measured at 300 K using a super-

conducting quantum interference device (SQUID). The sharp increase in magnetization 

(from 0 to 80% saturation) at a relatively low (0-1 Tesla) field strength along with the 
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saturation value of 53.43 emu/g of iron oxide is typical for this type of small nanoprobe 

(Fig. 5.1c).  
 

 

Figure 5.1: (a) High-resolution TEM image of the nanoprobes; (b) DLS measurement of 
nanoprobes, (c) SQUID measurements of magnetization of nanoprobes at 
different applied field. 

The block diagram of the custom-built pMMUS imaging system used for this 

study is shown in Figure 5.2 a. A focused high-frequency single-element ultrasound 

transducer and an ultrasound pulser/receiver were utilized to capture ultrasound radio-

frequency (RF) signal. The magnetic field generator was based on a commercially 

available magnetic pulser (MPG5, SOTA, Inc.). In order to meet the imaging system 

requirements, the pulser was modified to output a trigger signal prior to the magnetic 

pulse. The pulser was connected to a coil consisting of 270 turns with an inductance of 

2.5 mH and the DC resistance of 0.56 & at room temperature. The coil was measuring 

60-mm in outer diameter, 20-mm in inner diameter and 20-mm in height. To increase the 

magnetic flux density and also to localize the magnetic field in the desired imaging 
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region, a custom-built cone shaped iron core, made of ferritic stainless steel, was 

embedded into the center of the coil. Ferritic stainless steels exhibit soft magnetic 

properties such as high relative magnetic permeability, low coercive force and low 

residual induction. The core was cylindrically shaped with a 5 mm diameter and 21 mm 

height. To better focus the field into a smaller region of interest a symmetrical conic 

frustum was cut at 56 degrees and positioned at the top of the cylindrical core. The 

conical region measures 3 mm tall, and the cone tapers up from the 5 mm cylindrical 

diameter to a diameter of 1 mm. The magnetic pulse strength, measured 5 mm above the 

iron-core tip using a digital gaussmeter (DSP 475, Lakeshore Inc.), was 0.6 Tesla. Prior 

to experiment, the focal point of ultrasound transducer and the iron-core tip were aligned. 

To obtain gray-scale and magneto-motive ultrasound images, the samples were placed in 

a water cuvette and mechanically scanned over the region of interest using a motion axes 

system (Zaber Technologies Inc.). A microprocessor-based unit was utilized to control all 

of the timing and positioning signals [16]. Specifically, the trigger pulse, issued several 

milliseconds ahead of the magnetic pulse, was used to initiate the ultrasound 

pulser/receiver as well as the data acquisition unit (12-bit A/D converter operating at 200 

MS/s sampling rate). The same unit controlled the duration of captured ultrasound pulse-

echo RF signal. Furthermore, the unit was designed to send the signal to motion axis after 

the required data were captured at a certain position. 
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Figure 5.2: (a) Diagram of a custom-built pulsed magneto-motive ultrasound (pMMUS) 
imaging system. (b) Temporal displacement of a normal tissue (dotted 
orange line) and a magnetic inhomogeneity such as tissue labeled with 
magnetic nanoparticles (solid green line) in response to an externally 
applied pulsed magnetic field. The pMMUS signal represents the maximum 
induced displacement measured by analysis of ultrasound frames obtained 
before, during and after the magnetic excitation. 

To measure the magnetically-induced internal motion within the samples, pulse-

echo ultrasound signals before, during and after the application of the magnetic pulse 

were captured. The relatively short (6-10 ms) magnetic pulses caused the magnetically 

labeled tissue to move reaching the maximum displacement within a few milliseconds 

after the magnetic pulse. Therefore, ultrasound pulse-echo RF signals were collected for 
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50 milliseconds after application of the magnetic pulse. To insure reliable measurement 

of the tissue displacement, the high (5 KHz) pulse repetition frequency was used to 

generate pulse-echo ultrasound signals every 200 microseconds. The tissue motion was 

detected using a block-matching motion tracking algorithm where cross-correlation 

between reference RF signals captured before a magnetic pulse and the consecutive RF 

signals was used to find the tissue displacement [17]. In this correlation based speckle 

tracking method, the displacement is estimated by finding the time-delay between the 

reference signal and the captured signal at different time points through a maximum 

likelihood estimator [18]. To eliminate the bulk motion of the sample, the bottom of the 

water cuvette was used as a stationary reference – the detected motion of the boundary 

was subtracted from the sample motion. The maximum displacement at each position 

within the imaging plane was then used to form the magneto-motive ultrasound image.  

To test the sensitivity of the custom-built pMMUS system, experiments were 

performed using 2-mm diameter cylindrical tissue-mimicking samples made out of 8% 

polyvinyl alcohol (PVA) mixed with different concentrations of magnetic nanoprobes 

(3.5, 8.5, 17 and 34 µmol Fe per cubic centimeter of mixture). The control PVA sample 

had no magnetic nanoprobe. In addition, 0.5% of 15 µm silica particles were added to the 

samples to provide ultrasound contrast. The prepared solutions of PVA and additives 

underwent four 12-hour freeze/thaw cycles to produce viscoelastic samples closely 

resembling acoustic and mechanical properties of tissue.19 Tissue mimicking samples 

were mechanically scanned using a single-element focused ultrasound transducer 

(48 MHz center frequency, 5.5 mm focal depth, f-number of 1.4). The size of the lateral 
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steps was selected to be less than half of the ultrasound beam width (25 µm) to satisfy 

sampling requirement. 

To demonstrate the capability of pMMUS as a cellular/molecular imaging 

technique, a set of experiments was performed using mouse kidney tissue injected with 

magnetically labeled macrophages suspended within 10% gelatin.  Mouse monocytes – 

macrophages (J774A.1 cell line) with a high rate of non-specific uptake- were cultured in 

DMEM, supplemented with 5% FBS at 37º C in a 5% CO2 environment. To 

magnetically label cells, macrophages were incubated in a suspension of Feridex I.V. 

solution diluted to 0.2 mgr/ml Fe. After 24 hours incubation, cells were harvested and 

mixed with 10% gelatin and 0.5% of silica particles. The mixture, kept at 35º C 

temperature, was injected into a parenchyma of a fresh mouse kidney, and the sample 

was then cooled down to allow gelatin implant with cells to harden. Prior to imaging 

experiment, the kidney was positioned and restrained in a water cuvette. Ex-vivo 

experiments were performed using a single-element ultrasound transducer (7.5 MHz 

center frequency, 50.8 mm focal depth, 12.7 mm diameter aperture, f-number of 4) 

scanned laterally with 200 !m steps. The tissue displacements less than a certain 

threshold (15 µm) were considered as background noise and were eliminated from the 

magneto-motive ultrasound image. 

5.3 RESULTS AND DISCUSSION 

The gray-scale ultrasound and magneto-motive ultrasound image of tissue-

mimicking samples are presented in Fig. 5.3A and Fig. 5.3B, respectively. Ultrasound 
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attenuation is increasing at higher frequencies and is significant at 48 MHz [20]. The 

ultrasound signals received from lower portion of the inclusions are attenuated more 

compared to signals from the upper part of the inclusion. In addition, the non-uniformity 

of the ultrasound backscattered signal could be attributed to non-uniform distribution of 

silica particles within the inclusion. As evident from images in Fig. 5.3A, ultrasound 

imaging cannot differentiate between inclusions containing different concentrations of 

magnetic nanoprobes. However, the magneto-motive ultrasound imaging (Fig. 3B) not 

only identifies the iron-laden inclusions, but also demonstrates the dependence of 

pMMUS signal on the concentration of magnetic nanoprobes.  Figure 3C represents the 

average displacement within each inclusion containing different concentrations of 

nanoprobes. There was a small (<25 µm) displacement measured within the control (no 

nanoprobes) sample – this is due to mechanical vibration transmitted to the sample via 

the water cuvette. The variation in measured displacements is attributed to several factors 

including the non-uniform distribution of magnetic agents within the mixture, pulse-to-

pulse variations of magnetic field and small error in correlation-based motion estimator. 

Nevertheless, the sensitivity of pMMUS method is high and can be further improved by 

increasing the strength of the applied magnetic field and by utilizing magnetic 

nanoprobes with higher magnetic susceptibility.  
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Figure 5.3: (A) Gray-scale ultrasound image and (B) Pulsed magneto-motive ultrasound 
image of tissue-mimicking samples with different concentrations of SPIO 
(left to right: 34, 0.0, 8.5, 3.5, and 17 µmol Fe/ml mixture). Motion within 
the samples was induced by a magnetic field measuring 6,000 Gauss near 
the inclusions. The field of view in both images is 20 mm by 7.78 mm. 
(C) The mean and standard deviation of the displacement measured in 
samples with different concentrations of magnetic nanoprobes. 
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Figure 5.4 summarizes the results of the ex-vivo pMMUS imaging of tissue 

samples with magnetically labeled cells. The dark-field microscope image of control 

(Fig. 5.4A) and labeled (Fig. 5.4B) cells clearly demonstrate the uptake of iron-oxide 

nanoprobes by cells. Although the ultrasound image (Fig. 5.4C) identifies the location of 

the gelatin inclusion within the background tissue, the contrast in this image is not related 

to the presence of the nanoprobes. Indeed, the size of nanoprobes is too small compared 

to ultrasound wavelength and the low concentration of nanoprobes does not significantly 

affect the acoustic properties of the tissue (see, for example, Fig. 5.3A). However, 

magneto-motive ultrasound image (Fig. 5.4D) clearly detects the presence of 

magnetically labeled cells within the tissue background. 

 

 

Figure 5.4: Optical dark-field reflectance images of (A) intact murine macrophages and 
(B) cells labeled with SPIO.(C) B-scan ultrasound image and (D) combined 
ultrasound and pulsed magneto-motive ultrasound image of a murine kidney 
with inclusion. The arrows in ultrasound image indicate the location of 
magnetically labeled cell injected into kidney. 
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In this experiment, kidney tissue served as a control because of its negligible 

magnetic susceptibility compared to magnetically labeled cells. The small difference 

between the kidney and injected cells in B-scan ultrasound image is related to structural 

differences between the kidney tissue and cells within gelatin. Contrarily, the magneto-

motive ultrasound image exhibits significant contrast between the cells and background 

tissue based on the presence of magnetic nanoparticles within the labeled cells. The tissue 

motion is primarily confined to the inclusion although there is a negligible motion near 

the inclusion due to the mechanical coupling between the inclusion and background 

tissue. However, the background motion is rapidly reduced in regions that are farther 

away from the inclusion. The average displacement measured within the relatively stiff 

gelatin inclusion was tens of micrometers. Softer background is anticipated in in-vivo 

experiments. Therefore, the results presented in Fig. 5.4 suggest that pMMUS imaging 

has sufficient sensitivity to localize the magnetic nanoprobes in tissue.  

The current imaging system was based on mechanically scanned single-element 

ultrasound transducer and, therefore, was not capable of real-time imaging - the post-

processing algorithms were required to reconstruct both ultrasound and pMMUS images. 

Real-time magneto-motive ultrasound imaging is possible by utilizing a high frequency 

array-based ultrasound imaging system along with a modified magnetic field generator 

that provides a strong magneto-motive force in the imaging region. Furthermore, 

normalizing the tissue motion with respect to the magneto-motive force can provide more 

accurate information on the magnetic content of the tissue.  
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The sensitivity of pMMUS system depends on several parameters including 

magnetic excitation field, magnetic properties of the nanoprobes, concentration of 

nanoprobes within the object, and the viscoelastic properties of the surrounding medium. 

Strength of magnetic field can be enhanced by utilizing a high power amplifier that can 

drive the high inductive coils with large amount of current. Furthermore, the shape and 

duration of the magnetic pulse can also affect the sensitivity of pMMUS imaging. Using 

nanoprobes with higher magnetization such as iron-cobalt nanoparticles can lead to 

higher sensitivity due to larger magneto-motive force and thus larger tissue displacement 

[21-26]. Increasing the concentration of magnetic nanoprobes in the desired region can 

also improve the signal to noise ratio (SNR) in pMMUS images. Local concentrations of 

nanoparticles can be increased by utilizing magnetic nanoprobes conjugated with a 

desired targeting moiety [27-30]. Furthermore, the magnetic properties of nanoprobes 

provide the opportunity to deliver more nanoprobes to a desired site by using an external 

static magnetic field [31-34]. Consequently, pulsed magneto-motive ultrasound imaging 

can be suitable for in vivo applications where magnetic nanoprobes are targeted to 

specific biomarkers. For in vivo applications, one of the main challenges will be to 

separate the magnetically-induced displacement from the tissue displacement induced by 

cardiac and respiratory systems. Several studies have shown that “motion gating” 

algorithms can effectively minimize the effect of cardiac and respiratory motion during in 

vivo imaging [35-37]. In pMMUS imaging, the magnetically-induced motion within the 

tissue is time controlled through triggering of the magnetic excitation pulse and therefore 

can be similarly time-gated, thus helping to differentiate between natural and induced 
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tissue motion.  Moreover, the relatively rapid magnetically-induced motion of the iron-

laden tissue with a well-known temporal behavior can be separated from slowly-varying 

background tissue motion introduced by respiratory or cardiac activity.  In clinical 

implementation of the pMMUS system, an ultrasound transducer array will allow 

electronic scanning of the ultrasound beam, eliminating necessity of any mechanical 

movement. Furthermore, magnetic field may be produced by an external coil or a coil 

incorporated within hand-held ultrasound probe. 

Interestingly, since the dynamic behavior of magnetic nanoprobes depends on the 

mechanical properties of the tissue, the measured motion can be used to assess the 

mechanical properties of the surrounding tissue [38]. Therefore, pMMUS can be 

developed into an imaging system capable of “remote palpation” of tissue, allowing in 

vivo assessment of mechanical properties of soft tissues. 

In conclusion, this study demonstrated the capabilities of pulsed magneto-motive 

ultrasound imaging, augmented by small, non-toxic magnetic nanoprobes, as a new 

imaging modality capable of visualizing events at the molecular and cellular levels. The 

pulsed nature of pMMUS imaging allowed a higher magnetic field to be applied to tissue, 

thus enabling the imaging of deeper tissue structures with sufficient sensitivity.  
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Chapter 6:  Enhanced Pulsed Magneto-Motive Ultrasound Imaging 
Using Superparamagnetic Nanoclusters 

The results of this study have been published in Nanotechnology in 2011.  

