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Cancer is a major public health problem worldwide due to its poor prognosis. 

Detection of cancer in the earliest stages is crucial for the success of therapeutic strategies 

to truly cure the disease. Molecular imaging provides the potential to diagnose and image 

cancers at an asymptomatic stage. In molecular imaging, the nanoparticles are designed 

to target the cancer cells. Molecular imaging is capable of assessing the molecular 

processes within the tumors by detecting the accumulated or targeted nanoparticles. 

However, for most molecular imaging systems, the background signal is a common 

problem, obscuring signals from specific probes and limiting sensitive detection. A 

hybrid imaging technique, entitled magneto-photo-acoustic (MPA) imaging, was 

developed as a non-invasive imaging tool to detect nanoparticles, which are used to target 

pathologies, with high sensitivity and specificity. Based on dual-contrast of both optical 

absorption and magnetic susceptibility, MPA imaging can significantly improve the 

molecular contrast specificity as well as investigate the interaction of nanoparticles with 

cells. Studies were performed using tissue-mimicking phantoms, ex vivo tissue sample 

and in vivo animal models of cancer. The results indicate that, coupled with dual-contrast 

agent, the molecular MPA imaging will allow not only mapping the pathologies located 

in the body, but also sensing the molecular and physiological processes. 



 vii 

Table of Contents 

List of Figures ..................................................................................................... x 

Chapter 1:  Introduction ..................................................................................... 1 

1.1 Motivation ............................................................................................ 1 

1.2 Imaging modalities for cancer detection ................................................ 3 

1.2.1 Ultrasound imaging ................................................................... 4 

1.2.2 Photoacoustic imaging ............................................................... 5 

1.2.3 Magneto-motive ultrasound imaging ......................................... 9 

1.2.4 Multi-modality imaging technique ........................................... 12 

1.3 Magneto-photo-acoustic imaging ........................................................ 13 

1.4 Organization of the dissertation ........................................................... 13 

1.5 References .......................................................................................... 15 

Chapter 2:  Development of system and algorithm for magneto-photo-acoustic 

imaging .................................................................................................... 21 

2.1 Dual-contrast agent for magneto-photo-acoustic imaging .................... 21 

2.1.1 Cocktail ................................................................................... 21 

2.1.2 Liposomal nanoparticles .......................................................... 23 

2.1.3 Availability of dual-contrast agent in literature ........................ 27 

2.2 System and algorithm for magneto-photo-acoustic imaging ................ 28 

2.2.1 System of magneto-photo-acoustic imaging............................. 28 

2.2.2 Algorithm of magneto-photo-acoustic imaging ........................ 30 

2.3 Test and characterization of magneto-photo-acoustic imaging ............. 32 

2.3.1 Ability of magneto-photo-acoustic imaging to detect nanoparticles’ 

concentration ........................................................................... 32 

2.3.2 Resolution of magneto-photo-acoustic imaging ....................... 37 

2.4 References .......................................................................................... 41 

Chapter 3:  Magneto-photo-acoustic imaging of nanoparticles’ distribution with 

enhanced contrast ..................................................................................... 45 

3.1 Introduction ........................................................................................ 45 



 viii 

3.2 Materials and methods ........................................................................ 46 

3.2.1 Tissue-mimicking phantom ..................................................... 47 

3.2.2 Macrophage cells embedded in ex vivo porcine tissue .............. 47 

3.2.3 System of magneto-photo-acoustic imaging............................. 48 

3.3 Results and discussion ........................................................................ 49 

3.3.1 Tissue-mimicking phantom ..................................................... 49 

3.3.2 Macrophage cells embedded in ex vivo porcine tissue .............. 53 

3.4 Comparison to spectroscopic photoacoustic imaging ........................... 55 

3.5 References .......................................................................................... 59 

Chapter 4:  Magneto-photo-acoustic imaging of nanoparticles’ delivery and 

endocytosis ............................................................................................... 63 

4.1 Introduction ........................................................................................ 63 

4.2 Detection of nanoparticles’ endocytosis .............................................. 67 

4.2.1 Materials and methods ............................................................. 67 

4.2.2 Results and discussion ............................................................. 68 

4.3 Monitor of nanoparticles’ delivery and endocytosis............................. 73 

4.3.1 Materials and methods ............................................................. 73 

4.3.2 Results and discussion ............................................................. 75 

4.4 Influence of nanoparticles’ endocytosis on magneto-photo-acoustic signal

 ........................................................................................................ 79 

4.4.1 Nanoparticle aggregation associated with endocytosis ............. 79 

4.4.2 Enhanced magneto-photo-acoustic signals from aggregated 

nanoparticles ........................................................................... 80 

4.5 References .......................................................................................... 84 

Chapter 5:  In vivo test of magneto-photo-acoustic imaging ............................. 89 

5.1 Introduction ........................................................................................ 89 

5.2 Materials and methods ........................................................................ 90 

5.2.1 Dual-contrast agent for in vivo magneto-photo-acoustic imaging90 

5.2.2 Animal model .......................................................................... 90 

5.2.3 System of In vivo magneto-photo-acoustic imaging ................. 91 

5.3 Results and discussion ........................................................................ 93 



 ix 

5.3.1 Two-dimension images............................................................ 93 

5.3.2 Three-dimension images .......................................................... 97 

5.4 References .........................................................................................101 

Chapter 6:  Summary and future work ............................................................104 

6.1 Summary of our research ...................................................................104 

6.2 Possible improvement of our work .....................................................107 

6.2.1 Conjugation of dual-contrast nanoparticles .............................107 

6.2.2 Improvement of magneto-photo-acoustic imaging instrumentation

 ...............................................................................................107 

6.3 Suggestion for future applications ......................................................108 

6.3.1 Magneto-photo-acoustic imaging of metastasis of tumor cells 108 

6.3.2 Optimization of molecular imaging probes .............................109 

6.3.3 Magneto-motive ultrasound imaging guided photothermal therapy

 ...............................................................................................110 

6.3.4 Functional magneto-photo-acoustic imaging ...........................111 

6.4 References .........................................................................................111 

Bibliography ....................................................................................................116 

Vita  ................................................................................................................126 

  



 x 

List of Figures 

Figure 1.1: (A) Goal of molecular imaging technique is to identify functional 

processes by detecting biosensors. (B) Signals generated from the 

normal tissues and the non-targeted nanoparticles in tissue reduce 

imaging contrast. ............................................................................. 3 

Figure 1.2: Theoretical acoustic pressure generated using (A) an ultra-short laser 

pulse and (B) a long laser pulse from a spherical inclusion. Pressure was 

received at a distance r, equal to two times the inclusion radius a [38].

 ....................................................................................................... 7 

Figure 1.3: Optical absorption properties of tissues [44]. ................................... 8 

Figure 2.1: (A) Optical density of cocktail of Au NRs and Fe3O4 NPs. 

(B) Magnetization for Fe3O4 nanoparticles. ................................... 23 

Figure 2.2: Schematic diagram for preparation of liposomes encapsulating Au NRs 

and Fe3O4 NPs. ............................................................................. 24 

Figure 2.3: (A) TEM image of liposomes encapsulating Au NRs and Fe3O4 NPs. 

(B) Extinction spectra of liposomal nanoparticles (solid line) and PBS 

solution (dashed line) containing Au NRs and Fe3O4 NPs. ............ 27 

Figure 2.4: Block diagram for magneto-photo-acoustic imaging. ..................... 30 

Figure 2.5: (A) US image, (B) PA image, and (C) PA image overlaid on US image 

of tissue-mimicking phantom with embedded inclusions containing 

different concentrations of Fe3O4 NPs. The images show a region that is 

9.2 mm axially by 62.5 mm laterally. (D) Relationship between PA 

signal amplitude and concentration of Fe3O4 NPs. ......................... 33 



 xi 

Figure 2.6: (A) US image, (B) MMUS image of a phantom containing inclusions 

with different concentrations of nanoparticles. The images show a region 

that is 9.54 mm axially by 25 mm laterally. (C) Relationship between 

magnetically induced displacement and concentration of Fe3O4 NPs.35 

Figure 2.7: (A) US image of a gelatin phantom containing inclusions with different 

elasticity. The images show a region that is 18.15 mm axially by 60 mm 

laterally. (B) Magnetically induced motion from the regions marked 

with red rectangles in Fig. 2.7(A). As the elasticity of sample increases, 

the MMUS signals decrease. ......................................................... 36 

Figure 2.8: (A) Design of a gelatin phantom containing Fe3O4 NPs inclusions. The 

diameter of both inclusions is 4 mm. Both inclusions contain the same 

concentration of NPs. Background and left inclusion have homogenous 

elasticity (made out of 3% gelatin), and right inclusion has larger 

elasticity (made out of 16% gelatin). (B) Magnetically induced 

displacement from different positions for left inclusion. 

(C) Magnetically induced displacement from different positions for right 

inclusion. (D) Relationship between maximum displacement and 

distance from the center of inclusions. ........................................... 40 

Figure 3.1: Darkfiled images of (A) intact macrophages and (B) macrophages 

labeled with Au NRs and Fe3O4 NPs. (C) Extinction spectra of intact 

cells (dashed line) and cells (solid line) labeled with Au NRs and Fe3O4 

NPs. .............................................................................................. 48 



 xii 

Figure 3.2: (A) US image of the tissue-mimicking phantom with six inclusions. The 

background of the phantom was prepared by mixing gelatin with 

graphite to represent the endogenous chromophores in native tissue. The 

inclusions contained different types of contrast agents at different 

concentrations. (B) Magnitude of averaged PA signal from each marked 

region in Fig. 3.2(A), and PA image of the phantom. (C) Magneto-

motive displacement of each marked region and MMUS image of the 

phantom. (D) PA image of the phantom. Each image covers area 

measuring 7.7 mm axially and 56 mm laterally.............................. 52 

Figure 3.3: (A) US, (B) PA, (C) MMUS and (D) MPA images of ex vivo tissue 

sample injected with macrophage labeled with Au NRs and Fe3O4 NPs.  

The images cover area measuring 5.4 mm axially by 4.5 mm laterally.

 ..................................................................................................... 54 

Figure 3.4: (A) US, (B) PA, (C) MMUS, and (D) MPA images of muscle tissue with 

inclusion containing dual-contrast cocktail. The images cover area of 

15.4 mm axially by 12 mm laterally. ............................................. 56 

Figure 3.5: Spectroscopic PA images overlaid on the US image of tissue sample 

with inclusion containing dual-contrast agent. ............................... 57 

Figure 3.6: (A) UV-Vis absorption spectrum of cocktail containing both Fe3O4 NPs 

and Au NRs. (B) Correlation coefficient image overlaid on the US 

image of the muscle tissue with inclusion containing dual-contrast agent.

 ..................................................................................................... 58 



 xiii 

Figure 4.1: (A) Schematic diagram of delivery and endocytosis of NPs. The NPs are 

delivered to tissue, accumulate around the macrophages and then are 

endocytosed by the macrophages. (B) Darkfield images of macrophages 

when NPs are delivered, accumulated and endocytosed. The bright color 

in the darkfield of macrophages with endocytosed NPs is due to the 

enhanced light scattering from the aggregates. (C) Graphs that 

pictorially illustrate the expected changes in PA, MMUS and MPA 

signals from the tissue during the processes outlined in Fig. 4.1(A). Both 

PA and MMUS signals are expected to increase as NPs are delivered to 

the tissue. However, the MMUS signal is expected to increase further as 

NPs are endocytosed by macrophages, while the PA signal is not 

expected to change significantly. The MPA signal, obtained by 

normalizing the MMUS signal by the PA signal, is expected to increase 

when NPs are endocytosed by macrophages. ................................. 66 

Figure 4.2: TEM images of (A) Fe3O4 NPs and (B) macrophages with endocytosed 

Fe3O4 NPs. (C) US image of tissue-mimicking phantom containing two 

inclusions with Fe3O4 NPs either present in the vicinity of macrophages’ 

vicinity (left inclusion) or endocytosed by macrophages (right 

inclusion). Each inclusion contains the same concentration of Fe3O4 

NPs. (D) MMUS image of phantom and the magnetically induced 

displacements measured in each inclusion (regions marked in US image 

in Fig. 4.2(C)). (E) PA image of phantom and the average PA signal 

measured in each inclusion (regions outlined in Fig. 4.2(C)). US, 

MMUS and PA images show a region that is 9.2 mm axially by 17.8 mm 

laterally. ........................................................................................ 70 



 xiv 

Figure 4.3: MPA image of the phantom containing two inclusions with Fe3O4 NPs 

either present in the vicinity of the macrophages vicinity (left inclusion) 

or endocytosed by macrophages (right inclusion). The increase of the 

MPA signal from the right inclusion results from intracellular 

aggregation of endocytosed NPs. ................................................... 72 

Figure 4.4: Two groups of gelatin phantoms to represent the delivery and 

endocytosis of NPs. (A) First group of phantoms. Inclusion I was used 

as a control. Other inclusions contain different concentrations of 

individual Fe3O4 NPs. (B) Second group of phantoms. Parameter E 

represents the endocytosis ratio, which is defined as the ratio of the 

number of endocytosed NPs to the total number of NPs in tissue (both 

endocytosed NPs and individual NPs in the vicinity of cells). Inclusions 

VI to IX contain Fe3O4 NPs with different values of E. .................. 74 

Figure 4.5: (A) US image of the first group of phantoms. (B) Relationship between 

the magnitudes of the PA signal from the regions marked with a yellow 

semicircle and the concentration of Fe3O4 NPs. (C) Relationship between 

MMUS signals from the regions marked with a red rectangle and the 

concentration of Fe3O4 NPs. (D) Relationship between PA signals and 

MMUS signals for individual Fe3O4 NPs. ...................................... 76 



 xv 

Figure 4.6: (A) US image of the second group of phantoms. (B) Relationship 

between the magnitude of the PA signal from the region marked with a 

yellow semicircle and the endocytosis ratio, E, of Fe3O4 NPs. (C) The 

relationship between the magnitude of the MMUS signal from the 

regions marked with a red rectangle and the endocytosis ratio, E, of 

Fe3O4 NPs. (D) Relationship between MMUS signals and PA signals for 

endocytosed Fe3O4 NPs. ................................................................ 77 

Figure 4.7: Magnetic NPs i and j carrying dipole moments    and   , 

respectively. They interact via the dipole-dipole potential, as described 

in Equation (4.4). .......................................................................... 82 

Figure 5.1: (A) Block diagram and (B) photograph of the experimental setup for in 

vivo MPA imaging. ....................................................................... 92 

Figure 5.2: (A) US image of a cross-section in the tumor-bearing mouse, where the 

tumor is marked with a yellow dashed line. (B) PA image overlaid on 

top of the US image. The images cover 10.87 mm axially and 11 mm 

laterally. (C) PA signals obtained in the LNP-labeled tumor (Region I, 

marked with blue solid line) and in the background tissue (Region II, 

marked with green dashed line). The average PA signal amplitude from 

the tumor (Region I) is 8.44 dB stronger than that from the background 

tissue (Region II). .......................................................................... 94 



 xvi 

Figure 5.3: (A) MMUS image of a cross-section in the tumor-bearing mouse. 

(B) Temporal displacement curves from both the LNP-labeled tumor 

(Region I, marked with blue solid line) and the background tissue 

(Region II, marked with green dashed line). The time function of the 

magnetic field is shown in the insert. MMUS imaging provides contrast 

of 16.5 dB between LNP-labeled tumor and background tissue. .... 95 

Figure 5.4: (A) MPA image of a cross-section in the tumor-bearing mouse. 

(B) MPA signals obtained in the LNP-labeled tumor (Region I, marked 

with blue solid line) and in the background tissue (Region II, marked 

with green dashed line). MPA signal from the background tissue 

(Region II) was completely suppressed. Compared to PA image shown 

in Fig. 5.2(B), MPA imaging contrast between the LNP-labeled tumor 

(Region I) and the background tissue (Region II) is significantly 

enhanced. ...................................................................................... 96 

Figure 5.5: 3D (A) US, (B) PA, (C) MMUS, and (D) MPA images of the LNP-

labeled tumor and the background tissue in a mouse. The MPA image 

identified the distribution of dual-contrast liposomal nanoparticles in the 

tumor with enhanced contrast. ....................................................... 97 

 



 1 

Chapter 1:  Introduction 

1.1 MOTIVATION 

Cancer is a major public health problem worldwide. According to American 

Cancer Society, one in four deaths in the United States is due to cancer in 2011 [1]. 

Patients who suffer from cancer generally have a poor prognosis due to the limitations in 

diagnosis sensitivity and treatment efficiency. Detection of cancer in its earliest stages is 

crucial for the success of therapeutic strategies to truly cure the disease [2, 3].  

Traditional anatomic imaging techniques including computed x-ray tomography 

(CT), magnetic resonance imaging (MRI), and ultrasound (US) imaging have been used 

to localized and detect the anatomical structure of tumor. Conventional anatomic imaging 

techniques typically detect tumors when they are one centimeter or greater in diameter, at 

which point they already consist of more than 10
9
 cells and metastatic progression is 

commonly exist [3]. It is extremely essential to diagnose and image cancer at an 

asymptomatic stage. 

Molecular imaging has emerged in the past few years as a technique capable of 

detecting the molecular signature of cancers, which occurs prior to the incidence of 

anatomical symptoms [3-6]. Thus, molecular imaging provides the potential to diagnose 

and image cancers at an asymptomatic stage. In molecular imaging, nanoparticles (NPs) 

designed to target particular tissues or cells are used as molecular probes. Nanoparticle 

probes are typically smaller than several hundred nanometers and are comparable to the 

size of large biological molecules. With a size about 100 to 10000 times smaller than 

human cells, these NPs can offer unprecedented interactions with biomolecules both on 

the surface of and inside cells, which may revolutionize disease diagnosis and treatment. 

The most well-studied nanomaterials include quantum dots (QDs) [7], carbon nanotubes 

[8], and metal based nanoparticles [9, 10]. Metal based nanoparticles (~5 to 100 nm in 
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diameter) are being used extensively as molecular specific contrast agents for various 

imaging modalities such as optical imaging and MRI. Many researchers have 

demonstrated that metal nanoparticles extravasate and accumulate in tumors due to the 

enhanced permeability and retention (EPR) effect [9, 10]. This effect is caused by the 

leaky nature of tumor vessels. By injecting optimal sized metal NPs, passive 

accumulation in tumors can be achieved. Furthermore, the metal nanoparticles can be 

made conjugating targeting moieties such as antibodies, aptamers, or peptides to their 

surfaces. Metal nanoparticles such as gold (Au) [9, 10] and magnetite (Fe3O4) [11] are 

good candidate for bio-conjugation, according to well-known protocols. Molecular 

imaging can detect the accumulated or targeted molecular probes, which opens up a 

number of exciting possibilities for medical application, including assessing the 

molecular processes within the tumors, providing accurate diagnosis, and monitoring of 

localized treatment [4].  

For most molecular imaging modalities, increasing the images’ signal to noise 

ratio is challenging. Strong background signals often obscure signals from specific probes 

and limited the sensitivity of detection [5, 12, 13]. As shown in Fig. 1(A), the NPs can be 

considered as biosensors, which are activated only when they involve in some functional 

processes, such as cellular endocytosis. The goal of molecular imaging technique is to 

identify these functional processes by detecting the presence and spatial distribution of 

the activated NPs. However, signals generated from the normal tissues and the non-

targeted nanoparticles in tissue reduce the imaging contrast. In order to specifically detect 

the biosensors, we need strategies to differentiate the signals of the NPs interacting with 

cells from that of the background tissue and of unbounded NPs. Therefore, a sensitive 

molecular imaging technique is desired to visualize activated NPs with sufficient contrast 

specificity. 
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In this study, a hybrid imaging technique, entitled magneto-photo-acoustic 

imaging, was developed as a reliable, non-invasive imaging tool to detect NPs. The NPs, 

designed with both the optical absorption and magnetic susceptibility, are used to target 

pathologies. Based on the dual-contrast provided by the NPs, magneto-photo-acoustic 

imaging can significantly improve the molecular contrast specificity as well as provide 

important information on the interaction of NPs with cells. Therefore, molecular 

magneto-photo-acoustic imaging allows not only mapping the pathologies located in the 

body, but also visualizing the molecular and physiological information. 