ABSTRACT 

Pulsed magneto-motive ultrasound (pMMUS) imaging augmented with ultra-

small magnetic nanoparticles has been introduced as a tool capable of imaging events at 

the molecular and cellular levels. The sensitivity of pMMUS system depends on several 

parameters including size, geometry, and magnetic properties of the nanoparticles. Under 

the same magnetic field, larger magnetic nanostructures experience stronger magnetic 

force and produce larger displacement, thus improving the sensitivity and signal-to-noise 

ratio (SNR) of pMMUS imaging. Unfortunately, large magnetic iron-oxide nanoparticles 

are typically ferromagnetic and thus are very difficult to stabilize against colloidal 

aggregation. In the current study, the improvement of pMMUS image quality by using 

large size superparamagnetic nanoclusters characterized by strong magnetization per 

particle is demonstrated. Water-soluble magnetic nanoclusters with two sizes (15 nm and 

55 nm average size) were synthesized from 3 nm iron precursors in the presence of citrate 

capping ligand. Size distributions of synthesized nanoclusters and individual 

nanoparticles were characterized using dynamic light scattering (DLS) analysis and 

transmission electron microscopy (TEM). Tissue mimicking phantoms containing 

dispersed nanoparticles and two sizes of nanoclusters were imaged using a custom-built 

pMMUS imaging system. While the magnetic properties of citrate coated nanoclusters 

are identical to that of superparamagnetic nanoparticles, the magneto-motive signal 

detected from nanoclusters is larger, i.e. the same magnetic field produced larger 

magnetically induced displacement. Therefore, this study demonstrates that clusters of 

superparamagnetic nanoparticles result in pMMUS images with higher contrast and SNR. 
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6.1 INTRODUCTION 

Ultrasound imaging is widely used in clinical practice due to several advantages 

such as being non-ionizing, noninvasive, cost effective, portable, real-time, and 

possessing reasonable contrast and spatial resolution. By providing physicians with high 

quality reliable anatomical and physiological information, ultrasound contributes 

significantly to clinical diagnosis and patient care [1]. Unfortunately ultrasound imaging, 

despite its advantageous features, is not capable of visualizing events at the cellular and 

molecular levels due to lack of sufficient contrast and limited spatial resolution. 

Moreover, nano-sized particles that are widely used for molecular imaging [2-3] cannot 

be detected by ultrasound because their sizes are orders of magnitude smaller than the 

resolution of ultrasound imaging and the change in ultrasound reflectivity of 

nanoparticle-labeled tissue is insignificant. Several ultrasound-based imaging techniques 

are introduced in which a secondary effect of the nanoparticles is being used to indicate 

their presence. Photoacoustic (PA) imaging is based on detecting the changes in optical 

absorption properties of tissue due to the presence of plasmonic nanoparticles. In PA 

imaging, the nano-sized agents with well-characterized absorption spectrum absorb the 

irradiated short laser pulses and consequently the conversion of the laser energy to heat 

generates acoustic waves which are detected by an ultrasound receiver [4-8]. Magneto-

motive ultrasound (MMUS) imaging detects the presence of magnetic nanoparticles 

through their mechanical (i.e. motion) responses to an external magnetic excitation [9-

10]. Due to their weak diamagnetic properties, normal tissue constituents do not respond 

to the magnetic field. However, when tissue is labeled with magnetic nanoparticles, it 

tends to move towards the lower magnetic potential [11]. The magnetically induced 

displacement within nanoparticles and the tissue associated with them is detectable by 

ultrasound imaging. In pulsed MMUS imaging, the magnetic excitation is in the form of 
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short pulses to reduce the heat generation within both magnetically labeled tissue and the 

magnetic excitation hardware and to decrease the operation time [12]. The MMUS 

images represent the magnetically induced displacement map of the tissue and thus 

indicate the presence and location of magnetic nanoparticles [12-14].  

The sensitivity of pMMUS imaging depends on several parameters, including the 

magneto-motive force acting on magnetic nanoparticles. Considering the small range of 

tissue displacement, the viscoelastic medium (i.e. soft tissue) behaves in linear 

circumstance. Therefore, the displacement of the magnetic nanoparticles is proportional 

to the magneto-motive force. If the magnetic field acts in Z-direction (X and Y 

components of the field are zero), the magneto-motive force (Fmz) acting on each 

magnetic nanoparticle can be expressed as: 
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           (6.1) 

where Bz is the z-directional magnetic field,  !! is the permeability constant,  and Vnp, 
!np , and fm represent the total volume of nanoparticle, its magnetic susceptibility and the 

volume fraction ratio of the magnetic material in the nanoparticle, respectively [11, 15]. 

Equation 6.1 indicates that the magneto-motive force is not only proportional to 

the magnetic susceptibility of the nanoparticles, but also to their geometry and structure. 

Clearly, magnetic nanoparticles with larger size and greater volumetric ratio of magnetic 

material can exhibit larger moment (the product of the moment per atom and the number 

of atoms) and thus generate larger displacement, i.e., higher pulsed MMUS signal, and 

therefore lead to higher sensitivity of pulsed MMUS imaging.  

Unfortunately, increasing the size of magnetic nanoparticles has some limitations 

for most of the materials used for their synthesis. In macroscopic ferromagnetic materials, 

the spins of unpaired electrons undergo spontaneous magnetization, where their energy is 
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reduced by aligning with spins in neighboring atoms. In the absence of an external 

magnetic field, small magnetic domains are formed to limit leakage of magnetic flux and 

thus decrease the overall energy of the system [16]. The size of the magnetic domains 

depends on the material, but generally is on the order of tens of nanometers. If a particle 

is smaller than the characteristic size of the domain, it will contain a single magnetic 

domain. Table 6.1 lists the domain size for different common materials that are being 

used in the synthesis of magnetic nanoparticles [16-20]. 
 

Material Domain size (nm) 
Iron-oxide (Fe3O4) 128 

Nickel 55 
Iron 15 

fcc1 Cobalt 7 

Table 6.1: Estimated domain size in different magnetic materials 

Small magnetic nanoparticles (generally smaller than 10-20 nm) exhibit 

superparamagnetism with several important properties such as zero (or negligible) 

coercivity (Figure 6.1) and, therefore, better colloidal stability. When the magnetic field 

is removed from superparamagnetic particles, thermal energy allows the particles to 

freely reorient their spins so that no external energy needs to be applied to demagnetize 

the system. In other words, in absence of an external magnetic field the net magnetic flux 

of nanoparticles is zero and thus they are more stable during synthesis and under both 

colloidal and physiological conditions [21-26]. With increasing size of magnetic 

particles, the particles will become blocked as thermal energy becomes insufficient to 

allow the free rotation of their spins. Therefore, above a certain size called the 

                                                
1 Face-centered cubic 
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“superparamagnetic limit” the nanoparticles start to exhibit ferromagnetic properties [18, 

27].   

 

 

Figure 6.1: The qualitative behavior of the size-dependent coercivity of magnetic 
particles. The magnetic behavior of superparamagnetic (SPM) nanoparticles 
is demonstrated using the solid line, while ferromagnetic (FM) particles are 
presented using dashed lines. Here H denotes the applied magnetic field 
strength and M is the measured magnetization. The superparamagnetism 
takes place in particles with sizes smaller than the superparamagnetic limit 
(see Table 6.1). 

The strong attractive magnetic force between ferromagnetic particles often causes 

aggregation, making colloidal stabilization very challenging.  It is possible to stabilize 

ferromagnetic nanoparticles through a polymer coating that prevents their aggregation 

[28-30]; however, if the coating is too thick, then the overall magnetization of the particle 

can become too small. Recently, large superparamagnetic clusters stabilized with small 
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amounts of polymer [31] or  low molecular weight oleic acid [32] or citrate ligands [33] 

were introduced to increase the force on the particle in a magnetic field.  The 

magnetization per iron mass (or likewise, magnetization per particle volume) was similar 

in the nanoclusters and in the primary particles, indicating that close spacing of the 

primary particles did not degrade the magnetic properties. 

In this study, clusters of magnetic nanoparticles as contrast agents for pulsed MMUS 

imaging with higher sensitivity and contrast is investigated. Individual superparamagnetic 

particles and nanoclusters of different sizes were studied. The magnetic nanoclusters, 

consisting of the ultra-small superparamagnetic nanoparticles and low amounts of 

nonmagnetic material, are shown to remain superparamagnetic. The changes in pMMUS 

signal by using superparamagnetic nanoclusters compared to superparamagnetic particles 

of the same concentration is demonstrated.  

6.2 MATERIALS AND METHODS 

6.2.1 The Synthesis and Characterization of Citrate-coated Iron-oxide Nanoparticle 
Clusters 

To synthesize the nanoparticle clusters, citrate molecules were selected as the 

surfactant due to the strong binding of carboxylate groups with iron cations on the 

nanoparticle surface [34-36]. Citrate-coated iron-oxide nanoclusters made [33] from the 

individual nanocrystalls are mainly formed by van der Waals (VDW) and electrostatic 

interactions. Several research groups have synthesized clusters of nanoparticles in the 

presence of the stabilizer [32, 37-38]. In our study, iron-oxide nanoparticles were 

nucleated in the presence of citrate molecules to stabilize the primary particles. The 

unbound carboxylate groups were extended into the aqueous solution and provide 

electrosteric stabilization of  the particles [37]. In other words, dispersed clusters are 

stabilized electrosterically by the negative surface charge of the citrate molecules.  The 
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iron-oxide nanoclusters were synthesized with controlled sizes ranging from 10 to 60 nm 

by varying the amount of ammonium hydroxide used.  

To synthesize iron-oxide dispersion stabilized by citrate, first 0.86 g iron (II) 

chloride (FeCl2·4H2O; MW=198.81 g, Fisher Scientific, USA) and 2.35 g iron (III) 

chloride (FeCl3·6H2O; MW=270.32 g, Fisher Scientific, USA) were dissolved in 40-mL 

deionized (DI) water. Another solution was prepared using 1 g of citric acid 

(MW=210.14 g, Fisher Scientific, USA) in 2-mL DI water. Once both iron salt and citric 

acid solutions were prepared, the reaction flask was vacuumed twice, each evacuation 

was followed by a thorough nitrogen flush, and then the iron salt mixture was injected 

under a nitrogen atmosphere and the solution was heated to 80°C. Then the citric acid 

solution was injected into the reaction flask and 5-10 mL of ammonium hydroxide 

(NH4OH, MW= 35.05 g, 28 wt %, Fisher Scientific, USA) was added to nucleate the 

iron-oxide nanoparticles. The resulting dispersion was stirred and heated at 80°C for 60 

minutes. The solution was then cooled to room temperature and centrifuged at 6,000 rpm 

for 6 minutes to separate the synthesized nanoclusters from the remaining supernatant. 

Finally, the iron-oxide nanoparticles were re-dispersed in a citric acid solution (0.02 

g/mL at pH 6) using probe sonication. The sizes of the synthesized nanoclusters were 

controlled by changing the amount of ammonium hydroxide used during the nucleation 

process. The addition of 5-mL of ammonium hydroxide during nucleation gives cluster 

sizes ranging from about 10 nm to about 20 nm; the addition of 10-mL of ammonium 

hydroxide during nucleation gives cluster sizes ranging from about 50 nm to about 60 

nm. 

To characterize the morphology of synthesized nanoclusters, samples were 

imaged using a transmission electron microscope (TEM - FEI TECNAI G2 F20 X-

TWIN) equipped with a high-angle annular dark field detector.  Samples were placed on 
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200 mesh carbon-coated copper TEM grids. Figure 6.2 clearly indicates that clustering of 

primary iron-oxide nanocrystals was successfully performed. Specifically, two different 

sizes of iron-oxide nanoclusters were synthesized: 15 nm nanoclusters containing 

2.52±0.67 nm primary particles (Figure 6.2a), and 55 nm nanoclusters containing 

2.68±0.75 nm primary particles (Figure 6.2b). 

 

 

Figure 6.2: TEM images of citrate-coated iron-oxide clusters: (a) 15 nm clusters (b) 55 
nm clusters. 

The hydrodynamic diameter size distribution of synthesized nanoclusters was 

measured using dynamic light scattering (DLS) with the scattering angle of 90º. DLS  

measurements were analyzed using a digital auto-correlator (Brookhaven BI-9000AT) 

and a non-negative least-squares (NNLS) routine (Brookhaven 9KDLSW32)[33] . The 

samples used for the measurements had concentrations of around 0.05 mg/mL iron-oxide 

which gave a measured count rate of approximately 200-300 kcps. For each sample, at 

least three measurements were made over a period of 2 minutes. The volume distribution 

of the nanoclusters is demonstrated in Figure 6.3. The sizes of the nanoclusters measured 

by TEM are in agreement with the DLS measurements. For the 15 nm nanocluster 

(a) (b)
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sample, a small fraction of synthesized nanostructures were 75 nm in size – such 

distribution is commonly associated with clusters formed in aqueous solutions. 

 

 

Figure 6.3: Volume fraction based distributions of citrate-coated iron oxide nanoclusters 
at pH8 

Thermo gravimetric analysis (TGA) was used to determine the mass of citrate 

coating on the iron-oxide nanoclusters within the dispersion.  The measurements were 

performed using a Mettler Toledo TGA/DSC 1 STAR system equipped with a gas 

controller (GC 200) and the temperature set at 25°C (Julabo). The powder samples were 

held at 100°C for 120 minutes to remove the remaining water in the sample and then 

heated at a constant rate of 20 °C/min from 100°C to 800°C and held at 800°C for 30 

minutes. The loss in mass after heating, representing the reduction of organic component 

in the nanostructures, was measured as 60.4% for 55 nm nanoclusters and 75.3% for 15 

nm nanoclusters. 

  The magnetic susceptibility of synthesized primary iron-oxide nanoparticles and 

nanoclusters was measured using a superconducting quantum interference magnetometer 

(SQUID, Quantum Design MPMS) where the saturation magnetization of the samples 
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was measured at 300 K by cycling the applied field between -50 and 50 kOe. Clearly, 

iron-oxide nanoclusters exhibit superparamagnetic properties at room temperature 

(Figure 6.4) as seen previously for similar nanoclusters [31-33]. The citrate coated iron-

oxide nanoclusters nucleated with 5-mL and 10-mL of ammonium hydroxide, exhibiting 

magnetizations of around 26 emu/g and 29 emu/g, respectively. The difference between 

magnetization values of different size nanoclusters is due to small variations in sizes of 

the superparamagnetic nanocrystalls that formed nanoclusters. SQUID measurements and 

pMMUS experiments were performed at the same temperature and therefore no more 

normalization was required for compensating for the magnetization variation at different 

temperatures. Moreover, the difference between room temperature and physiological 

temperature does not have a significant (i.e., less than 5%) effect on magnetization of 

magnetic nanostructures.  