 

 

Figure 1.1: (A) Goal of molecular imaging technique is to identify functional processes 

by detecting biosensors. (B) Signals generated from the normal tissues and 

the non-targeted nanoparticles in tissue reduce imaging contrast.  

 

1.2 IMAGING MODALITIES FOR CANCER DETECTION 

Various noninvasive imaging modalities, such as CT, MRI, and US imaging are 

used extensively to diagnose cancer. MRI and CT have the advantage of whole body 

imaging and high resolution. However, MRI suffers from motion artifacts caused by body 

movement. Contrast enhanced MRI imaging has relatively low sensitivity. CT exposes 
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patents to ionizing radiation. US imaging is real time, with reasonable penetration depth, 

portability, and low cost. 

 

1.2.1 Ultrasound imaging 

In US imaging, short acoustic pulses are transmitted into a patient’s body, interact 

with tissues, and produce echoes due to reflection or scattering [14]. Then the 

backscattered echoes are detected by a transducer to form a grayscale image of the cross 

section of tissue. The contrast in US images is due to the difference in the acoustic 

impedance of the tissue being imaged. However, the US imaging contrast between 

normal and pathologically transformed tissue might be insufficient, limiting the 

sensitivity of visualizing abnormal tissues.  

Ultrasound contrast agents, such as microbubbles, have been introduced to 

enhance the signal-to-noise ratio (SNR) of US images. When targeted to various 

biomarkers in the vascular lumen, these microbubbles can provide some molecular 

specific US imaging contrast. However, microbubbles are not ideal for cellular and 

molecular US imaging because they are too large (usually >200 nm) to cross the 

endothelium and bind to specific cells beyond the vessel wall. Besides, microbubbles 

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

waves. Thus, the microbubble based US molecular imaging is exclusively vasculature 

related [15-17]. Liposome is another contrast agent developed for US imaging [18]. 

Compared to microbubbles, liposome has a longer circulation time and can readily be 

conjugated to various biomarkers. However, liposomes' size is typically around 800 nm 

in diameter, which is too large to pass through the endothelial gap junctions and target 

cells. Therefore, liposomes would not likely to reach the tumor interstitial space [19]. 
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Other types of US nanoparticle contrast agents such as perfluorocarbon nanoparticles 

[17] and silica nanoparticles [20] could extravasate through the leaky vasculature of a 

tumor into the interstitial space but are less echogenic compared to microbubbles. To 

address the limitations of US imaging, various ultrasound-based techniques, such as 

photoacoustic imaging [21-26] and magneto-motive ultrasound imaging [27-30], have 

been developed. 

 

1.2.2 Photoacoustic imaging 

Photoacoustic (PA) imaging, also known as the optoacoustic or thermoacoustic 

imaging, is a sensitive tool for studying living systems [21-26]. In PA imaging, the 

absorption of pulsed electromagnetic radiation causes a rapid thermal expansion, which 

leads to the generation of acoustic waves [21, 31]. The PA pressure P(z) generated at a 

certain depth z using laser illumination of wavelength λ can be expressed as: 

 

      
   

  
                     (1.1) 

where β is the thermal expansion coefficient, C is the speed of sound, CP is the heat 

capacity at a constant pressure, µα is the optical absorption coefficient, and F(z) is the 

laser fluence at depth z [32, 33]. The expression 
   

  
 in Equation (1.1) is called 

Gruneisen coefficient, which is a temperature dependent parameter. Given the constant 

temperature and laser fluence in the tissue, the amplitude of the PA signal strength is 

proportional to the optical absorption coefficient. Thus, the distribution of optical 

absorption properties in the tissues can be obtained by analyzing photoacoustic images. 

For example, functional information such as the oxygenation of blood or the presence of 

atherosclerotic plaques may be extracted from photoacoustic images [34, 35]. 
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To generate photoacoustic signals efficiently, two conditions, thermal and stress 

confinements, must be met [36]. The thermal confinement condition is satisfied when the 

duration of the laser pulse (τ0) is much shorter than the thermal diffusion time (τth). The 

time scale for the heat dissipation of absorbed laser energy by thermal conduction can be 

determined by the dimension, the geometry, and the thermal diffusivity of the tissue 

volume being heated. A typical value of thermal diffusivity D for most soft tissues is 

around          cm
2
/s [37]. The thermal diffusion length during the pulse period can 

be estimated by         [32]. Given a laser pulse width of 10 ns, the thermal 

diffusion length during the pulse period is much less than the spatial resolution that most 

photoacoustic imaging systems can achieve. Therefore, the thermal confinement 

condition is typically met.  

Similarly, the stress confinement is satisfied when pulse width (τ0) is shorter than 

the time for the stress to transit the heated region. The transition time (τs) can be 

estimated by τs=L /c, where L is the dimension of heated region, c is the speed of sound. 

Assuming a homogeneous spherical optical absorber was embedded inside a 

homogeneous background, the acoustic impedance and speed of sound are matched 

between the inclusion and the background. When the laser pulse duration satisfies the 

stress confinement, the photoacoustic signal received outside of the inclusion has an “N” 

shape (Fig. 1.2(A)). On the other hand, without satisfying the stress confinement, 

photoacoustic signal received outside of the absorber has two separated parabolic shaped 

signals that are in opposite phases (Fig. 1.2(B)) [38]. 
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Figure 1.2: Theoretical acoustic pressure generated using (A) an ultra-short laser pulse 

and (B) a long laser pulse from a spherical inclusion. Pressure was received 

at a distance r, equal to two times the inclusion radius a [38]. 

 

PA imaging offers contrast based on the optical absorption while the spatial 

resolution is determined by US imaging transducer (typically less than 500 µm). Unlike 

optical imaging modalities, where the penetration depth is limited by optical scattering 

from the tissue, photoacoustic imaging can image deeper since it detects sound versus 

light. Moreover, greater penetration depth in tissue can be achieved using the near-

infrared (NIR) wavelengths (between 700 nm and 1100 nm), because much lower optical 

scattering comparing to the visible wavelength range, and the absorption of endogenous 

chromophores such as melanin and blood are lower in the NIR range. Fig. 1.3 shows the 

optical absorption spectra of tissue components. 

In molecular PA imaging, a variety of shapes and sizes of metal nanoparticles 

including Au nanospheres, nanorods, nanocage, and shells can be used as contrast agents 

[39-43]; these plasmonic NPs can be targeted to specific biomarkers of the disease, which 

allow selective monitoring of pathologies at the molecular level. By varying the shape 

t (units of laser pulse)

1 ns laser pulse 100 ns laser pulse

t (units of laser pulse)

(A) (B)
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and aspect ratio of nanostructures, particles can be manufactured to absorb light at a 

desired wavelength across a wide spectrum including the NIR spectrum, where the 

absorption of light by tissue is minimal. Moreover, the change in the optical absorption 

properties due to the plasmon coupling effect of closely spaced nanoparticle assemblies 

can be detected using multi-wavelength photoacoustic imaging [10]. 

In general, endogenous chromophores in tissue (i.e. water, hemoglobin, melanin, 

and lipids) have a lower optical absorption in the NIR region than contrast agents. 

However, the volume of native tissue and endogenous chromophores are much greater 

than that of the contrast agent, which induces the PA detection of the contrast agent in 

vivo. 

 

 

Figure 1.3: Optical absorption properties of tissues [44]. 
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1.2.3 Magneto-motive ultrasound imaging 

Magneto-motive ultrasound (MMUS) imaging consists of three components: (1) 

magnetic NPs such as Fe3O4 NPs that are used to specifically label pathological tissues, 

(2) a pulsed magnetic field which excites the magnetic NPs to induce motion in the 

magnetically labeled tissues, and 3) US system that can detect the motion.  

In MMUS imaging, the magnetic NPs accumulated in the tissue are mechanically 

actuated by an externally applied magnetic field. The displacement that is produced at the 

location of magnetic NPs in the tissue can be detected using US pulse echoes. The 

magneto-motive force (Fm) acting on a magnetic NP that causing the displacement of 

tissue can be expressed as: 

                                            (1.2) 

where B is magnetic flux density and m is the magnetic moment. Considering the z-

directional component of the magnetic field, Bz, and the magnetic moment, mz, the 

magneto-motive force, Fm, acting in z-direction can then be expressed as: 

                                             (1.3) 

Tissue is a weakly diamagnetic medium whose mechanical response to magnetic 

excitation is negligible. For a magnetic NP, the magnetic moment mz can be written as 

         , where Vm is the volume of the magnetic portion of the NP and Mz is the z-

directional volumetric magnetization. The volume of the magnetic portion of the NP (Vm) 

can be denoted as           , where Vnp is the total size of the NP and fm is a 

dimensionless factor that represents the volumetric ratio of magnetic material in a NP. 

The z-directional volumetric magnetization Mz, can be written as         

            where Hz is the magnetic field strength in the z-direction, χnp is the volume 

magnetic susceptibility of the NP, and χmedium is the volume magnetic susceptibility of the 

tissue surrounding the NPs. Assuming that B does not change significantly over a NP due 
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to its small size, the volumetric magnetization Mz can be expressed as        
  

  
 , 

   is vacuum permeability, and, therefore, the magneto-motive force is: 

     
        

  
                                (1.4) 

Since 

         
 

 
           

   

  
                  (1.5) 

Equation (1.4) can be simplified to: 

     
        

  
  

   

  
                            (1.6) 

According to Equation (1.6), 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 NPs [45, 46]. The significant 

difference between magnetic susceptibility of normal tissue and the magnetic NPs is the 

basis of the contrast mechanism in MMUS imaging. The typical magnetic NPs, such as 

Fe3O4, have 6-order higher magnetic susceptibility than that of native tissue [47, 48]. 

Therefore, MMUS is excellent to detect magnetic NPs in tissues. 

The mechanical response of the magnetically labeled tumor to the magneto-

motive force can be described by the theory of elasticity. Considering the magnetic force 

on each magnetic NP as an infinitely small distributed force volume, the displacement W 

within an infinite medium in the direction of the applied force can be derived from the 

analytic solution:  

  
                           

                   
,       (1.7) 

where z is the axial distance along the line of the magneto-motive force, P is the 

magnitude of the magneto-motive force, r is the radial distance from the central point of 

the applied force, E is the Young’s modulus of the materials, and v is the Poisson’s ratio 

[49, 50]. The MMUS image visualizes the combination of the displacement induced by 
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magneto-motive force on all the magnetic nanoparticles within the imaged area. Based on 

Equation (1.6) and (1.7), the magnetically induced motion within an infinite medium is 

determined by not only the NP distribution, but also the mechanical properties of 

surrounding tissues [29]. Besides, the boundary condition of the NP-labeled region makes 

the relationship between MMUS signal and NP concentration even more complicated. 

Therefore, the MMUS imaging is capable of distinguishing the magnetically labeled 

tumor from the surrounding tissues based on the different magnetic responses; however, 

MMUS imaging alone is not able to indicate the local variation of NP concentration 

within the labeled tumor due to complicated relationship between the magnetically 

induced motion and the magnetic nanoparticle distribution. 

Ultrasound speckle tracking methods have been applied to measure the tissue 

displacements in a number of studies [51-56]. To track the displacements within tissue, a 

reference A-line US pulse is initially transmitted before the external force excitation. 

After the force application, a series of A-line US pulses are transmitted to monitor the 

resulting displacement. The cross-correlation of the tracked echoes through time is used 

to estimate the tissue displacements [50, 56, 57]. The tracking error of this method is 

related to the tracking frequency, transducer bandwidth, SNR, kernel length, and the 

correlation coefficient between radio frequency (RF) lines being tracked. The Cramer-

Rao lower bound (CRLB) is commonly used as the performance standard for ultrasonic 

speckle tracking methods; and provides an estimate of the expected jitter for measured 

displacement: 

        
 

   
              

 
 

     
 

     
     ,       (1.8) 

where SNR represents signal-to-noise ratio, BW represents fractional bandwidth of the 

transducer, T represents the kernel size, ρ represents the correlation coefficient between 
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the reference and the tracked US signals, and fc represents the center frequency of the US 

signals for motion tracking [58]. While the CRLB sets a lower bound on the variance 

estimated displacement, actual performance can be worse [58]. 

 

1.2.4 Multi-modality imaging technique 

Among all molecular imaging modalities, no single modality is perfect and 

sufficient to obtain all the necessary information [5, 6]. For example, MRI has high 

resolution yet it suffers from low sensitivity; PA imaging visualizes optical absorber with 

high sensitivity yet its contrast was reduced by the light absorption of tissue components; 

MMUS imaging provides sufficient contrast but its spatial resolution is limited.  

The combination of images from complementary modalities has synergistic 

advantages over any modality alone and offers a more sensitive, reliable, and accurate 

assessment of disease. Multiple modality nano-probes for MRI, CT, and optical imaging 

have been investigated for in vivo tumor imaging [59-61]. Cai et al. recently developed a 

QD-based probe for both NIR fluorescence imaging and positron emission tomography 

(PET) imaging [60]. In another report, liposomes were labeled with both radionuclides 

and gadolinium for single-photon emission computed tomography (SPECT) and MRI in 

vitro [61].  

Most of the above-mentioned studies demonstrated the feasibility of multiple 

modality imaging in vivo, but the modalities were not equally effective. Typically, one 

modality was usually used for ex vivo validation of the in vivo results obtained from the 

other imaging modality, thus, the in vivo detection did not benefit from the integration of 

two modalities. Furthermore, the challenges in image registration between multiple 
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modalities limit the multiple modality imaging to take full advantages of the 

complementary image techniques. 

 

1.3 MAGNETO-PHOTO-ACOUSTIC IMAGING 

Magneto-photo-acoustic (MPA) imaging was developed based on the integration 

of US, PA and MMUS imaging modalities. NPs possessing both optical absorption and 

magnetic properties are required as dual-contrast agents. MPA imaging analyzes both 

optical absorptions and mechanical response of tissue to external pulsed magnetic field. 

In MPA imaging, the same US transducer was used to acquire US, PA and MMUS 

signals using an integrated system, thus all images were spatially co-registered and 

temporally consecutive. TMPA imaging can be transparently integrated to provide 

complementary anatomical, functional and molecular information of the tissue. MPA 

imaging retains the sensitivity of PA imaging to NP concentration, as well as enhances 

the specificity for NP detection based on MMUS contrast mechanism. Furthermore, by 

analyzing PA and MMUS signals, MPA imaging can provide information on the cellular 

endocytosis of dual-contrast NPs. Therefore, MPA imaging can detect the distribution 

and functional states of NPs with sufficient contrast and high spatial resolution.  

 

1.4 ORGANIZATION OF THE DISSERTATION 

The dissertation is focused on the development of magneto-photo-acoustic 

imaging technique to visualize the presence, distribution, and cellular endocytosis of 

nanoparticles with high contrast. The success of MPA imaging in identifying NPs from 

the background can accurately localize tumors and detect specific molecular processes.  
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Chapter 2 is focused on the development of MPA imaging system. A pulsed laser 

beam at NIR wavelengths was excited to the NP-labeled sample to generate PA signals; 

and a pulsed magnetic field was applied to induce displacement in the sample. A single 

element transducer or a linear array transducer attached to the Vevo
®
 2100 ultrasound 

system was used to acquire US, PA and MMUS signals. Then the signal/image 

processing algorithms were developed to form an MPA image. A dual-contrast 

nanoconstruct, liposome NPs encapsulating both Au NRs and Fe3O4 NPs, were 

synthesized and used as a dual-contrast agent for MPA imaging. We also analyzed and 

characterized the MPA imaging system, including imaging resolution.  

Chapter 3 demonstrates that the MPA imaging is capable of detecting the dual-

contrast NPs in tissue-mimicking phantom, ex vivo sample, and in vitro sample with high 

contrast. This work has been published in Biomedical Optics Express (Qu M, Mallidi S, 

Mehrmohammadi M, Truby R, Homan K, Joshi P, Chen YS, Sokolov K, and Emelianov 

S, Magneto-photo-acoustic imaging. Biomed Opt Express 2011, 2: 385-95). 

Chapter 4 demonstrates that the cellular endocytosis of nanoparticles can be non-

invasively detected by MPA imaging. PA image indicated the concentration of 

nanoparticles; while MMUS signal depended on both the concentration and functional 

state of nanoparticles. Thus, the MPA image, obtained through normalizing the MMUS 

signal by the PA signal, can visualize the intracellular aggregation of nanoparticles. 

Longitudinal MPA imaging can monitor and investigate of the accumulation and 

endocytosis of NPs non-invasively, which provides a promising platform to improve the 

efficiency of therapy that based on contrast agent. Part of this work has been published in 

Small (Qu M, Mehrmohammadi M, and Emelianov S, Detection of nanoparticle 

endocytosis using magneto-photoacoustic imaging. Small 2011, 7: 2858-62). 
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Chapter 5 is focused on the in vivo study to test MPA imaging. A nude mouse 

bearing human epithelial carcinoma was used to model the cancer. Dual-contrast NPs 

were injected directly into the tumor; and the MPA imaging was conducted 2 hours after 

the injection. The results indicated that 3D MPA imaging is capable of identifying the 

labeled murine tumor with sufficient contrast and clear boundary in vivo.  

Finally, Chapter 6 summarizes the results of the dissertation, addresses limitations 

of the study, draws conclusions, and proposes areas of future work. 
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Chapter 2:  Development of system and algorithm for magneto-photo-

acoustic imaging 

2.1 DUAL-CONTRAST AGENT FOR MAGNETO-PHOTO-ACOUSTIC IMAGING 

2.1.1 Cocktail 

MPA imaging requires a contrast agent which possesses both superparamagnetic 

and optical absorption properties. A cocktail of Fe3O4 NPs and Au NRs was prepared to 

simulate combined plasmonic/magnetic contrast agent for MPA imaging.  

The Fe3O4 NPs particles were synthesized by coprecipitation of Fe
2+

 and Fe
3+

 ions 

in alkaline conditions with a modification of a method described in literature [1, 2]. 

Briefly, 15 ml of dextran (molecular weight 10,000 kDa) aqueous solution (15 wt%) 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 μm 

pore size filter. After 30 min, the black colloidal suspension was centrifuged at 10,000 

rpm for 20 min to remove the 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 h 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 Fe3O4 NP cores measured by high-resolution transmission 

electron microscopy (HRTEM) was 5.2±0.8 nm, and the overall hydrodynamic diameter 

was about 20 nm measured by dynamic light scattering (DLS).  