 

 

Figure 6.4: Magnetization of citrate coated iron-oxide nanoclusters at 300 K. 
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6.2.2 Tissue Mimicking Phantom 

A tissue mimicking phantom with three inclusions was prepared to demonstrate 

the changes in pMMUS imaging using nanoclusters (Figure 6.5).  First, a 3-mm high 

layer of 6% gelatin (Sigma Aldrich, USA) was poured at the bottom of a water cuvette 

and left to solidify. Then, three gelatin inclusions of the same volume (500 "L) 

containing different types of contrast agents were made on top the gelatin layer using 

molds to insure the desired position and identical geometry of the inclusions. Figure 6.5 

shows the cross-sectional view of the phantom.  

Each inclusion was made out of 6% porcine gelatin (Sigma Aldrich, USA) mixed 

with either iron-oxide nanoparticles (1.46±0.33 nm diameter, 12 emu/g magnetizations), 

15 nm iron-oxide nanoclusters or 55 nm iron-oxide nanoclusters. Figure 6.5 also shows 

the top-view photograph of each inclusion. The concentration of iron within each sample, 

measured using a flame atomic absorption spectrometer (FAAS - 908AA, GBC Scientific 

Equipment Pty Ltd), was the same. This was necessary in order to eliminate any changes 

in magnetically induced displacement related to the concentration of iron. For ultrasound 

imaging, 0.5% of 15 µm silica particles were added to inclusions to act as ultrasound 

scatters.  
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Figure 6.5: Diagram and photograph of the gelatin-based phantom inclusions made 
using identical concentrations of magnetic nanoparticles and magnetic 
nanoclusters of different sizes. Blue, red and green curves indicate samples 
with primary magnetic nanoparticles, 15 nm nanoclusters and 55 nm 
nanoclusters respectively. 

6.2.3 Pulsed Magneto-Motive Ultrasound Imaging System 

A block diagram of the custom-built pulsed MMUS imaging system is shown in 

Figure 6. The system consists of two interfaced modules: a magnetic excitation generator 

and an ultrasound imaging unit. Magnetic excitation pulses with programmed temporal 

characteristics were generated by a waveform generator connected to a high-power, 

voltage controlled current amplifier (7796 DC coupled AC amplifier, AE Techron, IN, 

USA). For this study, rectangular pulses (30 msec wide with transient edges of 100 "sec) 

were used to induce motion within the samples. The amplifier was driving the current to a 

solenoid magnetic coil (S1013, Solen Inc., Canada). The relatively large magnetic coil 

measuring 45 mm in height, 89 mm in inner diameter and 178 mm in outer diameter was 

selected for our studies to reduce spatial degradation of the field intensity and thus to 

provide sufficient magneto-motive force at the sample site. The coil had the inductance of 

13 mH and the DC resistance of 0.5 & at room temperature. An active cooling system 

was used to remove the heat generated within the coil due to the large amount of current 

passing through it. To increase the magnetic flux density and also to focus it to the 

~2 mm
~10 mm

~4.5 mm
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desired imaging region, a cone shaped iron core made of ferritic stainless steel was 

embedded into the center of the coil. Ferritic stainless steels have soft magnetic properties 

such as high relative magnetic permeability, low coercive force and low residual 

induction. The magnetic flux density of every pulse was measured using a digital 

gaussmeter (DSP 475, Lakeshore Inc.) equipped with a hall-effect sensitive detector. The 

measurements were used to normalize the magnetic pulse intensity and thus account for 

pulse-to-pulse variations of magneto-motive force. A software application (Labview 

National Instruments Inc.) was developed to record the pulse measurements for offline 

processing. The magnetic pulse flux density was measured about 8,000 Gausses at 5 mm 

above the coil.  

The ultrasound imaging unit consisted of a focused single-element ultrasound 

transducer operating at 7.5 MHz (focal depth = 50.8 mm, f# = 4) and was driven by a 

manually controlled ultrasound pulser receiver (5073PR, Olympus Co., USA). The large 

f# of the transducer reduced lateral resolution of ultrasound images but it allowed 

imaging of the samples from about 60 mm away from the magnetic source thus reducing 

the interference of the magnetic field and ultrasound transducer. Radio frequency (RF) 

ultrasound signals were acquired using a digitizing data acquisition card (12 bit, 200 

MHz sampling rate, Gage Inc.). Prior to experiments, the focal point of the ultrasound 

transducer and the iron-core tip were aligned. The phantom was positioned in a water 

cuvette such that the distance from the magnetic excitation source and each inclusion was 

the same to avoid any difference in magnetic field intensity. The cross-section of the 

phantom with 3 inclusions (Figure 6.5) was imaged by mechanically moving the water 

cuvette with the phantom while the ultrasound transducer and the magnetic coil were kept 

fixed and stationary. A computer controlled programmable motorized linear slide (T-

LSR, Zaber Inc, USA) was utilized as a positioning system.  
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Figure 6.6: Block diagram of a custom-built Pulsed MMUS imaging system. The 
magnetic excitation and ultrasound imaging were located on opposite sides 
of the sample. 

To perform pMMUS imaging, a timing unit was used to generate the trigger 

signal for both ultrasound pulser/receiver and data acquisition card at the same time. The 

same but delayed trigger signal was used to initiate the magnetic excitation pulse. 

Therefore, ultrasound pulse-echo RF signals before, during and after the application of 

the magnetic pulse were captured. The pre-excitation ultrasound RF lines were used as 

the reference to evaluate the displacement during the pulsed magnetic excitation as well 

as to reconstruct the B-scan ultrasound image. The induced motion was detected using a 

block-matching motion tracking algorithm where cross-correlation between a reference 

RF signal captured before magnetic pulse and the consecutive RF signals were used to 

find axial displacement [39]. The high repetition frequency (1 KHz) of ultrasound pulse-
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echo imaging was used to insure reliable measurement of the tissue displacement. The 

background motion and associated artifacts were eliminated by using the bottom of the 

water cuvette as a stationary reference – this apparent motion of the stationary reference 

was subtracted from the sample motion. The maximum displacement at each position 

within the imaging plane was then calculated, normalized to the magnetic pulse strength 

and displayed in the magneto-motive ultrasound image [12, 14] – an image that combines 

both the B-scan ultrasound image and spatially co-registered magneto-motive 

displacement image.  

The normalization of the magneto-motive displacement was a necessary step in 

comparing the pMMUS signal from different inclusions. Indeed, the z-component of the 

magnetic flux density can be considered as an independent function of space and time 

variables: ( , ) ( ) ( )z z zB z t B z B t= , where Bz(z) is the spatial and Bz(t) is the temporal 

components respectively. Therefore, the magneto-motive force (eq. 6.1) will be 

proportional to: 

 
2 ( )( ) ( ) z

mz z z
dB zF B t B z
dz

!              (6.2) 

The spatial dependency of the magneto-motive force is determined by the field 

Bz(z) and its spatial gradient ( )zdB z
dz

. In our analysis, both magnetic field and gradient 

were similar. However, the differences in pulse-to-pulse amplitude can be considered as 

the temporal variation of the magnetic field 2 ( )zB t . Therefore, the intensity of all 

magnetic pulses was recorded and the magneto-motive displacements were normalized to 

the maximum pulse intensity squared. 

Finally, once the ultrasound and magnetically induced displacement images were 

computed, the signal to noise ratio (SNR) of pMMUS images of samples was analyzed. 
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To estimate SNR, the identical regions were selected in each inclusion – the regions were 

relatively large (3.84 mm laterally by 1.4 mm axially) to allow accurate statistical 

analysis of the pMMUS signal. The SNR was computed using the following expression: 

 

20log( )
( )
avgd

SNR
std d

=              (6.3) 

where davg and std(d) are the mean and standard deviation of magnetically induced 

displacement within each region of interest.  

6.3 RESULTS AND DISCUSSIONS 

The ultrasound B-scan image of the phantom with three inclusions is presented in 

Figure 6.7a. The field of view in this and other images in figure 6.7 is 44.2 mm laterally 

by 10 mm axially. As expected, the boundaries of the gelatin layer and the inclusions are 

clearly visible in ultrasound image. The inclusions are nearly identical to each other in B-

scan – the magnetic nanostructures at this concentration did not affect the echogenicity of 

the samples.  

The magnetically induced displacements were calculated within rectangular 

regions of interest (ROI) of each inclusion (Figure 7b). The 3.84-mm by 1.4-mm ROIs 

were identical in size and positioned at the relatively similar locations within the 

inclusions (Figure 6.7a) to insure the same distance between the ROI and the magnetic 

coil and, therefore, the same magnetic force. The regions of interest were relatively large 

to allow accurate statistical analysis of the pMMUS signal. Clearly, the larger size 

nanoclusters produce larger magnetically induced displacement. 

Figure 6.7c displays the magneto-motive ultrasound image – B-scan ultrasound 

image overlaid with magnetically induced displacement. Both images were reconstructed 
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or computed using ultrasound signals captured at the same position and, therefore, the 

ultrasound and ultrasound-derived displacement images are inherently co-registered.   

 

 

Figure 6.7: a) B-scan ultrasound, (b) pulsed MMUS and (c) combined US/pMMUS 
images of the inclusions containing different size of magnetic nanostructures 
(from left to right: 3-4 nm, 15 nm and 55 nm). The yellow rectangles 
indicate the region of interest where the pulsed MMUS signals were 
measured. 

The average displacements detected in magnetically labeled inclusions were 13 

µm, 47 µm and 71 µm for samples with individual nanoparticles, 15 nm clusters and 55 

nm clusters, respectively (Figure 6.8a). However, the difference in detected signal could 

be attributed to several factors including the magnetic susceptibility and size of 

nanostructures (Eq. 6.1). Therefore, to demonstrate the effect of nanostructure size, the 

measured displacements were adjusted with respect to the measured magnetization (!m) 

for different nanostructures (Figure 6.8b). Indeed, the magnetization of 15 nm clusters 

and 55 nm clusters was approximately the same, but the individual nanoparticles had 

smaller magnetization. The normalized displacements are presented in figure 8b where 

70 !m

0 !m

(a)

(b)

(c)
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the line represents the linear curve fit. As expected (see Eq. 6.1), there is a monotonic 

increase of pMMUS signal as the size of the nanostructure increases.  

 

Figure 6.8: (a) Displacement measured using pulsed MMUS system. The error bars 
represent plus/minus standard deviation. (b) pMMUS displacement 
normalized with respect to magnetic susceptibility of different 
nanostructures. 

The results presented in figure 6.8 have a direct impact on the quality of pMMUS 

imaging. Specifically, the signal-to-noise ratio (SNR) of the pMMUS images shown in 

Figure 6.7 was analyzed. Figure 6.9 indicates a significant (more than 10 dB) increase in 

SNR when 55 nm nanoclusters were used.  
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Figure 6.9: SNR of pulsed MMUS imaging with different sizes of nanostructures 

6.4 CONCLUSION 

In conclusion, it is demonstrated that larger magnetic nanostructures increase the 

magnetically induced displacement in pulsed MMUS imaging and therefore increase 

quality (i.e., sensitivity and SNR) of pMMUS images. The magnetic force on each 

particle was strong given the large size of the citrate coated iron-oxide nanoclusters and 

the large volume ratio of magnetic material. 

Large nanostructures, which are colloidally stable, yet with desired 

superparamagnetic properties are essential for biomedical applications. Pulsed MMUS 

imaging with higher sensitivity can potentially image deeper lying tissue structures where 

the effective magnetic field is rapidly degraded due to larger distance from the source. 

Our results also suggest that imaging at lower concentrations of iron can be achieved by 

increasing the size of the magnetic nanostructures. 
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Chapter 7:  Pulsed Magneto-Motive Ultrasound Imaging to Detect 
Intracellular Accumulation of Magnetic Nanoparticles 

The results of this study have been published in Nanotechnology in 2011.  

ABSTRACT 

As applications of nanoparticles in medical imaging and biomedicine rapidly 

expand, the interactions of nanoparticles with living cells have become an area of active 

interest. For example, intracellular accumulation of nanoparticles – an important part of 

cell-nanoparticle interaction, has been well-studied using plasmonic nanoparticles and 

optical or optics-based techniques due to the change in optical properties of the 

nanoparticle aggregates. However, magnetic nanoparticles, despite their wide range of 

clinical applications, do not exhibit plasmonic-resonant properties and therefore their 

intracellular aggregation cannot be detected by optics-based imaging techniques. In this 

study, the feasibility of a novel imaging technique – pulsed magneto-motive ultrasound 

(pMMUS), to identify intracellular accumulation of endocytosed magnetic nanoparticles 

is investigated. In pMMUS imaging, a focused, high intensity, pulsed magnetic field is 

used to excite cells labeled with magnetic nanoparticles, and ultrasound imaging is then 

used to monitor the mechanical response of the cells loaded with magnetic nanoparticles 

and the tissue associated with them. In Chapter 5, it was demonstrated that clusters of 

magnetic nanoparticles amplify the pMMUS signal in comparison to signal from 

individual nanoparticles. Here it is further demonstrated that pMMUS imaging can 

identify interaction between magnetic nanoparticles and living cells, i.e. intracellular 

aggregation of nanoparticles within the cells. The results of our study suggest that 

pMMUS imaging can not only detect the presence of magnetic nanoparticles but also 
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provides information about their intracellular accumulation, non-invasively and in real-

time. 

7.1 INTRODUCTION 

Nanoparticles have been introduced as a promising tool to expand the scope of 

many imaging modalities to the cellular and molecular levels. The small size of 

nanoparticles makes them a suitable tool to help identify and track cells or molecules of 

interest, create contrast and provide information about events on small scale levels [1]. 

During the past decade, metal-based nanoparticles such as gold and iron-oxide have been 

used as suitable molecular imaging probes due to the fact that they significantly 

accumulate in the site of interest and therefore provide sufficient imaging contrast [2]. 

Besides their applications for molecular imaging, nanoparticles have been utilized for 

other biomedical applications such as nanoparticle-assisted selective delivery of drugs 

and other therapeutic agents to reduce the undesirable side effects associated with these 

therapeutic procedures [3-5]. 

In many rapidly growing applications of nanoparticles in medical imaging and 

biomedicine, interactions between nanoparticles and living cells play a critical role. 

Intracellular accumulation of nanoparticles involves important cell-nanoparticles 

interaction which has been studied extensively during the past several years, especially in 

the area of targeted drug delivery [6-14]. Among commonly used metal nanoparticles, 

intracellular aggregation of certain types of plasmonic nanoparticles (such as gold 

nanospheres) is detectable through the significant plasmon red-shift and broadening in 

their absorption spectra [15, 16]. However, magnetic nanoparticles, despite their 

biocompatibility and thus availability for various clinical applications, do not exhibit 
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plasmonic-resonant properties and therefore their intracellular aggregation cannot be 

detected through change in their optical properties. 