The synthesis of PEGylated Au NRs contained two steps: (i) the 10 nm by 50 nm 

CTAB coated Au NRs were synthesized based on published protocol [3, 4] and (ii) the 

CTAB coating was replaced with PEG by sonicating NRs in PEG solution. In the first 
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step, CTAB stabilized gold nanorods were synthesized by seed-mediated growth 

following Jana et al. [4] and Nikoobakht et al. [3]: 5 mL of CTAB solution (0.20 M) was 

first mixed with 5 mL of HAuCl4 solution (0.5 mM). Then, 0.60 mL of ice-cold NaBH4 

solution (0.01 M) was added to the mixture and vigorously stirred for 2 min at 25°C, 

which resulted in the formation of a brownish yellow seed solution. The growth solution 

was made by adding 0.15–0.2 mL AgNO3 (4 mM) and then 5 mL of HAuCl4 (1 mM) 

solutions to 5 mL of CTAB (0.20 M) solution, under gentle mixing, followed by 70 μL of 

ascorbic acid (0.0788 M) solution. To grow nanorods, 12 μL of the seed solution was 

added to the growth solution at 27–30 °C under gentle stirring for 30 seconds. The 

transparency of the solution changed to burgundy red within 10–20 min. The solution 

then aged for another 12 hours at 27–30 °C, before being centrifuged at 18,000 g for 

45 minutes, twice. The collected nanorods were re-dispersed in ultrafiltrated (18 MΩcm, 

Thermo Scientific Barnstead Diamond water purification systems) deionized water. In 

the second step, the stabilization agent, CTAB, on the surface of the gold nanorods was 

replaced by mPEG-thiol through ligand exchange. Briefly, the CTAB-stabilized Au NR 

dispersion was added to an equal volume of mPEG-thiol (0.2 mM) aqueous solution 

under vigorous stirring. The mixture was sonicated for 5 minutes and left to react for 

2 hours. Excess mPEG-thiol molecules were removed by centrifugation filtration 

(Amicon ultra-15, Millipore) at 3000 g for 10 min and the PEGylated gold nanorods were 

re-suspended in water. 

The optical density spectra and magnetic characterization of nanoparticles were 

measured and shown in Fig. 2.1(A) and Fig. 2.1(B), respectively. The optical spectra of 

Au NRs, Fe3O4 NP, and cocktail were measured by ultraviolet to visible (UV-Vis) 

extinction spectroscopy. Extinction spectra were collected from a 100 μL suspension in a 

96-well microliter plate reader (BioTek Synergy HT) at room temperature. The optical 
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absorption spectrum of cocktail exhibits a plasmon resonance in NIR region 

(Fig. 2.1(A)). The induced saturation magnetization of Fe3O4 NPs was measured as 

54 emu g
−1

 Fe at 300 K (Fig. 2.1(B)) using a superconducting quantum interference 

device (SQUID, Quantum Design MPMS). Clearly, the nanoparticles’ cocktail processes 

high magnetic susceptibility and optical absorption properties in NIR region. 

 

 

Figure 2.1: (A) Optical density of cocktail of Au NRs and Fe3O4 NPs. 

(B) Magnetization for Fe3O4 nanoparticles. 

 

2.1.2 Liposomal nanoparticles 

The multifunctional nanoconstructs, liposomal nanoparticles (LNPs), have been 

designed and synthesized as a contrast agent for MPA imaging. The LNPs were 

synthesized by incorporating both Fe3O4 NPs and plasmonic Au NRs into liposomes 

(Fig. 2.2) [5, 6]. Briefly, three steps were needed to synthesize the hybrid LNPs. 
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Figure 2.2: Schematic diagram for preparation of liposomes encapsulating Au NRs and 

Fe3O4 NPs. 

 

First, a lipid cake was formed by evaporating the solvent from a mixture of 1 mL 

of 10 mg/mL egg phosphatidylcholine (Egg-PC) in chloroform (Avanti Polar Lipid, Inc.) 

and 0.11 mL of 10 mg/mL1,2-dioleoyl-sn-glycero-3-ethylphosphocholine (DOPC) in 

chloroform (Avanti Polar Lipid, Inc.). The solution was rotated at 100 rpm in room 

temperature water bath at a reduced pressure of 400 mbar in a rotary evaporator. After 

approximately 30 minutes, all of the chloroform evaporated from the lipid solution, 

resulting in an evenly distributed film of Egg-PC and DOPC, called “lipid cake”, 

deposited on the inner wall of the flask. The flask was removed from the rotary 

evaporator and stored under a desiccator at reduced pressure overnight to ensure 

complete evaporation of chloroform from the lipid cake. 

Second, the lipid cake was hydrated with 3.7 mL 1X phosphate buffered saline 

(PBS) solution (Sigma-Aldrich)  containing citrate-capped Fe3O4 NPs (~7.5 nm) and Au 

NRs (~9 nm by ~30 nm), resulting in the spontaneous formation of multi-lamellar 

liposomes (MLLs) with encapsulated Fe3O4 NPs and Au NRs. The lipid cake was 

hydrated with the nanoparticles solution for 30 minutes at atmospheric pressure at 75 rpm 

and 45°C. The Au NRs were synthesized based on published protocol [3]. The citrate-

Lipid cake N nm MLLs
200 nm SLLs

Fe3O4 Au NRs

200 nm extrusion 

filter
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capped Fe3O4 NPs were obtained through a phase transfer reaction between tri(ethylene 

glycol)-coated Fe3O4 NPs in ethanol and an aqueous solution of 14 mg/mL sodium citrate 

(Sigma-Aldrich) in nano-pure water. The volume ratio between the tri(ethylene glycol)-

coated Fe3O4 solution and the sodium citrate was 1:1. The tri(ethylene glycol)-coated 

Fe3O4 NPs were synthesized by the thermal decomposition of 1 g of iron (III) 

acetylacetonate (≥99.9% trace metals basis, Sigma-Aldrich) in 20 mL tri(ethylene glycol) 

(Sigma-Aldrich) at ~250°C for four hours (Maity et al. 2009). Prior to the phase transfer 

reaction, the obtained tri(ethylene glycol)-coated Fe3O4 NPs were cleaned in 0.25 mL 

batches. A mixture of 0.25 mL Fe3O4 NPs, 0.75 mL ethanol, and 1 mL ethyl acetate was 

centrifuged at 14,000g for half an hour. A black NP pellet was obtained after decanting 

the supernatant. The cleaning step was repeated three times, and the obtained pellet of 

cleaned Fe3O4 NPs was re-suspended in 0.25 mL ethanol. Then, the desired volumes of 

cleaned Fe3O4 NPs in ethanol and the sodium citrate in water solution were mixed 

together and shaken at 500 rpm overnight, allowing the phase transfer reaction. In this 

reaction, the Fe3O4 NPs’ tri(ethylene glycol) surface layer was replaced with citrate ions. 

The citrate-capped Fe3O4 NPs were obtained by centrifuging the reaction solution in 

Millipore 50 kDa Amicon Ultra-15 Centrifugal Filter Units at 3,000g for 15 minutes. The 

obtained NPs were re-suspended with nano-pure water and re-filtered four times. Finally 

the filtered citrate-capped Fe3O4 NPs were re-suspended in 1x PBS solution.  

Third, to control the size of the hybrid nanoconstructs, the MLLs were subjected 

to a series of freeze-thaw cycles to remove excess phospholipid bilayers from the MLLs 

and extruded through a 200 nm polycarbonate membrane (Avanti Polar Lipids, Inc.). In 

the freeze-thaw cycles, the liposomal solution was frozen in dry ice for approximately 

15 minutes and immediately thawed in a 45°C water bath. The freeze-thaw cycles 

fracture the outer lipid bilayers of the MLLs, leaving the liposomal nanoparticles with a 
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single lipid bilayer. The diameters of the single-lamellar liposomes obtained after the 

freeze-thaw cycles were substantially varied due to the spontaneous formation of the 

MLLs upon hydration of the lipid cake. The single-lamellar liposomes were extruded 

through a 200 nm filter to obtain nanoparticles with mean diameter of 200 nm. Dynamic 

light DLS analysis indicated that the empty liposomes prepared using the same protocol 

had an average diameter of 213.0 nm. The LNPs provide dual-contrast for MPA imaging 

because they contain both Au NRs, which absorb NIR light, and Fe3O4 NPs, which 

possess strong magnetic susceptibility. 

The liposomal nanoparticles were characterized with transmission electron 

microscopy (TEM) and UV-vis spectroscopy.  The TEM image of liposomal 

nanoparticle, presented in Fig. 2.3(A), shows that Fe3O4 NPs and Au NRs were 

successfully packaged within the liposomes. The UV-vis spectra of 1X PBS solution 

containing Fe3O4 NPs and Au NRs for hydrating the lipid cake (dashed line) and the final 

liposomal nanoparticles (solid line) are shown in Fig. 2.3(B). Comparing to PBS solution 

containing both Fe3O4 NPs and Au NRs, the dual-contrast liposomal nanoparticles exhibit 

a slight red-shift and a broader plasmonic resonance. The red-shift and broader range of 

resonance absorption of the LNPs compared to the PBS solution reflects a change in the 

local dielectric field resulting from the interaction of Fe3O4 NPs and Au NRs when they 

were encapsulated in the liposomes [7]. The nanoconstructs were designed to exhibit both 

plasmonic resonance in NIR spectral region and high magnetic susceptibility. The 

liposomal nanoparticles allowed flexibility in the loading ratio of Au NRs to Fe3O4 NPs. 
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Figure 2.3: (A) TEM image of liposomes encapsulating Au NRs and Fe3O4 NPs. 

(B) Extinction spectra of liposomal nanoparticles (solid line) and PBS 

solution (dashed line) containing Au NRs and Fe3O4 NPs. 