Pulsed magneto-motive ultrasound imaging (pMMUS) has been introduced as an 

ultrasound-based molecular imaging technique capable of detecting the presence and 

distribution of magnetic nanostructures through their mechanical responses to an applied 

magnetic field [17, 18]. The pMMUS signal (i.e. magnetically induced and ultrasonically 

measured micro-displacement of the tissue) depends on several parameters including the 

distribution of contrast agents. It was demonstrated in the previous chapter that magnetic 

contrast agents with larger geometries (i.e. nanoclusters) can enhance pMMUS signal 

[19]. These findings and the fact that endocytosed nanoparticles form large aggregates 

within the cells have been our motivation to explore the capability of pMMUS imaging to 

monitor intracellular accumulation of ultra-small magnetic nanoparticles.  

Internalization of nanoparticles into cells takes place via different pathways such 

as fluid phase endocytosis, receptor-mediated endocytosis or phagocytosis [20]. 

Macrophage-like scavenger cells are highly active in the fluid-phase endocytosis of 

nanoparticles [21, 22]. The nanoparticles taken up by endocytosis will accumulate in 

vesicles called endosomes [23]. When internalization occurs via this mechanism, the cell 

membrane is invaginated to form a pocket, which then pinches off into the cell to form a 

vesicle (0.5–5 µm in diameter) filled with a large volume of extracellular fluid and 

nanoparticles within it. The filling of the pocket occurs in a non-specific manner. The 

vesicle then travels into the cytosol and fuses with other vesicles such as endosomes and 

lysosomes [24]. In the case of magnetic nanoparticles (NPs) taken up by cells, 

aggregation of nanoparticles within nascent vesicles significantly changes the distribution 

of magnetic nano-agents and thus is expected to have an effect on pMMUS signal. In this 

study, the pMMUS imaging of intracellular aggregation of dextran-coated 
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superparamagnetic iron-oxide (SPIO) nanoparticles (5 nm core diameters) in mouse 

macrophages (J774A.1 cell line) is investigated. 

7.2 MATERIALS AND METHODS 

The monodispersed dextran coated iron oxide nanoparticles were synthesized by 

using a method described elsewhere [25]. Briefly, 15 mL of dextran (MW 10,000 kDa) 

aqueous solution (15% w/w) was titrated with 4 mL NH4OH (>25% w/w) to pH 11.7 at 

room temperature. Five milliliters of freshly prepared FeCl3 ' 6H2O (0.75 g) and FeCl2 ' 

4H2O (0.32 g) aqueous solution was gradually injected into the alkali-treated dextran 

solution after passing through a 0.2 "m pore size filter. After 30 minutes, the black 

colloidal suspension was centrifuged at 10,000 rpm for 20 minutes to remove aggregates. 

The supernatant was dialyzed in a dialysis bag with 25 kDa molecular weight cut off 

(Spectra/Pro 7, Spectrum Laboratories Inc.) against deionized water for 36 hours to 

remove ammonia in order to reach a pH value of 7.0. A centrifugal filter device (Ultracel 

YM-30, Millipore Co.) was used with a relative centrifugal force of 1500 ! g to further 

purify and concentrate the dextran coated iron oxide dispersion.  The size of the 

individual iron oxide nanoparticle cores, measured by high resolution transmission 

electron microscopy (HRTEM), was 5.2 ± 0.8 nm (Fig. 7.1a) giving an overall 

hydrodynamic diameter of about 20 nm (Fig. 7.1b) measured by dynamic light scattering 

(DLS). The induced saturation magnetization of SPIO nanoparticles was measured as 54 

emu/gr Fe at 300 K (Fig. 1c) using a super-conducting quantum interference device 

(SQUID – Quantum design MPMS). 
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Figure 7.1: (a) High-resolution TEM image of the dextran-coated SPIO nanoparticles. 
(b) Dynamic light scattering (DLS) measurement of hydrodynamic diameter 
of dextran-coated SPIO nanoparticles. (c) Magnetization of dextran-coated 
SPIO nanoparticles at different applied magnetic field. 

Mouse macrophage cells (J774A.1 cell line) were selected for this study due to 

their high rate of non-specific uptake. To load the cells with dextran-coated magnetic 

nanoparticles, cells were cultivated in Dulbecco's modified Eagle's medium (DMEM) 

supplemented with 5% Fetal bovine serum (FBS) at 37°C in 5% CO2 and then were 

incubated with the suspension of nanoparticles at the concentration of 0.1 mg/mL Fe (i.e. 

4!1014 NPs /mL suspension) for 24 hours. The average number of internalized dextran-

coated SPIO nanoparticles was measured using inductively coupled plasma mass 

spectrometry (ICP-MS). For this purpose the culture was washed with 1X PBS six times 

to make certain that all non-internalized nanoparticles were removed. Then the labeled 

cells were removed from the culture, counted using a hemocytometer and dissolved in 

35% trace metal-grade Nitric acid (HNO3) and then kept in an oven at 60°C for 12 hours. 

After baking, the sample was diluted to 1-2% Nitric acid and mass spectroscopy 

measurements were performed. The results indicated that the cell uptake in culture was 

(3.2±0.09)!104 particles per cell and were consistent across multiple (three) 

measurements. 
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After incubation with NPs, cells were divided for TEM and pMMUS studies. For 

TEM imaging, cells were fixed in a mixture of 3% glutaraldehyde and 2% 

paraformaldehyde in 0.1M cacodylate buffer at pH 7.4 for 30 minutes.  Following three 

buffer rinses, the cells were post-fixed for 30 minutes in reduced osmium, a mixture of 

2% osmium tetroxide and 2% potassium ferrocyanide in the cacodylate buffer. The fixed 

cells were then placed in 2% uranyl acetate for 30 minutes before dehydration in an 

ethanol series (50-70-95-100%).  Dehydration was followed with two changes of absolute 

acetone after which the cells were infiltrated with a 1:1 mixture of Spurr and EMBed 812 

epoxy resins (Electron Microscopy Sciences, Hatfield, PA) which was subsequently 

polymerized for 2 days at 60°C. Sections with thickness of 60-70 nm were cut from the 

epoxy blocks and picked up on copper grids for imaging at 80 kV in a Tecnai Spirit 

BioTwin transmission electron microscope without further staining.  As a control, cells 

not incubated with NPs were prepared with the same protocol.  

To demonstrate the ability of pMMUS imaging to detect the intracellular 

accumulation of SPIO nanoparticles, tissue mimicking phantoms were made out of 6% 

polyvinyl alcohol (PVA) by weight to mimic the mechanical and magnetic properties of 

soft tissue. For ultrasound imaging, 0.2% of 15 µm silica particles were added to create 

acoustic backscattering. Two cylindrical-shape compartments with the diameter of 2.5 

mm were created within the phantom. Both compartments were filled with 10% gelatin 

gel containing either (1) macrophages incubated with dextran-coated SPIO nanoparticles 

overnight and fixed in 10% formalin solution for 30 minutes, or (2) fixed macrophages 

mixed with the SPIO nanoparticles. In each inclusion, 5!106 macrophages were used, i.e., 

the number of cells was the same in each inclusion. Furthermore, the concentration of 

iron was the same in each inclusion – this was achieved by measuring the amount of iron 

(or number of SPIO nanoparticles) internalized by cells used in the first inclusion and 
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then adjusting the number of nanoparticles in the second inclusion to match the 

concentration of iron. Therefore, the inclusions containing an equal number of cells and 

nanoparticles simulated the two separate states of cell/nanoparticles before and after 

intracellular accumulation. Similar to the PVA background, 0.5% of 15 "m silica 

particles were added to the inclusions to act as ultrasound scatters. Once the inclusions 

solidified, the phantom was placed in a water cuvette for pMMUS imaging. 

The 10 ms long magnetic excitation pulses were generated by a high-power 

voltage-controlled current amplifier driving the current to a solenoid magnetic coil. A 

cone shaped iron core made of ferritic stainless steel was embedded into the center of the 

coil to increase the magnetic flux density and also to focus it to the desired imaging 

region. The magnetic flux density of pulses was measured to be about 8000 G at 5 mm 

above the coil. An active cooling system was used to remove the heat generated within 

the coil due to the large amount of current passing through it. The ultrasound RF signals 

before, during and after application of the magnetic pulse were acquired at a high pulse 

repetition frequency of 1 kHz using a focused single-element ultrasound transducer 

operating at 25 MHz (focal depth = 25.4 mm, f # 4) interfaced with an ultrasound 

pulser/receiver. A block-matching motion-tracker algorithm was applied to calculate the 

magnetically induced displacement.[17, 19, 26] The cross-section of the phantom with 

two inclusions was imaged by mechanically moving the water cuvette with the phantom 

while the ultrasound transducer and the magnetic coil were kept stationary. The 

maximum displacement at each position within the imaging plane was then calculated, 

normalized to the magnetic pulse strength and displayed in the magneto-motive 

ultrasound image[17-19] – an image that combines both the B-scan ultrasound image and 

spatially co-registered pulsed magneto-motive displacement image.  
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7.3 RESULTS AND DISCUSSIONS 

The general scheme of cellular uptake of magnetic NPs is shown in Figure 7.2a 

and Figure 7.2b. After diffusion of nanoparticles into extracellular environment, the cell 

membrane begins to sink in and to envelop the nanoparticles (Fig. 3a). As a result, the 

nanoparticles are captured inside of a capsule of cell membrane. When endocytosis is 

complete, the nanoparticles aggregate inside the endosomes (Fig. 3b). While the dark 

field microscopy of intact macrophages and labeled cells clearly indicated the uptake of 

SPIO nanoparticles by the cells (Fig. 7.2c and Fig. 7.2d), TEM images revealed the 

intracellular aggregation of nanoparticles within the endosomes (Fig. 7.2e and Fig. 7.2f). 

Different sizes of aggregates were observed within the cells ranging from several hundred 

nanometers up to a few micrometers. These large aggregates of nanoparticles were 

expected to enhance the pMMUS signal relative to the same concentration of iron in a 

colloidal distribution. Aggregation of SPIO nanoparticles can also take place within the 

nanoparticles that are not taken up by cells. However, the sizes of those aggregates were 

much smaller than what can be observed within endosomes.  
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Figure 7.2: (a,b) Diagrams describing the intracellular uptake of magnetic nanoparticles 
by macrophage-type cells. The size of the endosomes can be as large as 5 
µm.  (c-d): Dark-field microscopy images of murine macrophage cells (J774 
A1 cell line): (c) control (non-labeled) cells, (d) cells incubated with 5 nm 
iron-oxide magnetic nanoparticles for 24 hours. The images were obtained 
using Xenon illumination and a 20! darkfield objective (0.5 NA) with Leica 
6000 DM upright microscope. The aggregation of nanoparticles within the 
cells causes a significant increase in reflectance, therefore loaded cells are 
more bright in dark-field image. (e-f) TEM images of fixed and sectioned 
(70 nm thicknesses) of (e) control (non-labeled) cells and (f) cells labeled 
with 5 nm iron-oxide nanoparticles. Red arrows indicate the endocytosed 
aggregates of SPIO nanoparticles within endosomes. 
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Ultrasound and pMMUS images of both inclusions within the tissue phantom are 

presented in Fig. 7.3 where only the regions of interest with the inclusion in the center are 

shown. Both magnetic inclusions can be identified in B-scan ultrasound images (Fig. 7.3a 

and Fig. 7.3b) but the contrast in these images is due to the difference between the 

concentration of ultrasound scatterers in inclusions and background. Magnetically 

induced displacements were calculated within these relatively large regions of interest 

and the resulting combined US and pMMUS images (Fig 7.3c and Fig. 7.3d) were co-

registered with respect to ultrasound images. The pMMUS images of both inclusions can 

clearly indentify the presence of the magnetic inhomogeneities within the non-magnetic 

background. However, large aggregates of SPIO nanoparticles within the endosomes 

resulted in significantly larger mechanical response and, therefore, pMMUS signal. The 

average magnetically induced displacement measured within the inclusion containing 

labeled cells was about 42 µm while the second inclusion where nanoparticles were 

mixed with cells exhibited only 25 µm motion although the concentrations of magnetic 

nano-agents were identical in both inclusions. 
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Figure 7.3: (a,b) B-Scan ultrasound and (c,d) combined US and pMMUS images of 
PVA phantoms with gelatin inclusions containing: (a,c) 5!106 macrophages 
mixed with 16!1012 magnetic nanoparticles, (b,d) 5!106 macrophages 
incubated with SPIO nanoparticles for 24 hours. Concentration of 
nanoparticles was approximately the same in both inclusions. Each image 
covers the field of view measuring 6.04 mm laterally and 4.68 mm axially. 
The ultrasound images identify the location and extend of the inclusions 
within the imaging plane while the pMMUS images clearly show a signal 
enhancement due to intracellular accumulation of SPIO nanoparticles. 

The temporal behavior of magnetically induced displacements, calculated within 

the small region in the center of each inclusion, is shown in Figure 7.4. The increase in 

pMMUS signal is caused by aggregation of endocytosed nanoparticles. The sizes of the 

aggregates, typically larger than a few hundred nanometers, can vary based on the size of 

the vesicles and also the uptake rate of the cells (Fig 7.2). A TEM image of an endosome 

filled with nanoparticles is shown at higher magnification in Figure 5 and was measured 

to be more than 300 nm which is much larger than the possible uncontrolled aggregation 

of SPIO nanoparticles in solution or extracellular space, e.g., cells mixed with SPIO 

nanoparticles (Fig. 7.4). 

(a) (b)

(c) (d)

0 !m
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Figure 7.4: Temporal behavior of magnetically induced displacement in an inclusion 
containing macrophages mixed with dextran coated SPIO nanoparticles 
(dashed blue line) and in an inclusion containing magnetically labeled 
macrophages with large nanoparticles aggregates inside endosomes (solid 
red line). Each measurement is accompanied by a diagram outlining the 
interaction of nanoparticles with individual cells and a corresponding TEM 
image. The average normalized pMMUS signal in each inclusion is shown 
in corresponding graphs where error bar represents plus/minus one standard 
deviation. 

While this study focused on the endocytosis of SPIO nanoparticles that were 

passively taken up by macrophages, there are various mechanisms of nanoparticle 

internalization by the cell. Several recent studies have shown that capping specific 

molecules assembled on the surface of nanoparticles makes them aggregate in desired 

cells under specific conditions [27, 28].  

Our results suggest that pMMUS imaging is capable of imaging and monitoring 

the intracellular accumulation of nanoparticles. For example, pMMUS imaging can be 

used to assess the targeting efficiency of nanoparticles used as drug carriers. Monitoring 
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the pMMUS signal in time can provide spatial and temporal information about delivery 

of nanoparticles and interactions between nanoparticles and cells.  

7.4 CONCLUSION 

In summary, pMMUS imaging has been demonstrated as a means to detect both 

the presence of magnetic nanoparticles and their intracellular accumulation. Once fully 

developed, pMMUS imaging can provide this information in real time, in-vivo, non-

invasively and at reasonable imaging depth. As such, pMMUS can be used in many 

applications where monitoring of intracellular accumulation of such nanoparticles is 

crucial: molecular imaging, functional cellular imaging, image guidance of molecularly 

targeted drug delivery, controlled drug release, enhanced thermal and other therapies 

using magnetic or hybrid (e.g. magneto-plasmonic) particles, etc. Overall, the 

combination of magnetic nanoparticles and pMMUS imaging is a clinically viable 

approach because both nanoparticles and the imaging modality are non-toxic, safe and 

can be used for in-vivo applications.  

REFERENCES 
[1] Q. A. Pankhurst, J. Connolly, S. K. Jones, and J. Dobson, "Applications of 

magnetic nanoparticles in biomedicine," Journal of Physics-London-D Applied 
Physics, vol. 36, pp. 167-181, 2003. 

 
[2] R. F. Minchin and D. J. Martin, "Minireview: Nanoparticles for Molecular 

Imaging--An Overview," Endocrinology, vol. 151, pp. 474. 
 
[3] A. R. Bender, H. von Briesen, J. Kreuter, I. B. Duncan, and H. Rubsamen-

Waigmann, "Efficiency of nanoparticles as a carrier system for antiviral agents in 
human immunodeficiency virus-infected human monocytes/macrophages in 
vitro," Antimicrobial agents and chemotherapy, vol. 40, pp. 1467, 1996. 

 
[4] J. Kreuter, "Drug targeting with nanoparticles," European journal of drug 

metabolism and pharmacokinetics, vol. 19, pp. 253-256, 1994. 
 



 114 

[5] V. Mailander and K. Landfester, "Interaction of nanoparticles with cells," 
Biomacromolecules, vol. 10, pp. 2379-400, 2009. 

 
[6] L. Albertazzi, M. Serresi, A. Albanese, and F. Beltram, "Dendrimer 

internalization and intracellular trafficking in living cells," Mol Pharm, vol. 7, pp. 
680-8. 

 
[7] O. Harush-Frenkel, Y. Altschuler, and S. Benita, "Nanoparticle-cell interactions: 

drug delivery implications," Crit Rev Ther Drug Carrier Syst, vol. 25, pp. 485-
544, 2008. 

 
[8] H. Hillaireau and P. Couvreur, "Nanocarriers' entry into the cell: relevance to drug 

delivery," Cell Mol Life Sci, vol. 66, pp. 2873-96, 2009. 
 
[9] R. Misra and S. K. Sahoo, "Intracellular trafficking of nuclear localization signal 

conjugated nanoparticles for cancer therapy," Eur J Pharm Sci, vol. 39, pp. 152-
63. 

 
[10] P. Smirnov, "Cellular magnetic resonance imaging using superparamagnetic 

anionic iron oxide nanoparticles: applications to in vivo trafficking of 
lymphocytes and cell-based anticancer therapy," Methods Mol Biol, vol. 512, pp. 
333-53, 2009. 

 
[11] R. A. Spooner and P. Watson, "Drug targeting: learning from toxin entry and 

trafficking in mammalian cells," Curr Opin Drug Discov Devel, vol. 13, pp. 86-
95. 

 
[12] C. Tekle, B. Deurs, K. Sandvig, and T. G. Iversen, "Cellular trafficking of 

quantum dot-ligand bioconjugates and their induction of changes in normal 
routing of unconjugated ligands," Nano Lett, vol. 8, pp. 1858-65, 2008. 

 
[13] J. K. Vasir and V. Labhasetwar, "Biodegradable nanoparticles for cytosolic 

delivery of therapeutics," Adv Drug Deliv Rev, vol. 59, pp. 718-28, 2007. 
 
[14] C. Wilhelm, F. Lavialle, C. Pechoux, I. Tatischeff, and F. Gazeau, "Intracellular 

trafficking of magnetic nanoparticles to design multifunctional biovesicles," 
Small, vol. 4, pp. 577-82, 2008. 

 
[15] S. Mallidi, T. Larson, J. Aaron, K. Sokolov, and S. Emelianov, "Molecular 

specific optoacoustic imaging with plasmonic nanoparticles," Optics Express, vol. 
15, pp. 6583-6588, 2007. 



 115 

[16] J. Aaron, K. Travis, N. Harrison, and K. Sokolov, "Dynamic imaging of 
molecular assemblies in live cells based on nanoparticle plasmon resonance 
coupling," Nano letters, vol. 9, pp. 3612-3618, 2009. 

 
[17] M. Mehrmohammadi, J. Oh, S. Mallidi, and S. Y. Emelianov, "Pulsed magneto-

motive ultrasound imaging using ultrasmall magnetic nanoprobes," Mol Imaging, 
vol. 10, pp. 102-10, 2011. 

 
[18] M. Mehrmohammadi, J. Oh, S. R. Aglyamov, A. B. Karpiouk, and S. Y. 

Emelianov, "Pulsed magneto-acoustic imaging," Conf Proc IEEE Eng Med Biol 
Soc, vol. 2009, pp. 4771-4, 2009. 

 
[19] M. Mehrmohammadi, K. Y. Yoon, M. Qu, K. P. Johnston, and S. Y. Emelianov, 

"Enhanced pulsed magneto-motive ultrasound imaging using superparamagnetic 
nanoclusters," Nanotechnology, vol. 22, pp. 045502, 2011. 

 
[20] Y. Zhang, N. Kohler, and M. Zhang, "Surface modification of superparamagnetic 

magnetite nanoparticles and their intracellular uptake," Biomaterials, vol. 23, pp. 
1553-1561, 2002. 

 
[21] A. Moore, R. Weissleder, and A. Bogdanov, Jr., "Uptake of dextran-coated 

monocrystalline iron oxides in tumor cells and macrophages," J Magn Reson 
Imaging, vol. 7, pp. 1140-5, 1997. 

 
[22] B. D. Grant and M. Sato, "Intracellular trafficking," WormBook, pp. 1-9, 2006. 
 
[23] T. C. Yeh, W. Zhang, S. T. Ildstad, and C. Ho, "Intracellular labeling of T cells 

with superparamagnetic contrast agents," Magnetic Resonance in Medicine, vol. 
30, pp. 617-625, 1993. 

 
[24] S. Falcone, E. Cocucci, P. Podini, T. Kirchhausen, E. Clementi, and J. Meldolesi, 

"Macropinocytosis: regulated coordination of endocytic and exocytic membrane 
traffic events," Journal of cell science, vol. 119, pp. 4758-4769, 2006. 

 
[25] L. L. Ma, M. D. Feldman, J. M. Tam, A. S. Paranjape, K. K. Cheruku, T. A. 

Larson, J. O. Tam, D. R. Ingram, V. Paramita, J. W. Villard, J. T. Jenkins, T. 
Wang, G. D. Clarke, R. Asmis, K. Sokolov, B. Chandrasekar, T. E. Milner, and 
K. P. Johnston, "Small Multifunctional Nanoclusters (Nanoroses) for Targeted 
Cellular Imaging and Therapy," ACS Nano, vol. 3, pp. 2686-2696, 2009. 

 
[26] N. A. Cohn, S. Y. Emelianov, M. A. Lubinski, and M. O'Donnell, "An elasticity 

microscope. Part I: methods," IEEE Transactions on Ultrasonics, Ferroelectrics 
and Frequency Control, vol. 44, pp. 1304-1319, 1997. 



 116 

[27] S. Kumar, N. Harrison, R. Richards-Kortum, and K. Sokolov, "Plasmonic 
nanosensors for imaging intracellular biomarkers in live cells," Nano Lett, vol. 7, 
pp. 1338-1343, 2007. 

 
[28] S. M. Moghimi, A. C. Hunter, and J. C. Murray, "Long-circulating and target-

specific nanoparticles: theory to practice," Pharmacological reviews, vol. 53, pp. 
283, 2001. 

 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 117 

Chapter 8:  In-vivo Pulsed Magneto-Motive Ultrasound Imaging Using 
High-Performance Superparamagnetic Nanoparticles 

The results of this study have been presented at IEEE UFFC symposium in 2011 

and are submitted for publication.  

ABSTRACT 

Previously, pulsed magneto-motive ultrasound (pMMUS) imaging has been 

introduced as a contrast-agent-assisted ultrasound-based imaging modality capable of 

visualizing biological events at the cellular and molecular level. In pMMUS imaging, a 

focused high intensity pulsed magnetic field is used to excite cells labeled with magnetic 

nanoparticles. Then, ultrasound (US) imaging is used to monitor the mechanical response 

of the tissue to an externally applied magnetic field (i.e., tissue displacement). pMMUS 

signal to noise ratio (SNR) can be improved by using superparamagnetic nanoparticles 

with larger magnetic susceptibilities. Metal-doped magnetic nanoparticles with enhanced 

tunable nanomagnetism are suitable candidates to improve the sensitivity of pMMUS 

imaging, which is an essential need for in-vivo pMMUS imaging.  In this study, the 

capability of pMMUS imaging to identify the presence and distribution of zinc-doped 

iron-oxide nanoparticles in live nude mice bearing A431 xenograft tumors is 

demonstrated. 

8.1 INTRODUCTION 

Nanoscale contrast agents have been utilized to assist several different imaging 

modalities such as magnetic resonance imaging (MRI), radionuclide imaging and optical 

imaging to detect events at molecular and cellular level [1-4]. However, these imaging 

modalities have certain limitations, such as reconstructive (i.e., not real-time) nature and 

cost of MRI [5], ionizing radiation associated with radioactive markers used in 
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radionuclide imaging [6], and shallow penetration depth in optical imaging [7]. 

Ultrasound (US) imaging – a non-ionizing, deeply penetrating, real-time, portable and 

cost efficient technique - is the most widely used medical imaging modality in clinical 

practice. However, limited contrast in US imaging is the major restriction for being 

utilized directly as a tool for cellular and molecular imaging. pMMUS imaging has been 

introduced as an ultrasound-based imaging modality capable of using superparamagnetic 

nanoparticles as contrast agents to expand the scope of US imaging for visualizing events 

at cellular and molecular levels [8-10]. In pMMUS imaging, superparamagnetic 

nanoparticles are employed to label specific cells or tissue. Then, an externally pulsed 

magnetic excitation is used to induce a mechanical response (i.e. displacement) within the 

labeled tissue and the magnetically induced displacement is subsequently measured by an 

ultrasound-based motion tracker. As most tissue components are weakly diamagnetic 

materials, there is no significant interaction between native tissue and magnetic force. In 

contrast, superparamagnetic nanoparticles exhibit significantly larger (several orders of 

magnitude) magnetic susceptibility (() [11]. Therefore, when superparamagnetic 

nanoparticles are exposed to a magnetic field, they and the tissue associated with them 

tend to move toward lower magnetic potential [12]. In most cases, the superparamagnetic 

nanoparticles are located within a viscoelastic tissue background. Therefore, internal 

tissue elasticity forces act against the magnetically induced displacement. The 

superposition of these two forces leads to an induced vibration within the magnetically 

labeled tissue that can be detected with accurate and sensitive US motion tracking 

techniques [13, 14]. Integrating superparamagnetic contrast agents, magnetic excitation 

and US motion detection leads to a unique contrast mechanism utilized in the newly 

developed pMMUS imaging technique, capable of microscopic visualization of nanoscale 

events at sufficient depth. 
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 Superparamagnetic nanoparticles have some notable advantages that make them a 

suitable tool for several biomedical applications [15, 16]. They have been used as 

imaging contrast in MRI [17] and hybrid imaging modalities [18-23] as well as for 

selective hyperthermia [24] and targeted drug delivery [25]. These nanoparticles can be 

synthesized with controllable sizes up to the superparamagnetic limit [26, 27]. and 

smaller superparamagnetic nanoparticles can be clustered into superparamagnetic 

constructs with larger sizes [28, 29]. An important characteristic of superparamagnetic 

nanoparticles that makes them suitable for clinical applications is their low level of 

cytotoxicity. Several research groups have demonstrated feasibility of using magnetic 

nanoparticles for in-vivo and even in clinical trials without introducing organ toxicity [30, 

31]. 

 In pMMUS imaging, the magnetically induced displacement (i.e. pMMUS 

signal) is directly proportional to the magnetic susceptibility of nanoscale contrast agents. 

Therefore, superparamagnetic nanoparticles with higher magnetization can enhance the 

sensitivity of pMMUS imaging significantly. Iron-oxide nanoparticles are the most 

common type of superparamagnetic nanoparticles and are candidates for pMMUS 

imaging. However, a metal dopant substitution strategy of metal ferrite nanoparticles has 

been introduced as a technique to achieve superparamagnetic nanoparticles with high and 

tunable magnetism, especially saturation magnetization (Ms) values [3, 31]. Metal-doped 

iron-oxide nanoparticles exhibit significantly superior saturation magnetization compare 

to typical iron-oxide (Fe3O4) nanoparticles [15] and therefore are capable of increasing 

the contrast and the sensitivity in pMMUS imaging. Such contrast and sensitivity 

enhancements can open up opportunities to image these superparamagnetic nanoparticles 

at larger depths and in-vivo where biological motions exist. 
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 In previous chapters, it was shown that pMMUS imaging is capable of detecting 

and visualizing the presence and distribution of cells loaded with iron-oxide nanoparticles 

within an ex-vivo tissue sample.[9] Here, the feasibility of in-vivo pMMUS imaging of 

immunodeficient nude mice with A431 xenograft tumor is demonstrated. The pMMUS 

imagng was conducted using highly magnetized zinc-doped iron-oxide (Zn0.4Fe2.6O4) 

nanoparticles. To the best of my knowledge, this is the first report on in-vivo pMMUS 

imaging of superparamagnetic nanoparticles in a live, small animal. 

8.2 MATERIALS AND METHODS 

8.2.1 Synthesis, Surface Modification and Characterization of Zinc-doped Iron-
oxide Superparamagnetic Nanoparticles 

Zinc (Zn) doped iron-oxide ([Zn0.4Fe0.6]Fe2O4 or Zn0.4Fe2.6O4) nanoparticles were 

synthesized using a one-pot thermal decomposition method which involved zinc chloride 

(ZnCl2) and iron tris-2,4-pentadionate ([Fe(acac)3]) precursors in the presence of oleic 

acid, oleylamine, and octyl ether [4, 31]. The Zn2+ doping level was carefully controlled 

by varying the initial molar ratio of the zinc chloride to Fe(acac)3 precursors. As a result, 

15 nm sized (Zn0.4Fe0.6)Fe2O4 nanoparticles with single crystallinity and size 

monodispersity ()<5%) were successfully obtained. As synthesized, the nanoparticles are 

insoluble in water due to hydrophobic capping ligands. In order to make them water 

soluble, surface modification of these nanoparticles was performed. (Zn0.4Fe0.6)Fe2O4 

nanoparticles were collected by centrifugation in the presence of ethanol and TMAOH 

(tetramethyl ammonium hydroxide)/BuOH solution was added. The mixture was allowed 

to react for 15min under sonication before being washed with excess amount of hexane. 