 

2.1.3 Availability of dual-contrast agent in literature 

The magneto-plasmonic nanoconstructs reported in the literature could be used as 

contrast agents for MPA imaging studies. An intensely studied hybrid nanostruct, Fe3O4 

core / Au shell NP, combines magnetic property, optical absorption, and easy 

biomolecular conjugation through stable thiolate-gold interaction [8-10]. Several attempts 

have been made by directly coating Au onto Fe3O4 NPs [9-16] or onto Fe3O4–silica 

composite based on the low dielectric permittivity of silica [17, 18]. The plasmon 

resonant response of Fe3O4 core / Au shell NPs depend on core size, Au shell layer 

thickness, and the dielectric properties of the core, shell, and embedding medium [15, 

19]. It has been observed that Fe3O4 core with Au shell layer shows a red shifted plasmon 

absorption peak with increasing shell thickness [20]. Therefore, to obtain NIR response, 

Fe3O4 core / Au shell NPs are often be large in overall size (100 – 400 nm) [14-16]. To 
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achieve compact size of core-shell NPs with NIR optical response, different strategies 

have been applied. For example, by embedding medium between Fe3O4 core and Au 

shell, Jin et al. have obtained ~ 30 nm NPs with NIR optical response [21]. On the other 

hand, by controlling geometry of Au shell, Wei et al. have synthesized ~ 50 nm Fe3O4 – 

Au nanostars with NIR optical response [22]. Another type of magneto-plasmatic 

nanostructs was obtained by assembling Fe3O4 NPs onto the sites on Au NPs’ surface [7, 

23-25], including dumbbell-like Fe3O4 – Au NPs [23, 24], Fe3O4 – Au nanorod – Fe3O4 

nanodumbbells (Fe3O4 spheres predominantly attached to the ends of Au nanorod) [25], 

and (Fe3O4)n – Au nanorod necklace-like probes (n Fe3O4 NPs attached to a Au nanorod) 

[7, 22]. Tunable plasmonic and magnetic properties can be obtained from the Fe3O4 

assembled Au nanostructs by controlling the geometries, sizes, and ratio between Fe3O4 

and Au NPs. 

 

2.2 SYSTEM AND ALGORITHM FOR MAGNETO-PHOTO-ACOUSTIC IMAGING 

2.2.1 System of magneto-photo-acoustic imaging 

A block diagram of the MPA imaging system is shown in Fig. 2.4. Samples 

containing dual-contrast NPs were placed in a water cuvette that was attached to a 3-D 

positioning stage. The sample was irradiated by a laser light to generate PA signals. The 

laser source used in the experiments was a tunable optical parametric oscillator (OPO) 

laser system (Spectra Physics, 400~2600 nm wavelength range, 5~7 ns pulse duration, up 

to 10 Hz pulse repetition frequency). 

 The laser light was delivered to the sample through either a light delivery system 

or an air beam. Then, the US pulse was sent to the tissue after the PA transients 

completely decayed, and the backscattered US echo signals were detected for US 
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imaging. Finally, a pulsed magnetic field (8~40 ms pulse duration, 1~2 Tesla) was 

applied from the bottom of the sample through a solenoid with a cone-shaped-tip core to 

focus the field. 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. The US pulse-

echo signals were acquired to track the magnetically induced displacement from the 

sample. The PA signal, the US signal and the motion-tracking US pulse-echoes were 

detected by the same US detection system. Two types of ultrasound detection systems 

were used in our studies: single element transducer attached to ultrasound pulser/receiver, 

and array transducer attached to Vevo
®
 2100 ultrasound imaging system. The single 

element ultrasound transducer has a central frequency of 25 MHz and a focal depth of 

25.4 mm. At each lateral position of the ultrasound transducer, PA signal, conventional 

US signal, and a series of motion-tracking US signals before and after the application of 

magnetic field with the repetition frequency of 1 KHz were captured. A custom-built 

LabVIEW application controlled the time sequences of pulsed laser system, ultrasound 

pulser/receiver, pulsed magnetic field generator, data acquisition unit, and motion axes 

for mechanical scanning. By controlling the mechanical scanning of the samples in 

horizontal (lateral), 2-D cross-sectional and spatially co-registered US, PA and MMUS 

images can be obtained by the single-element US transducer.  The 128 element linear 

array transducer operated at 21 MHz central frequency (VisualSonics Inc.). The 

ultrasound system was programmed to allow synchronization with the pulsed laser and, 

therefore, to acquire PA signals and US signals from the same sample cross-section. To 

track magnetically induced motion, ultrasound frames were acquired before, during and 

after the magnetic excitation at 121 Hz frame rate by the array transducer. 
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Figure 2.4: Block diagram for magneto-photo-acoustic imaging. 

 

2.2.2 Algorithm of magneto-photo-acoustic imaging 

During the offline processing, a digital band-pass (5-45 MHz) filter was applied 

to photoacoustic and ultrasound radio frequency signals to filter the out-of-band noise 

and to improve SNR. The absolute values of the photoacoustic and ultrasound signal 

envelopes were obtained through Hilbert transform, and spatially resolved to form PA 

and US images, respectively. The magneto-motive displacement was detected using a 

block-matching motion tracking algorithm based on 2D cross-correlation [26]. At each 

point in the cross-sectional image, a kernel was selected; and the temporal behavior of the 

displacement was calculated by estimating the cross-correlation between the kernels 

acquired before and after the magnetic field application. The maximum displacement at 

each point was used to form the MMUS image. It should be noted that the background 

displacement of MMUS imaging was defined as the displacement from a stationary 
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reference (e.g., bottom of the water cuvette) and was subtracted from the estimated 

displacement of the sample.  

To form MPA image, the ultrasound gray-scale B-scan US image was used as a 

background map. The algorithm to form MPA image contains 2 steps. In the first step, 

the PA image was filtered by a binary motion map at each point of the sample. The 

binary motion map was obtained by setting a threshold displacement to the MMUS 

image. The MMUS signals over the threshold were assumed to be produced by magnetic 

field and the value was set to “1”, while the MMUS signals below the threshold were 

used to set the value in the map to “0”. The binary motion map can be used as a mask to 

identify the PA signals from the regions labeled with dual-contrast NPs. By multiplying 

the PA image with the MMUS-derived binary motion map, the MMUS-masked PA 

image was obtained. The MMUS-masked PA image was overlaid on top of the US image 

to form MPA image of the first step. In the second step, a normalization algorithm was 

utilized between co-registered MMUS images and MMUS-masked PA image on a pixel-

by-pixel basis. Since PA signal is proportional to the concentration of NPs in the sample, 

the normalized MMUS signal by PA signal represented the magnetically induced motion 

from unit concentration of NPs in the sample. The normalized MMUS signal is indicative 

of NPs’ aggregation due to celluar endocytosis. The normalized MMUS image was 

displayed over the US image to form MPA image of the second step. 
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2.3 TEST AND CHARACTERIZATION OF MAGNETO-PHOTO-ACOUSTIC IMAGING 

2.3.1 Ability of magneto-photo-acoustic imaging to detect nanoparticles’ 

concentration 

To investigate the relationship between PA magnitude and NP concentration, a 

3D tissue-mimicking phantom was designed. The background of the phantom made out 

of 3 wt% gelatin. Five inclusions were prepared by mixing 16 wt% gelatin suspension 

(100 µL) with (i-iv) 0.2 mg mL
-1

, 0.3 mg mL
-1

, 0.6 mg mL
-1

 and 1 mg mL
-1

Fe3O4 NPs, 

respectively, and (v) 2×10
7 

macrophage cells with 1.79 ×10
14

 endocytosed Fe3O4 NPs 

(0.6 mg mL
-1

), and embedded into the background phantom. To enhance US contrast, 

30 μm diameter silica particles (0.5 %wt) were added to the inclusions to act as US 

scatterers.  

The US and PA images of the tissue-mimicking phantom with five embedded 

inclusions are shown in Fig. 2.5. The US image in Fig. 2.5(A) visualizes the location of 

the inclusions with high spatial resolution, but it cannot differentiate inclusions 

containing different concentrations of nanoparticles. The US contrast of the inclusions 

was generated by silica particles. In Fig. 2.5, PA signals are observed in all of the 

inclusions due to the significant optical absorption of laser light at 532 nm by Fe3O4 NPs. 

It is clear that as the concentration of Fe3O4 NPs increases, the magnitude of the PA 

signal increases accordingly. The average value of the magnitude of the PA signal 

generated from each inclusion was calculated and plotted as a function of concentration 

of Fe3O4 NPs in Fig. 2.5(D). Error bars in Fig. 2.5(D) show the standard deviation of the 

PA signal magnitude. Fig. 2.5(D) indicates that the magnitude of PA signals is 

proportional to the concentration of Fe3O4 NPs. The results indicate that PA imaging is 

capable of visualizing the concentration of nanoparticles in the tissue. 
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Figure 2.5: (A) US image, (B) PA image, and (C) PA image overlaid on US image of 

tissue-mimicking phantom with embedded inclusions containing different 

concentrations of Fe3O4 NPs. The images show a region that is 9.2 mm 

axially by 62.5 mm laterally. (D) Relationship between PA signal amplitude 

and concentration of Fe3O4 NPs. 

To investigate the relationship between MMUS signals and the concentration of 

individual (i.e., non-aggregated) NPs, a tissue-mimicking phantom with 4 inclusions were 

designed. Four cylindrical inclusions were prepared by mixing 8 wt% PVA with 

0.2 mg mL
-1

, 0.5 mg mL
-1

, 1 mg mL
-1 

and 1.5 mg mL
-1 

Fe3O4 NPs. For each inclusion, 
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0.4 wt% silica was added to act as US scatterers. To fabricate the phantom, the inclusions 

were placed parallel to each other inside of the PVA background. US and MMUS cross-

sectional images of the phantom with cylindrical inclusions containing 0.2 mg mL
-1

, 

0.5 mg mL
-1

, 1 mg mL
-1

 and 1.5 mg mL
-1

 Fe3O4 NPs are displayed, from left to right, 

respectively, in Fig. 2.6(A) and Fig. 2.6(B).  