The isolated black powders were dissolved in distilled water. The surface of 

nanoparticles was further modified with CM Dextran (carboxymethyl Dextran, 10 KDa) 
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for the enhanced colloidal stability and biocompatibility. Excess amount of CM Dextran 

was added into aqueous Zn0.4Fe2.6O4 nanoparticles solution and allowed to react at ~75°C 

overnight. The final product was purified by dialysis and filtration.  

 The size and mass magnetic susceptibility of nanoparticles were characterized 

using techniques including transmission electron microscopy (TEM), dynamic light 

scattering (DLS), and superconducting quantum interference device (SQUID) (Figure 

7.1). The average size of as-synthesized core nanoparticles was 15 nm with size 

distribution less than 5%. The hydro-dynamic size of nanoparticles after surface 

modification with CM Dextran was measured with DLS, which showed relatively small 

hydro-dynamic size (ca. 21.5nm). SQUID measurement showed superparamagnetic 

property of nanoparticles with high saturation magnetization value of 161emu g-1 

(Zn+Fe).  
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Figure 8.1: (a) Schematics of surface modification of Zn0.4Fe2.6O4 nanoparticles, (b) 
TEM image of 15 nm Zn0.4Fe2.6O4 nanoparticles, showing monodisperse size 
distribution, (c) DLS data of surface modified nanoparticles. DLS confirms 
average hydro-dynamic size of CM Dextran coated Zn0.4Fe2.6O4 
nanoparticles as 21.5 nm. (d) M-H curve of 15 nm Zn0.4Fe2.6O4 nanoparticles 
measured at 5 K using a SQUID magnetometer. The red curve showed their 
superparamagnetic nature with no coercivity and their saturation 
magnetization was measured as 161 emu g-1 (Zn+Fe). 

8.2.2 Synthesis, Surface Modification and Characterization of Iron-oxide 
Superparamagnetic Nanoparticles 

Superparamagnetic iron oxide nanoparticles (SPIONs) were synthesized using a 

surfactant-free, thermal decomposition reaction of iron (III) acetylacetonate (Fe(acac)3) in 

tri(ethylene glycol) [32, 33]. 1 g of Fe(acac)3 (*99.9% trace metals basis, Sigma-Aldrich) 

was added to 20 ml of tri(ethylene glycol) (99%, Sigma-Aldrich) and heated to 

approximately 250°C at an average rate of 450°C/hr. The reaction was held for four hours 

under reflux between 250°C and 260°C. A black, viscous reaction mixture was obtained 

after the reaction was allowed to cool to room temperature. The tri (ethylene glycol)–

coated SPIONs (TREG-SPIONs) were roughly spherical in morphology and had a mean 

Feret diameter of 7.5±1.2 nm (determined statistically from a sample population of 475 

nanoparticles with ImageJ software).  
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 The TREG-SPIONs were cleaned by transferring 0.25 ml of the nanoparticle 

solution, 0.75 ml of ethanol, and 1 ml ethyl acetate to 22 2-ml microcentrifuge tubes and 

centrifuging these solutions at 14,000g for 30 minutes.  The black pellets of flocculated 

TREG-SPIONs were collected by decanting from the supernates; each pellet was 

resuspended in 0.75 ml ethanol and 1 ml ethyl acetate and sonicated to disperse.  This 

cleaning step was repeated a total of three times, with each pellet being resuspended in 

0.25 ml ethanol in the final resuspension step. These solutions were combined to yield a 

total TREG-SPION solution volume of 5.5 ml. 

The cleaned TREG-SPIONs remained suspended in water or ethanol only 

temporarily, aggregating and settling within 24 hours. Therefore, the SPIONs’ tri 

(ethylene glycol) surface layer was replaced with a capping layer of citrate ions to 

improve their dispersibility in water or saline solutions through a phase transfer step. To 

the 5.5 ml of cleaned TREG-SPIONs, 5.5 ml of a 14 mg trisodium citrate (Sigma-

Aldrich) per ml of nanopure water solution was added, and the mixture was allowed to 

shake overnight for at least twelve hours.  The reaction solution containing citrate-capped 

SPIONs (citrate-SPIONs) was halved and transferred to two Millipore 50kDa Amicon 

Ultra-15 Centrifugal Filter Units and centrifuged four times at 3000g for 15 minutes. 

Between the third and fourth centrifuging cycles, the filtered citrate-SPIONs were 

resuspended in 10 ml of nanopure water and filtered through an 800 nm 

poly(tetrafluoroethylene) syringe filter to remove any nanoparticle aggregates. After the 

fourth centrifuging cycle, the citrate-SPIONs were combined into a single 1 ml solution 

of 1x phosphate buffered saline (Sigma-Aldrich) containing approximately 14.7 mg of 

citrate-SPIONs, as confirmed by drying a sample of the solution in a vacuum oven and 

weighing the dried nanoparticle powder collected. 
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 SQUID magnetometry confirmed the superparamagnetic behavior of the TREG- 

and citrate-SPIONs, revealing that a slight decrease in the saturation magnetization of the 

magnetite nanoparticles occurs from the capping the nanoparticles with citrate ions. The 

saturation magnetization of the TREG- and citrate-SPIONs were 58 and 54 respectively. 

8.2.3 Nude Mice Tumor Model and Animal Preparation 

In-vivo pMMUS imaging was performed on eight week old nude mice (Nu/Nu) 

with A431 xenograft tumor. Human epidermoid carcinoma A431 cells were cultured in 

Dulbecco's modified Eagle medium (DMEM) at 5% CO2 and 37°C supplemented with 

10% fetal calf serum. Cells (1.2"106) suspended in 0.2 ml phosphate-buffered saline 

(PBS) were inoculated subcutaneously on the right flank of the mice [34, 35]. After 18 

days, the size of the implanted tumors reached to 8 to 10 mm in diameter. The mice were 

imaged (with US and pMMUS) prior to the injection of superparamagnetic nanoparticles 

(control condition).  Then, 50 µl of zinc-doped iron-oxide nanoparticles solution (at the 

concentration of 10 mg/ml nanoparticles) were injected directly into the tumors. A 

permanent magnet (NdFeB block magnet, surface field of 5754 Gauss, B555, K&J 

magnets Inc, USA) was placed close to the tumors for 120 minutes after administration of 

superparamagnetic nanoparticles to enhance the intra-tumor accumulation [36]. The 

choice of intra-tumor injection was based on achieving high accumulation rate of non-

targeted superparamagnetic nanoparticles compare to systematic accumulation based on 

the enhanced permeability and retention effect. The mice underwent the same imaging 

procedure after accumulation of nanoparticles within the tumor. During both imaging 

sessions (pre-injection and post-injection), animals was anesthetized with a combination 

of isoflurane (0.5 ~ 2.0%) and oxygen (0.5 L/min). After post-injection imaging, the 

animals were sacrificed by carbon dioxide (CO2) asphyxiation followed by cerebral 
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dislocation and the tumor was excised for histological analysis. All these procedures were 

performed under the animal protocol approved by Institutional Animal Care and Use 

Committee (IACUC) at The University of Texas at Austin. 

8.2.4 In-vivo Experimental US/pMMUS imaging system 

Figure 8.2 represents the block diagram of the US/pMMUS imaging system. US 

and pMMUS imaging was performed using US array transducer operating at a center 

frequency of 9 MHz. A multi-channel pre-beamformed data acquisition system (DAQ, 

Ultrasonix Co., Canada) was utilized to capture US pulse-echo RF data at high frame rate 

(1000 Fr/sec), which is an essential requirement to accurately measure magnetically 

induced displacement. Magnetic excitation pulses were generated using an electromagnet 

solenoid (S103.0, Solen Inc, USA) driven by a high power voltage controlled current 

amplifier (7796 power amplifier, AE TECHRON, USA). The solenoid was enclosed by 

an aluminum casing filled with mineral oil which was connected to an active cooling 

system (EX2-1055 cooling system, Koolance, USA) to avoid heat generation within the 

hardware. The magnetic pulses with 40 ms duration and with 0.8 T strength were used to 

excite the magnetically loaded tissue. The US transducer and magnetic coil were kept 

stationary, and a uni-axial motion axes system (Zaber Technologies Inc., Vancouver, BC) 

was used to scan the animals over the region of interest with a step-size of 400 µm. US 

pulse-echo RF data was acquired 20 ms before application of the magnetic pulse, during 

the excitation period and 40 ms after removing the magnetic excitation pulse at an 

acquisition rate of 1 KHz (total 100 frames). 

8.2.5 US and pMMUS Image Reconstruction 

Figure 8.3 shows the function block diagram of the post-processing modules for 

US/pMMUS imaging reconstruction. The US imaging system was programmed so that 
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the whole US aperture, including 128 elements, was used to transmit unfocused, US 

pulsed waves and to receive backscattered signals [14]. A delay and sum beamformer that 

accurately accounts for the delay distances between the transducer elements and the 

reconstructed point in the image was used to form B-scan US images. 

The motion-tracking module uses a pair of beamformed US frames where a 

stationary frame (captured prior to application of magnetic pulse) was always used as the 

reference frame to calculate the relative displacement in consecutive acquired frames. 

The frame-to-frame displacements were estimated using a 1-D (axial), cross-correlation 

based speckle tracking method, in which the normalized magnitude of the cross-

correlation function was used to obtain a pixel level estimate of the displacement, then 

interpolation and phase zero-crossing were used to estimate subpixel displacements [13, 

37, 38]. 

 To minimize the effect of the biological (cardiac and respiratory) motion in 

pMMUS imaging, the magnetic excitation pulses were sent during the “grace period” 

when the animal has the least respiratory motion [39]. Note that the tumors was 

inoculated in the lower body of the animals and therefore cardiac motion was not very 

significant. Also as the magnetically induced displacement is time-gated, it could be 

separated from the bulk tissue displacement. Moreover, the magnetically induced 

displacement takes place in short period of time (sharp and high frequency 

characteristics) and therefore slow respiratory motion can be suppressed by using a high 

pass filter. In our pMMUS measurements, the noise floor was considered to be 5 µm (i.e. 

any displacement below 5 µm was considered as experimental or computational noise). 

Moreover, the pMMUS signal at each position within the imaging plane was normalized 

to the magneto-motive force by measuring the magnetic flux density of every pulse using 

a digital gaussmeter equipped with a hall-effect sensitive detector.  
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Figure 8.3: Block diagram of the US and pMMUS image reconstruction approach. 
pMMUS image is reconstructed by finding the maximum of magnetically 
induced displacement in each pixel. 

8.3 RESULTS AND DISCUSSION 

8.3.1 Comparison Between Citrate-coated Iron-oxide and Zinc-doped Iron-oxide 
Superparamagnetic Nanoparticles for pMMUS Imaging 

Zinc-doped iron-oxide nanoparticles were selected as contrast agents for in-vivo 

imaging experiments due to their superior magnetization properties, enabling larger 

pMMUS signal. To demonstrate the pMMUS signal enhancement by using zinc-doped 

iron-oxide Zn0.4Fe2.6O4 superparamagnetic nanoparticles, a phantom study was performed 

to compare pMMUS signals from 15 nm zinc-doped iron-oxide nanoparticles and 8-10 

nm citrate-coated iron-oxide. Magnetic inclusions made out of 6% porcine gelatin and 

were placed in a 4% gelatin background. The concentration of nanoparticles was kept the 

same for both types of nanoparticles (0.5, 1 and 2 mg nanoparticles/ml mixture). pMMUS 

Acquired 
RF data

Ultrafast 
beamforming

B-mode 
ultrasound image 

(100 frames)

N
or

m
al

iz
ed

 cr
os

s-
co

rr
el

at
io

n

Reference 
frame

Secondary 
frames

B-Scan 
ultrasound 

image

pMMUS
image

DisplacementMax

DisplacementMin

C
or

re
la

tio
n 

co
ef

fi
ci

en
t 

m
as

k

M
ax

im
um

 li
ke

lih
oo

d 
es

tim
at

io
n

D
is

pl
ac

em
en

t c
al

cu
la

tio
n

Band-pass 
filter



 128 

imaging was performed using a single element focused ultrasound transducer operating at 

25 MHz. The magnetically induced displacement was accurately measured in each 

inclusion and was normalized for magneto-motive force variation in experimental 

procedure. The results (Figure 8.4) show that zinc-doped iron-oxide nanoparticles exhibit 

120-160% of pMMUS signal enhancement. The signal enhancement resulted in 

significant signal to noise (SNR) increment of 5.26, 4.28 and 4.66 dB for inclusions 

containing 0.5, 1 and 2 mg nanoparticles/ml, respectively. The signal measured in control 

(non-magnetic) inclusions is considered as noise/error of the custom-built pMMUS 

system.  

 

 

Figure 8.4: pMMUS signal (magnetically induced displacement) of magnetic inclusions 
with identical concentration of nanoparticles (by weight): (red) 8-10 nm 
iron-oxide nanoparticles, (blue) 15 nm zinc doped iron-oxide nanoparticles. 
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8.3.2 In-vivo US/pMMUS Imaging of Superparamagnetic Nanoparticle 
Accumulation within Xenograft Tumors 

Three mice with xenograft tumors were used to conduct in-vivo pMMUS imaging 

studies. US and pMMUS imaging of A431 xenograft tumors was performed prior to 

injection of superparamagnetic contrast agents and after injection and accumulation of 

nanoparticles.  Figure 8.5 shows US images of tumor planes in the first mouse before and 

after accumulation of contrast agents (Fig. 8.5a and Fig. 8.5c, correspondingly). As 

expected, US imaging was not capable of detecting the presence of ultra-small 

superparamagnetic nanoparticles. The difference between two images is due to imaging 

of two different cross sections of the tumor, as the mouse was removed from the imaging 

system for injection of nanoparticles. pMMUS images of the tumor cross-section before 

and after accumulation of nanoparticles are presented in Figures 8.5b and 8.5d, 

respectively. A significant contrast between pMMUS images of control (pre-injection) 

and magnetically loaded (post-injection) tumor was detected. The maximum 

displacement of 30 µm was detected in the tumor due to accumulation of (Zn0.4Fe2.6O4) 

nanoparticles. The average displacement detected in two regions of interest, the first 

within the tumor (solid blue) and the second within in the region adjacent to the tumor 

(dashed green) is shown in figure 8.5e. The behavior of the magnetically loaded tumor in 

response to magnetic excitation is clearly demonstrated by the solid blue graph while the 

dashed-green graph represents the physiological motion where no superparamagnetic 

nanoparticle accumulation is expected.  
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Figure 8.5: (a,c)  In-vivo US and (b,d)  pMMUS images of a mouse with an A431 
tumor: (top) prior to injection and (bottom) 2 hours after injection of 
magnetic nanoparticles (FOV= 12!9 mm2). The dashed yellow line outlines 
the tumor (a,c). (e) The temporal behavior of the displacement measured 
within two regions of interest (inside and outside of the tumor) marked in 
panel c. 
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Three-dimensional US/pMMUS imaging of a nanoparticle-loaded tumor was 

performed by mechanically scanning the animal while the imaging probe and the 

magnetic coil were kept stationary. The tumor volume was imaged using 16 imaging 

cross-sections spaced by 400 µm. US and pMMUS images of the tumor cross sections 

were used to form 3-D US and pMMUS images of the tumor (Figures 8.6a and 8.6c 

respectively). Combined US/pMMUS image of the tumor is demonstrated in Figure 8.6d, 

clearly indicating the morphology of the tumor (US background) and distribution of 

superparamagnetic nanoparticles within the tumor (pMMUS signal). The detected 

pMMUS signal within the tumor prior to injection of superparamagnetic nanoparticles 

(Figure 8.6b) is due to the presence of physiological motions, finite signal-to-noise in the 

US imaging system, and the error within the motion-tracking module. However, 

significantly larger signals were detected after accumulation of superparamagnetic 

nanoparticles within the tumor.  
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Figure 8.6: (a,c)  In-vivo US and (b,d)  pMMUS images of a mouse with an A431 
tumor: (top) prior to injection and (bottom) 2 hours after injection of 
magnetic nanoparticles (FOV= 12!9 mm2). The dashed yellow line outlines 
the tumor (a,c). (e) The temporal behavior of the displacement measured 
within two regions of interest (inside and outside of the tumor) marked in 
panel c. 