US images were able to visualize the presence of the inclusions. From Fig. 2.6(B), 

as the concentration of Fe3O4 NPs increases, the magnetically induced displacement from 

the inclusions increases (14 µm, 39 µm, 76 µm and 106 µm from inclusions containing 

0.2 mg mL
-1

, 0.5 mg mL
-1

, 1 mg mL
-1

 and 1.5 mg mL
-1

 Fe3O4 NPs, respectively). Both 

experimental measurements (solid blue line) and linear fitting (dashed red line) of the 

MMUS signal versus nanoparticle concentration are displayed in Fig. 2.6(C). The error 

bar shows the standard deviation of the measured MMUS signals. To quantitatively 

analyze the relationship between the MMUS signal and nanoparticle concentration, the 

R-squared coefficient for the linear fitting was calculated. The R-squared coefficient for 

the linear fitting in Fig. 2.6(C) is 0.9955, which indicates a relatively linear relationship 

between concentration and the MMUS signal. When the concentration of Fe3O4 NPs is 

lower than 1 mg mL
-1

, the R-Squared coefficient is 0.9990, indicating a nearly perfect 

linear relationship between the MMUS signal and nanoparticle concentration. 
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Figure 2.6: (A) US image, (B) MMUS image of a phantom containing inclusions with 

different concentrations of nanoparticles. The images show a region that is 

9.54 mm axially by 25 mm laterally. (C) Relationship between magnetically 

induced displacement and concentration of Fe3O4 NPs.  

In addition to the concentration of nanoparticles, the magnetically induced 

displacement is also related to other factors, such as elasticity properties and boundary 

condition of the sample. In order to investigate the influence of sample elasticity to 

MMUS signals, a tissue-mimicking phantom was prepared. The background of the 

phantom made out of 3 wt% gelatin. Three inclusions were embedded into the phantom. 

Each inclusion contained the same concentration (1 mg mL
-1

) of Fe3O4 NPs. Inclusion I 
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and the left half of Inclusion II was prepared by mixing Fe3O4 NPs with 16 wt% 

suspension; Inclusion III and the right half of Inclusion II was prepared by mixing Fe3O4 

NPs with 3 wt% gelatin suspension. According to literature, the elasticity showed the 

expected second-degree dependence on the concentration of gelatin [27, 28]. Therefore, 

Inclusion I and the left half of Inclusion II have approximately 25 folders higher elasticity 

than Inclusion III and the right half of Inclusion II.  

 

 

Figure 2.7: (A) US image of a gelatin phantom containing inclusions with different 

elasticity. The images show a region that is 18.15 mm axially by 60 mm 

laterally. (B) Magnetically induced motion from the regions marked with 

red rectangles in Fig. 2.7(A). As the elasticity of sample increases, the 

MMUS signals decrease. 
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The US image provides the structure of the tissue-mimicking phantom 

(Fig. 2.7(A)). The temporal profile of the magnetically induced displacement from 

different regions of the phantom is shown in Fig. 2.7(B). In the case of the same 

concentration of magnetic NPs, the induced displacement gets smaller as the sample 

elasticity increases. This result is in consistent with the conclusion from other studies that 

the magnitude of the tissue displacement is inversely proportional to the local stiffness of 

the tissue [29]. The difference between the displacement from Inclusion I and that from 

the left part of Inclusion II should be caused by different boundary conditions. 

 

2.3.2 Resolution of magneto-photo-acoustic imaging 

The characteristics of the ultrasound detection system (central frequency and 

bandwidth, aperture, focal length, etc.) determined the resolution of US, PA, and MMUS 

imaging. In addition, the PA imaging resolution was also affected by several other 

factors, including the size of optical absorbers and the duration of laser pulse. The 

MMUS imaging resolution was also related to the displacement-tracking algorithm and 

the mechanical properties of the background tissue.  

Generally, the axial resolution of ultrasound imaging system is inversely 

proportional to the bandwidth of the US impulse response [30]. In PA imaging, the size 

of the optical absorber and the excitation laser pulse duration affected the frequency 

characteristics of the PA transient signals. The PA transients generated by a small target 

contain wide band of frequencies. However, finite bandwidth of the US detector limits 

the bandwidth of the detected PA responses and determines the axial resolution of 

detected PA signals [31]. In MPA imaging, the receive bandwidth of the US transducer 

was the same for both PA and US imaging. However, smaller axial resolution was 
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expected in US pulse-echo imaging mode than that in PA imaging due to the round trip 

travel of the US signals [31].  

The lateral resolution of ultrasound imaging system is determined by the f-

number of the ultrasound transducer (defined as the ratio of the focal length to the 

aperture of the transducer) and the central frequency of the ultrasonic signals [30]. 

Decreasing the f-number of the transducer and increasing the central frequency would 

improve the lateral resolution in images. In our studies, the same ultrasonic transducers 

were used to detect US and PA images; therefore, the difference in the lateral resolution 

is partially due to the central frequency of US and PA signals. Furthermore, differences in 

lateral resolution of the US and PA imaging are also related to the differences between 

the width of the laser excitation beam and the transmitted ultrasound beam. Indeed, in 

most tissues the high-frequency ultrasound beam remains focused while light would 

greatly diffuse and scatter thus not allowing the laser beam to stay focused.  

The MMUS imaging resolution is determined by not only ultrasound detection 

system, but also the motion-tracking algorithm, and mechanical properties of the tissue. 

To calculate magnetically induced displacement of each point in MMUS image, a kernel 

(typically 750 μm in length) was selected for cross-correlation estimation. The resolution 

of MMUS imaging is reduced by the kernel size compared to that in conventional US 

imaging. In addition, when localized forces are applied to tissue-mimicking phantom, the 

size of the associated displacement is larger than the size of the force region [29]. Thus 

the resolution of MMUS imaging is reduced by the spatial extent of displacement 

compared to applied force. This spatial extent can be calculated by Equation 1.7. 

Considering typical tissue mechanical properties, when a small distributed force is 

applied to tissue, the displacement decreases to a negligible amount at a distance of 

0.2 mm from the loading point [29]. Therefore, the reduction of MMUS imaging 
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resolution less than 0.2 mm compared to conventional US imaging due to elasticity 

theory.  

The dynamic response of tissue-mimicking phantom to the magneto-motive force 

has been studied. The design of the phantom is shown in Fig. 2.8(A). The background 

phantom was made out of 3% gelatin. Two inclusions containing the same concentration 

of Fe3O4 NPs (0.5 mg/mL) were embedded in the phantom. The diameter of both 

inclusions was 4 mm. The left inclusion was made out of 3 wt% gelatin, resulting in 

homogenous elasticity as the background phantom. The right inclusion was made out of 

16% gelatin, resulting in much higher elasticity than the background phantom [27]. A 

pulsed magnetic field with the duration of 10 ms was applied to the phantom starting at 

the time point of 25 ms. The mechanical responses from different points (marked with 

dashed green line in Fig. 2.8(A)) were measured and shown in Fig. 2.8(B) and Fig. 2.8(C) 

for the left and right inclusions, respectively. The measured points were (i) the center of 

the inclusion, (ii) 2 mm from the inclusion center (at the edge of the inclusion), (iii) 3 mm 

from the inclusion center. For both inclusions, as the detection point away from the Fe3O4 

NPs inclusion, the displacement decreases significantly. Comparing Fig. 2.8(B) with 

Fig. 2.8(C), the decrease rate of the detected displacement is faster for the stiff inclusion 

than that for the homogenous inclusion. The spatial profile of the magneto-motive 

displacement is shown in Fig. 2.8(D) for both inclusions. As the elasticity rate between 

the inclusion and the background increases, the displacement decreases faster, thus the 

inclusion edge in MMUS image is sharper. 
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Figure 2.8: (A) Design of a gelatin phantom containing Fe3O4 NPs inclusions. The 

diameter of both inclusions is 4 mm. Both inclusions contain the same 

concentration of NPs. Background and left inclusion have homogenous 

elasticity (made out of 3% gelatin), and right inclusion has larger elasticity 

(made out of 16% gelatin). (B) Magnetically induced displacement from 

different positions for left inclusion. (C) Magnetically induced displacement 

from different positions for right inclusion. (D) Relationship between 

maximum displacement and distance from the center of inclusions.  
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Chapter 3:  Magneto-photo-acoustic imaging of nanoparticles’ 

distribution with enhanced contrast 

3.1 INTRODUCTION 

For molecular imaging techniques, the background signal is a common problem 

regardless of the modality, obscuring signals from specific probes and limiting sensitive 

detection [1-3]. Therefore, contrast-enhancement strategies are desired to reduce the 

background signals, thus improving the sensitivity and specificity of molecular imaging 

in detecting the location, structure and molecular processes of NP-labeled pathologies.  

Photoacoustic imaging is a sensitive tool for studying living systems [4-10]. PA 

imaging offers contrast based on optical absorption while the spatial resolution is 

determined by ultrasound imaging transducer (typically less than 500 µm). In molecular 

PA imaging, plasmonic NPs such as Au nanospheres [11] or NRs [12, 13] can be targeted 

to specific biomarkers of the disease, which allows selective monitoring of pathologies at 

the molecular level. To minimize the signals from background tissue, PA imaging is 

usually conducted in the NIR wavelength region, where endogenous chromophores in 

tissue (i.e. water, hemoglobin, melanin, and lipids) have a lower optical absorption 

(Fig. 1.3). However, even in NIR regions, highly sensitive and specific PA detection of 

the contrast agent can be difficult, because tissue volume and endogenous chromophores 

concentration are much greater than that of the contrast agent. Therefore, for early 

detection of pathologies such as tumors, approaches with enhanced imaging contrast are 

needed.  

In this chapter, we demonstrated that MPA imaging [14-17] can be used to 

improve the contrast specificity based on the integration of US, PA, and MMUS imaging. 

NPs with both optical and magnetic properties were used as the imaging contrast agent. 

MMUS imaging was used to suppress undesired PA signals from the background tissue 
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and, therefore to improve the specific contrast for dual-contrast imaging nanoprobes [14, 

17]. The contrast mechanism in MMUS imaging is based on the significant difference 

between the magnetic susceptibility of normal tissue and that of the magnetic NPs [18-

21]. Since magnetic susceptibility of typical magnetic NPs such as Fe3O4 is more than 6 

orders of magnitude larger than that of normal tissues, MMUS imaging was capable of 

differentiating the magnetically labeled regions from the background tissue with 

sufficient contrast. On the other hand, MMUS imaging alone may not be able to identify 

the local concentration variation of NPs within the labeled region [14]. Using MMUS 

image as a mask, MPA imaging was capable of suppressing the unwanted PA signals 

from the background tissue and improving the contrast specificity compared with 

conventional PA imaging. Meanwhile, the magnitude of the MMUS-masked PA signals 

was indicative of the concentration of NPs. Both tissue-mimicking phantoms and ex vivo 

samples were used to test MPA imaging. 