To further validate the performance of pMMUS imaging and to quantify imaging 

results, US and pMMUS imaging was performed on two other mice. Figures 8.7a and 

8.7b demonstrate combined US/pMMUS images of the xenograft tumor in the first 

mouse prior to accumulation of superparamagnetic nanaoparticles and thus represent 

control images. Figure 8.7 (c-h) represents the combined US/pMMUS images of tumor 
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cross-sections in three mice after accumulation of superparamagnetic nanoparticles, 

before and after magnetic excitation. The smaller signal detected in the first mouse (Fig. 

8.7d) compare to other two mice (Fig 8.7f and 8.7h) could be due to less accumulation of 

nanoparticles within the first mouse tumor. However, the detected signal is still strong 

enough to demonstrate the presence of superparamagnetic nanoparticles within the tumor. 

 

 

Figure 8.7: In-vivo US/pMMUS images of mice with A431 tumor: panels (a,b) 
demonstrate the background pMMUS signal due to physiological motion of 
the mouse – these images were acquired in presence or absence of magnetic 
pulse excitation prior to superparamagnetic nanoparticles accumulation 
within the tumor. Panels (c,e,g) show low amplitude of the detected tissue 
displacement in the tumor region before applying the magnetic pulse 
excitation, and panels (d,f,h) display pMMUS signal detected in tumors 
loaded with superparamagnetic nanoparticles in response to the magnetic 
excitation.  

Figure 8.8 summarizes the detected pMMUS signal (i.e. tissue displacement) 

within regions of interest of the three tumors prior to and after accumulation of 
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superparamagnetic nanoparticles as well as in the presence and absence of magnetic pulse 

excitation. Obvious increment in the detected tissue displacement within the tumors after 

accumulation of superparamagnetic nanoparticles indicates the feasibility of utilizing 

pMMUS for in-vivo detection of these superparamagnetic contrast agents. Moreover, 

comparing the detected pMMUS signals in presence or absence of superparamagnetic 

nanoparticles and in response to the magnetic excitation indicates that the signal is 

generated due to the interaction between magnetically stimulated nanoparticles and the 

magnetic excitation field. 
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Figure 8.8: The mean and standard deviation of the tissue displacement calculated in a 
region of interest located within the xenograft tumors: (a) prior to injection 
of superparamagnetic nanoparticles, and (b) after injection and accumulation 
of nanoparticles within a tumor. The p-values for each mouse, calculated 
using two-sample t-test, were found to be less than 0.05 indicating the 
significant difference between pMMUS signals measured before and after 
accumulation of superparamagnetic nanoparticles and in response to the 
magnetic excitation. 
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8.4 CONCLUSIONS 

The capability of pMMUS imaging to detect the presence and distribution of 

superparamagnetic nanoparticles within tumor bearing mice is demonstrated. While US 

imaging is not capable of detecting nano-sized agents, our results suggest that pMMUS 

imaging can expand the scope of US imaging to detect nano-scale interactions (i.e. 

labeling cells with nano-sized contrast agents). Utilizing short magnetic excitation pulses 

and the time-gated characteristics of the magnetically induced displacement allows the 

separation of magnetically induced displacement from bulk biological motion of animal.  

 By using superparamagnetic nanoparticles with a desired targeting moiety, 

pMMUS can potentially be a tool for cellular and molecular imaging.  As an ultrasound-

based imaging modality, pMMUS benefits from notable advantages of US imaging. 

Compared to magnetic resonance imaging (MRI), pMMUS offers several advantages, 

including the capacity for real-time imaging, lower cost and reduced system complexity. 

Moreover, unlike required contrast agents in several other molecular imaging techniques 

such as positron emission tomography (PET) and single-photon emission computed 

tomography (SPECT), superparamagnetic nanoparticles have low cytotoxicity concerns 

and therefore can be used as cellular/molecular biomarkers in clinical applications. 

Therefore, pMMUS imaging can become a tool for clinical diagnostic and therapeutic 

applications.  
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Chapter 9:  Conclusions and Future Work 

This chapter summarizes this research and suggests future directions. 

9.1 MOTIVATIONS 

To date, significant research effort has been directed towards the development of 

revolutionary medical imaging techniques capable of providing information about 

molecular pathways of diseases such as cancer and atherosclerosis [1-3]. By providing 

such information, clinicians would be better able to control diseases, provide the patients 

with more effective treatments and monitor the progress of therapeutic procedures [1, 2, 

4, 5]. Various molecular imaging modalities have been introduced for monitoring cellular 

and molecular events in-vivo and thus provide information about molecular mechanism 

of disease [2, 6-8]. 

Nanotechnology shows potential to have a revolutionary impact on medical 

diagnosis and therapy, potentially saving many lives [9, 10]. By utilizing biocompatible 

nanoparticles, it is possible to overcome major limitations of current diagnostic 

modalities, including insufficient sensitivity and specificity and, more importantly, 

monitoring of cellular and sub-cellular biological events [11]. Therefore nanoparticles of 

different types have been utilized in several molecular imaging modalities [11-13]. 

Amongst major medical imaging modalities, ultrasound imaging became the most 

widely used imaging modality in clinical practice due to several notable advantages such 

as a non-ionizing energy source, real-time capability, clinically-relevant imaging depth, 

simplicity of development and cost efficiency [14, 15]. However, ultrasound imaging can 

neither detect cellular and molecular events, nor visualize nanoscale molecular probes 

[16].  
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This research project was focused on design, validation and optimization of a new 

ultrasound-based molecular imaging technique – pMMUS imaging – capable of 

ultrasonically visualizing the presence and distribution of magnetic nanoparticles within 

tissue. Augmenting pMMUS imaging with molecular targeted magnetic nanoparticles 

[17] provides an opportunity to detect cellular and molecular events.    

9.2 SUMMARY 

A new ultrasound-based, nanoparticles-assisted imaging modality with a potential 

for molecular imaging was studied. Early studies were focused on proof-of-concept and 

demonstration of the feasibility of MMUS imaging. Those experiments were performed 

mostly on tissue mimicking phantoms. A laboratory-based prototype system was built 

and subsequently optimized through experimental studies. Cell-phantom studies and ex-

vivo tissue studies were the next steps and eventually the optimized system was used to 

perform in-vivo imaging in a mouse model. Through this flow of system development 

and validation, two other potential applications of pMMUS imaging was observed and 

studied in more details. 

Chapter 1 is an introduction chapter in which the importance of molecular and 

cellular imaging is studied by reviewing relevant literature. Then nanoparticles were 

introduced as a strong tool to open new doors towards molecular imaging in various 

traditional imaging modalities [11]. Chapter two is dedicated to basics and principles of 

MMUS imaging including the magnetic interactions between magnetic nanoparticles and 

an externally applied magnetic field, the motion of excited particles within a viscoelastic 

medium such as tissue and finally sensitive ultrasound techniques to detect small 

displacement in tissue. These three phenomena are combined are combined through the 

development of development of MMUS imaging technique. Chapter 3 introduces 
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superparamagnetic nanoparticles as a strong tool in biomedical applications. The chapter 

begins by introducing the superparamagnetic concept and its size-sensitivity on the 

nanoscale. Then various applications of superparamagnetic nanoparticles, ranging from 

diagnostic to therapeutic and in-vivo to in-vitro, was explained. Chapter 4 includes 

preliminary results where a harmonic magnetic field was utilized as the source for 

exciting nanoparticles. These preliminary results were mostly acquired during feasibility 

studies. Later, as a part of system optimization, the harmonic magnetic excitation was 

replaced with short pulse excitation to enable increasing the magnetic field and reduce 

the heat generated in tissue and hardware and also to minimize post-processing 

computations. The optimized system was called pulsed MMUS (or pMMUS) imaging 

and was introduced in chapter 5. As a part of optimization studies, utilizing magnetic 

nanoclusters to enhance pMMUS imaging signal to noise ratio was studied in chapter 6. 

While preserving their superparamagnetic properties, these nanoclusters demonstrated a 

significant signal enhancement in comparison to the pMMUS signal observed from 

individual small nanoparticles, an effect which can play an important role in reducing the 

contrast agent dose for in-vivo applications. The results of the latter study served as the 

motivation for the study that is explained in chapter 7 where it was demonstrated that the 

accumulation of magnetic nanoparticles in cellular vesicles can also increase the pMMUS 

signal. These results can open up a new research path to study the feasibility of pMMUS 

imaging to identify active and passive interactions between magnetic nanoparticles and 

live cells which can play an important role in several applications such as magnetic drug 

delivery and selective magnetic hyperthermia. Further optimizations of hardware and 

post-processing algorithms and utilizing magnetic nanoparticles with superior 

magnetization, led to in-vivo studies where the accumulation of magnetic nanoparticles 

was visualized in a mouse model xenograft tumors. In-vivo imaging results were 
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presented in chapter 8. During this journey, several other tests were also performed such 

as extensive study of different types of superparamagnetic nanoparticles to enhance the 

sensitivity of pMMUS imaging and possible application of this technique to serve as 

remote palpation of tissue for elastography purposes [18]. Moreover, a new research 

project was initiated in our laboratory to utilize pMMUS imaging combined with 

photoacoustic imaging (PA) to achieve higher contrast and to suppress background noise 

in PA images [19-21]. 

9.3 LIMITATIONS OF PMMUS IMAGING 

Likewise other medical imaging diagnostic, pMMUS imaging has certain 

limitations. The major limitations that will be addressed in this section are: physiological 

motion artifacts, limitations in axial and lateral resolution due to mechanical coupling, 

magnetic field degradation distal to the excitation source, and motion of the ultrasound 

transducer in response to magnetic excitation. 

9.3.1 Physiological Motion in pMMUS imaging 

The most important limitation is the physiological motion of the subjects due to 

cardiac and respiratory functions. Such motions are studied extensively as an important 

artifact in other imaging modalities such as MRI, functional MRI, CT and PET [22-25]. 

However, as the pMMUS signal is essentially defined as tissue displacement in response 

to an excitation magnetic field, these artifacts can have a strong destructive effect on 

pMMUS imaging results. 

Several research groups investigated the methods to compensate motion artifacts 

by using port-processing algorithms [25-29]. Other research reports demonstrate the 

effect of utilizing motion gating techniques to reduce these artifacts [30-33]. These latter 

techniques utilize the electrocardiogram (ECG) and respiratory signal (mostly detected by 
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a pressure sensor) to define an appropriate time window for imaging, when the subject 

has the least motion. Figure 9.1 [adapted from Manke [34] and Ehman[31]] depicts the 

“peace period” appropriate for imaging for cardiac gated and respiratory gated imaging 

strategies. 

 

 

Figure 9.1: (a) Respiratory breathing signal (lower panel) and the vertical bars in upper 
panel indicate the imaging acquisition time frames (adapted from Ehman 
[31]), (b) Cardiac-gating in MR imaging of a coronary artery. Data 
acquisition time frame is gated during mid-diastole when the least cardiac 
motion occurs (adapted from Manke [34])  
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In harmonic MMUS imaging, the magnetically induced motion has a certain 

defined frequency (two times larger than the frequency of the excitation magnetic field) 

[35, 36]. Therefore, the MMUS signal can be extracted by band pass filtering the detected 

displacement around the expected frequency. In the case of pMMUS imaging, magnetic 

excitation pulses are short and with sharp leading and falling edges. Therefore the 

pMMUS signal (the amplitude difference between first the positive and negative peak of 

tissue displacement – refer to figure 4.1) takes place within the range of a few 

milliseconds. This will provide an opportunity to utilize motion-gating strategies and to 

provide appropriate timing for magnetic excitation pulse so that the pMMUS imaging is 

performed within the time window with the least physiological tissue motion. Moreover, 

the time-gated mechanical response of tissue to short magnetic pulses with rapid rise and 

fall times, follows the temporal characteristics of the magneto-motive force and thus have 

larger frequency components (i.e. sharp transitions) when compared to the slower tissue 

motion caused by respiration [25, 31, 37]. This fact makes it possible to filter out the 

respiratory motion (which is the most problematic source of motion artifact) through 

high-pass filtering. 

9.3.2 Axial and Lateral Resolution 

Pulsed MMUS imaging is based upon mechanical response of magnetically laden 

tissue to excitation using a pulsed magnetic field. Coupling magnetic nanoparticles with 

their surrounding cells or tissue creates the motion in adjacent locations. The 

“propagation” of target tissue displacement to the surrounding tissue is a damping 

phenomenon but still induces a significant effect on both axial and lateral resolution of 

pMMUS imaging. Recently, the ability of phase-locked magneto-motive ultrasound 

imaging to distinguish between magnetic inclusions and surrounding tissue background 
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was demonstrated using the relative phase of tissue displacement with respect to the 

magnetic excitation [38].   

As propagation of magnetically induced displacement from the magnetic source 

to the surrounding tissue requires time, a time gating algorithm i.e. finding the peak 

displacement within a certain time frame following application of the excitation pulse can 

enhance the resolution of pMMUS. However, this matter is subject to further 

investigations. 

9.3.3 Motion of Ultrasound Transducer 

Motion of the ultrasound transducer, when it is exposed to an external magnetic 

excitation can create significant artifacts in pMMUS imaging. Unfortunately, most of 

ultrasound transducers have small magnetic pieces in their construction which are the 

source of such an artifact. For these studies, much effort was put towards creating a mean 

to account for this artifact in post-processing algorithms. For example, in phantom 

experiments, the bottom of the water tank was considered as a stationary reference and 

thus the transducer vibration artifacts were compensated through subtracting the detected 

displacement at the stationary reference from the detected pMMUS signals. Additionally, 

utilizing ultrasound transducers with larger F-number can allow for increasing the 

distance between the magnetic excitation source and the imaging transducer, effectively 

reducing the artifact.  

Non-magnetic ultrasound transducers have been used in MRI guided ultrasound 

therapy where MRI is used to guide and monitor high intensity focused ultrasound 

(HIFU) ablation procedures [39-41]. In these techniques, the ultrasound transducer 

should be placed within the bore of the MRI magnet and therefore it cannot contain any 
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magnetic part. Likewise, custom-designed non-magnetic ultrasound transducers can 

enhance the sensitivity of pMMUS imaging.  

9.3.4 Magnetic Field Attenuation 

Magneto-motive force acting on magnetic nanoparticles depends on magnetic flux 

density and its spatial gradient (equation 2.4). A larger magnetic flux density with sharper 

gradient can generate larger magneto-motive force and thus increase the pMMUS signal. 

Figure 9.2 represents the magnetic flux density (B) and magneto-motive force along the 

central axis of a finite length solenoid (with inner diameter of 5 cm and outer diameter of 

10 cm). 

 

 

Figure 9.2: Normalized magnetic flux density (B) and magneto-motive force on central 
axis of a finite length solenoids: with inner diameter of 5 cm, outer diameter 
of 10 cm, and the length of 5 cm. The red line indicates the surface of the 
solenoid (2.5 cm from the center of the solenoid). 

Although human tissue does not have a significant interaction with magnetic 

fields and thus does not include significant attenuation, the magnetic fields usually 

attenuate fast at positions farther from the source (i.e. magnetic coil). The field 
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attenuation is occurs faster when the solenoid is smaller. Figure 9.3 demonstrates the 

simulated magnetic flux density of two finite-length solenoids, where one of the 

solenoids (dashed red plot) has a larger inner and outer diameter. The inner and outer 

diameters of smaller solenoid were assumed to be 5 cm and 10 cm, respectively. For the 

larger solenoid, the inner diameter was 10 cm and outer diameter was 20 cm. Both 

solenoids were assumed to have the same finite length of 5 cm. The magnetic fields are 

simulated for central axis of the solenoids and are demonstrated as the function of 

distance from center point of the solenoids. 

 

 

Figure 9.3: Normalized magnetic flux density (B) on central axis of two finite length 
solenoids: (solid blue) with inner diameter of 5 cm and outer diameter of 10 
cm, (dashed red) with inner diameter of 10 cm and outer diameter of 20 cm. 
The field attenuates with slower rate when the solenoid has larger geometry. 

As can be seen in figure 9.3, by utilizing a larger solenoid, it is possible to have 

less magnetic field attenuation and thus deeper excitation within the tissue. However, as 

it is demonstrated in figure 9.3, larger solenoids have slower attenuation and thus smaller 

spatial gradient, causing a reduction in the magneto-motive force in regions located 

closer to magnetic excitation source.  
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9.4 FUTURE DIRECTIONS 

Pulsed MMUS imaging has been demonstrated to exhibit great capabilities as a 

new ultrasound-based molecular and cellular imaging technique. However, pMMUS is a 

new-born imaging modality and there is much room to improve the technique as well as 

for its utilization in other applications such as elastography. 

9.4.1 pMMUS Imaging for Elastography 

Recently, researchers have investigated the feasibility of using magneto-motive 

optical coherence tomography (MMOCT) techniques to assess viscoelastic properties of 

soft tissue. Magneto motive optical coherence elastography (MMOCE) [42] was used to 

measure elasticity of soft tissues where a chirped, modulated force was applied to 

magnetic nanoparticles diffused in the tissue [42-44], and nanoscale displacements were 

measured with optical coherence tomography. Based on detected displacements at 

different frequencies (up to several kHz), the natural frequency of the sample can be 

extracted, and the Young’s modulus was computed from the measured resonance 

frequencies. In this technique, the measured mechanical resonance spectra are inverted to 

provide the sample’s Young’s modulus using knowledge of the sample boundary 

conditions, similar to resonant ultrasound spectroscopy, a method for determining the 

elastic tensor of stiff materials [45, 46] and stiff tissues [47]. The primary differences in 

soft tissues are that damping is non-negligible and the resonant frequencies are smaller 

(1–1000 Hz) due to the smaller Young’s moduli (E = 0.1–1000 kPa). This 

“magnetomotive resonant acoustic spectroscopy” technique can also quantify relative 

changes in elasticity for a tissue sample with arbitrary boundaries. A significant change in 

resonance frequency due to the change in Young’s modulus of ex-vivo tissue samples 

was demonstrated [42]. It was suggested that the same technique is applicable for human 

breast tissues [48]. Another real-time, non-destructive MMOCE for probing the natural 
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frequencies of viscoelastic materials was presented wherein the under-damped 

oscillations of a magnetically labeled object, when the magnetic field is applied step-

wise, allows for measurement of the samples’ natural frequencies of oscillation. This 

technique quantitatively measures the time-dependent oscillations of magnetic 

nanoparticles and their surrounding microenvironment, and uses this information to 

determine the viscoelastic properties of the medium [44]. A real-time, non-destructive 

MMOCE for probing the natural frequencies of viscoelastic materials was presented [44]. 

Quasi-static MMOCE was introduced as a tool to quantitatively measure normal and 

cystic fibrosis airway elasticity. The results demonstrate that the detected displacement in 

response to a linearly stepped magneto-motive force is inversely proportional to the 

sample stiffness and thus normal and cystic fibrosis airways can be differentiated [43]. 

Similar to MMOCT, tissue elasticity is one of the key parameters affecting 

pMMUS signal. To initially demonstrate the ability of pMMUS imaging for potential 

applications in elastography, preliminary studies were performed. The system was 

initially tested using gelatin phantoms with embedded metal spheres of different sizes. 

The motion was induced by short magnetic pulse (2.5 ms). The motion of the sphere 

under magnetic force is governed by the 2.11 (refer to chapter 2). Figure 9.4 presents the 

displacements of the metal spheres with different diameters embedded into 5% gelatin 

phantom in the field of magnetic force. The magneto-motive force and therefore the 

displacement is proportional to the sphere volume and thus rapidly increases by 

increasing the size of the spheres.  
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Figure 9.4: Displacements of spheres with different diameter embedded in 9% gelatin 
phantom under pulse magnetic force. 

Time of maximum displacement is a linear function of sphere radius. Indeed, as 

shown in figure 9.5, the time of maximum displacement linearly depends on the sphere 

size for two different concentrations of gelatin. Therewith, in softer material (5% 

phantom) the time of maximum is longer, in agreement with theory [18]. 
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Figure 9.5: Dependences of time of maximum on sphere diameter for 5% and 9% 
gelatin phantoms under pulse magnetic force. 

Further, the ability of the pMMUS imaging system to utilize superparamagnetic 

nanoparticles as targeted motion for elastography was investigated. A magnetic inclusion 

was prepared using 12% gelatin, 20 nm iron-oxide nanoparticles and 1% silica particles 

for acoustic scattering. This inclusion was embedded in 4% gelatin acting as surrounding 

soft tissue. The temporal displacement of the inclusion is shown in Fig. 9.4 by red solid 

line. The impulsive magnetic force was provided by a commercially available magnetic 

pulser MPG5 (SOTA Instruments Inc., Penticton, BC, Canada). The temporal profile of 

the magnetic pulse is shown by dotted black line. The temporal behavior of the inclusion 

is similar to that of solid spheres shown in figure 9.4. Therefore, the magnetic 

nanoparticles could also be used to assess elasticity. 
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Figure 9.6: Average displacement of the magnetic inclusion embedded in gelatin 
phantom. 

To further investigate the feasibility of pMMUS to determine the elastic 

properties of surrounding tissue, an advanced magnetic pulser with increased power was 

used. In addition, phantom experiments were performed where a magnetic inclusion 

made from mixture of 6% gelatin and 5 nm iron-oxide nanoparticles was embedded 

within 3% gelatin background [49]. The shear modulus of the background was changed 

by changing the temperature from 12 to 25 oC. The average displacement of the magnetic 

inclusion embedded within the gelatin background with different shear modulus is shown 

in figure 9.7. 

As expected, there is a monotonic decrease of the detected displacement as the 

shear modulus of the background increases [49]. Specifically, the displacement is 

approximately inversely proportional to the square root of shear elastic modulus. This 
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result is in agreement with theory for short pulses of external force. For longer pulses, 

however, the displacement is inversely proportional to elasticity. 

 

Figure 9.7: Dependence of the displacement in the magnetic inclusion embedded in 
gelatin phantom on shear modulus of the phantom. 

Results of experiments show that pMMUS can serve as an effective imaging tool 

to detect magnetically labeled tissue and also to assess the elasticity of soft tissue. The 

potential applications of pMMUS elastography include, for example, hyperthermia 

therapy, where the quantitative evaluation of thermal damage is critical [50, 51]. 

Hyperthermia therapy can be enhanced by employing magnetic nanoparticles that absorb 

the RF energy leading to localized thermal damage [52]. Evaluation of thermal damage 

could be provided through the monitoring of changes in tissue elasticity based on changes 

in magneto-induced displacement of the labeled tissue. 
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9.4.2 Magneto-Motive Contrast as a Complementary Contrast for Different Imaging 
Modalities 

Magnetically induced displacement of magnetic nanoparticles can be utilized as a 

complementary contrast enhancer for other imaging modalities such as photoacoustic 

imaging. In photoacoustic imaging, the light energy is absorbed by photoabsorbers, such 

as plasmonic nanoparticles. Consequently, ultrasound waves will be generated due to 

thermoelastic expansion of the absorbing components and its surrounding tissue [53]. 

However, tissue components such as blood have significant optical absorption and thus 

generate clutter signals. By utilizing magneto-plasmonic nanoparticles which possess 

both plasmonic and magnetic properties, the ability to suppress background tissue signal 

to thus achieve better localization of nanoparticles was demonstrated [21]. Figure 9.8 

(adapted from Qu [21]) clearly demonstrates the contrast enhancement in differentiating 

macrophages loaded with both plasmonic and magnetic nanoparticles (gold nanorods and 

iron-oxide nanoparticles) from tissue background. 
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Figure 9.8: (a) US image, (b) PA image, (c) MMUS image and (d) combined 
photoacoustic and magneto-motive image of ex-vivo tissue sample injected 
with macrophage labeled with gold nanorods and iron-oxide nanoparticles. 
A clear contrast enhancement is demonstrated by combining both plasmonic 
and magnetic contrast mechanisms [adapted from Qu [21]). 

9.4.3 Overcome Limited Penetration of Magnetic Field in Tissue by Utilizing 
Multiple-Coil System  

Magnetic field degradation over the distance from the source is another important 

limitation of current pMMUS imaging system. To image deep lying tissue structures, it is 

important to increase the penetration of the magnetic field and/or focus it in deep regions 

within the tissue. The current pMMUS imaging system utilizes a single solenoid to 

generate the magnetic excitation. However, it is demonstrated that multiple-coil system 

can be used to focus the magnetic field deep in tissue for transcranical magnetic 

stimulation (TMS) [54, 55]. The same strategy can be used in pMMUS imaging to 

overcome depth limitations. 
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9.4.4 Utilizing molecular Specific Magnetic Nanoparticles for Molecular pMMUS 
imaging 

The ability of pMMUS imaging system to detect the presence of magnetic 

nanoparticles within tissue is demonstrated. However, to have molecular specific 

pMMUS imaging, it is essential to utilize magnetic nanoparticles with specific cellular or 

molecular targeting moieties. Bio-functionalization of magnetic nanoparticles for various 

biomedical applications is extensively studied in literature [17, 56, 57]. Demonstration of 

molecular specific pMMUS imaging requires these molecular specific probes. 

9.4.4 Further Investigation on Enhanced pMMUS signal Due to Accumulation of 
Nanoparticles in Cells 

Studies explained in chapter 7, indicate a significant pMMUS signal enhancement 

due to accumulation of magnetic nanoparticles within the cells. This effect can play an 

important role in identification of interactions between cells and nanoparticles. However, 

further research is required to better understand, and possibly formulize, the 

phenomenon. 

One explanation for such signal enhancement due to accumulation of magnetic 

nanoparticles could be the following. When magnetic nanoparticles are not accumulated 

(or encapsulated) within the vesicles, their small sizes are much smaller than the pores 

sizes in phantom background (or, equivalently, the extracellular matrix). Therefore, 

following the application of a magnetic excitation pulse, some of them can freely move 

via pores without engaging to the gelatin network and contributing to pMMUS signal. 

However, when they are accumulated inside the cells, they can’t freely move and the cell 

size is larger than the pore size (or, equivalently for in-vivo cases, the cells are attached to 

extracellular matrix). Therefore, the signal increases due to enhanced engagement of 

more magnetic nanoparticles with the background matrix.  Further studies to investigate 



 159 

the motion of magnetic nanoparticles clusters with controlled sizes and within a polymer 

background with controlled pore size can validate or reject this hypothesis. 

9.4.5 Design and Development of an Integrated US/pMMUS probe 

Design and development of an integrated US/pMMUS probe can be a key 

solution to further expand the applications of this imaging modality in clinical studies. An 

integrated probe can be envisioned as an ultrasound transducer, electromagnetically 

shielded, and surrounded by a magnetic excitation coil (figure 9.9). Once this integrated 

probe is implemented, both imaging and magnetic excitation will be performed from the 

same side of the object allowing easier and more practical clinical usage of the system. 

Moreover, this integrated probe can solve some of the existing problems such as 

magnetic field penetration depth. 

 

 

Figure 9.9: Envisioned schematic of the cross section of an integrated probe for 
US/pMMUS imaging. It includes an ultrasound transducer shielded against 
electromagnetic interference (EMI) and heat generated by the magnetic coil. 
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9.5 CONCLUSIONS 

Pulsed magneto-motive ultrasound imaging was developed, optimized and 

validated through this research. These studies can strongly support the capabilities of this 

newly-born imaging technique for molecular imaging. One of the most important 

advantages of pMMUS imaging is that it can be easily developed for clinical practice and 

by using currently available clinical ultrasonography machines. A magnetic excitation 

module can be easily added to an existing ultrasound imager without adding significant 

costs and complexity.  
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