 

3.2 MATERIALS AND METHODS 

Two types of magneto-plasmonic contrast agents were used for MPA imaging: 

cocktail of Fe3O4 NPs and Au NRs, and liposomes encapsulating Au NRs and Fe3O4 NPs. 

The synthesis and characterization of cocktail and liposomal NPs were described in 

Section 2.1.1 and Section 2.1.2, respectively. Tissue-mimicking phantoms and 

macrophage cells embedded in ex vivo porcine tissue were used to demonstrate that MPA 

imaging can identify the location of cells or tissue labeled with dual-contrast 

nanoparticles. 
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3.2.1 Tissue-mimicking phantom 

To initially demonstrate the feasibility of MPA imaging, the experiments were 

performed using the tissue-mimicking phantom with six inclusions. The background of 

the tissue-mimicking phantom was prepared by mixing 2 wt% gelatins with 0.002 wt% 

graphite to represent the endogenous chromophores in native tissue. The inclusions were 

prepared by mixing 10 wt% gelatins with different types of nanoparticles at different 

concentrations. Specifically, the first inclusion contained gelatin only and was used as 

control (inclusion I). The other inclusions contained 0.70 mg/mL Au nanorods (inclusion 

II), 0.60 mg/mL Fe3O4 nanoparticles (inclusion III), high concentration (0.70 mg/mL Au 

and 0.60 mg/mL Fe3O4) of dual-contrast liposomal nanoparticles (inclusion IV), and low 

concentration (0.47 mg/mL Au and 0.40 mg/mL Fe3O4) of dual-contrast LNPs (inclusion 

V). Finally, a composite inclusion (inclusion VI) was made consisting of adjacent regions 

with high and low concentrations of LNPs. The concentrations of LNPs in these regions 

of inclusion VI were the same as that in inclusions IV and V, respectively.  In other 

words, inclusion VI was equivalent to inclusions IV and V placed together and 

interconnected. In addition, 0.1 wt% and 0.2 wt% of 30 μm silica particles, acting as 

ultrasound scatterers, were added to the background material and inclusions, respectively. 

 

3.2.2 Macrophage cells embedded in ex vivo porcine tissue 

To further demonstrate the MPA imaging, excised porcine longissimus-dorsi 

muscle tissue sample injected with macrophages which were labeled with Fe3O4 NPs and 

Au NRs and suspended in 12% gelatin solution, was used. To prepare the sample, the 

J774A.1 macrophages were cultured in Dulbecco's Modified Eagle Media (DMEM), 

supplemented with 5% FBS at 37
o
C in 5% CO2. To load cells with the dual-contrast 

agent (Fe3O4 NPs and Au NRs), macrophages were incubated with a 3 mL suspension of 
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sterilized 0.1 mg/mL Au NRs and 0.3 mg/mL Fe3O4 NPs for 24 hours. The cells and 

particles were centrifuged at 110 g for 3 min, and unbound particles in the supernatant 

were discarded. The darkfield images of native cells and the labeled cells are shown in 

Fig. 3.1(a) and Fig. 3.1(b), respectively. The bright color of the labeled cells comes from 

the internalized nanoparticles. The extinction spectra of native macrophages and 

macrophages labeled with both Fe3O4 NPs and Au NRs are shown in Fig. 3.1(c). 

 

 

Figure 3.1: Darkfiled images of (A) intact macrophages and (B) macrophages labeled 

with Au NRs and Fe3O4 NPs. (C) Extinction spectra of intact cells (dashed 

line) and cells (solid line) labeled with Au NRs and Fe3O4 NPs. 

 

3.2.3 System of magneto-photo-acoustic imaging 

The system of MPA imaging was described in Section 2.2.1 (Fig. 2.4). In this 

study, the laser system was operated at 800 nm and the laser light was delivered to the 

sample through a 1500 μm diameter optical fiber. The pulsed magnetic field with 8 ms 
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pulse duration was applied to induce the magneto-motive displacement. The US pulses 

with 1 kHz repetition frequency were used to track the magneto-motive displacement 

within the sample. At each point, a kernel measuring 750 μm axially and 100 μm laterally 

centered at this point were selected and used to estimate the displacement with a block-

matching motion tracking algorithm [22]. A focused single-element US transducer 

(25 MHz, 25.4 mm focal depth, F# 4) was used to detect PA, US, and MMUS signals. To 

form MPA image from the co-registered US, PA, and MMUS images, the first step 

described in Section 2.2.2 was used. 

 

3.3 RESULTS AND DISCUSSION 

3.3.1 Tissue-mimicking phantom 

Experiments using tissue-mimicking phantom were performed to demonstrate that 

MPA imaging is capable of detecting and identifying the regions labeled with dual-

contrast NPs with sufficient contrast and excellent resolution. Figure 3.2(A) shows the B-

scan ultrasound image of the tissue-mimicking phantom, where six inclusions were 

embedded in the phantom are marked. One of the inclusions (inclusion I) did not contain 

any contrast agent and was used as control, while other inclusions contained different 

types of contrast agents at different concentrations. The structure of the tissue-mimicking 

phantom and the locations of the inclusions were depicted in the B-scan ultrasound 

image. However, the US image cannot differentiate the inclusions due to the insignificant 

ultrasound contrast from the nanoparticles. In contrast, strong PA signals were detected 

only from the inclusions containing PA contrast agent – Au NRs (inclusion II) or dual-

contrast LNPs (inclusions IV, V and VI). To quantitatively investigate the contrast 

enhancement in PA image by nanoparticles, the magnitude of the averaged PA signal 
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from each marked region was calculated and displayed in Fig. 3.2(B). The height of each 

column represents the magnitude of averaged PA signal from corresponding region, and 

the error bar shows the standard deviation of the PA signal. The PA image of the tissue-

mimicking phantom is also shown in Fig. 3.2(B). As evident from Fig. 3.2(B), the 

inclusions that contain either Au NRs or LNPs have elevated optical absorption compared 

to the background. In addition, PA imaging is sensitive to the spatial variations of optical 

absorption – the differences in photoacoustic signals from the inclusions were consistent 

with the concentrations of the plasmonic nanoparticles. As shown in Fig. 3.2(B), the 

control inclusion (inclusion I) and the inclusion containing Fe3O4 nanoparticles (inclusion 

II) did not generate significant photoacoustic signals – this was expected since Fe3O4 

NPs’ light absorption at the wavelength of 800 nm was insignificant. Inclusions II, IV 

and the left region of inclusion VI containing high concentration of Au NRs, either 

isolated or encapsulated in liposomal nanoparticles, generated intense photoacoustic 

signals. Inclusion IV and the right region of inclusion VI contained low concentrations of 

liposomal nanoparticles, which encapsulated fewer Au NRs, therefore produced weaker 

PA signals. Overall, the magnitude of PA signal is representative of concentration of 

plasmonic nanoparticles. However, there are also noticeable photoacoustic signals 

generated from the background material (mimicking endogenous chromophores in the 

native tissue) – these background signals reduce the contrast of photoacoustic imaging 

and ability to identify the regions labeled by nanoparticles. 

The MMUS image in Fig. 3.2(C), on the other hand, could identify the regions 

labeled with magnetic nanoparticles with high contrast because the tissues have fairly low 

magnetic susceptibility compared to magnetic nanoparticles. The graph shown in 

Fig. 3.2(C) indicates the mean value and standard deviation of magneto-motive 

displacement measured within a rectangular window measuring 1.5 mm axially and 
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laterally located at the center of each inclusion. The detected displacement in the 

background of the tissue-mimicking phantom was around 5 μm. The control inclusion 

(inclusion I) and the inclusion with Au NRs (inclusion II) exhibit almost no contrast in 

MMUS image. Other inclusions containing Fe3O4 NPs or liposomal NPs could be easily 

identified in MMUS image. The largest magneto-motive displacement (around 35 μm) 

was measured in the inclusion containing Fe3O4 nanoparticles (inclusion III). Although 

inclusion IV contained the same concentration of Fe3O4 nanoparticles encapsulated in 

liposomes, the detected displacement from inclusion IV was around 30 μm. The slight 

difference in the displacements between inclusion III and IV is likely due to additional 

weight of Au nanorods in liposomal nanoparticles. Comparing the displacements detected 

from inclusions IV and V, which contained different concentrations of liposomal 

nanoparticle, it is clear that as the concentration of the magnetic nanoparticles decreases, 

the induced displacement decreases accordingly. However, the map of magneto-motive 

displacement in inclusion VI was approximately uniform although the inclusion 

contained two regions (left and right) with different concentrations of liposomal 

nanoparticles. In fact the difference of concentrations of nanoparticles between left and 

right regions in inclusion VI was exactly the same as the difference between inclusion IV 

and inclusion V. Therefore, the MMUS imaging has limited ability to distinguish the 

regions containing spatially varying concentrations of magnetic nanoparticles if the 

regions are close to each other and mechanically connected. Thus, MMUS imaging 

exhibits low contrast resolution within the tissue with sub-regions containing different 

concentration of nanoparticles.  
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Figure 3.2: (A) US image of the tissue-mimicking phantom with six inclusions. The 

background of the phantom was prepared by mixing gelatin with graphite to 

represent the endogenous chromophores in native tissue. The inclusions 

contained different types of contrast agents at different concentrations. 

(B) Magnitude of averaged PA signal from each marked region in Fig. 

3.2(A), and PA image of the phantom. (C) Magneto-motive displacement of 

each marked region and MMUS image of the phantom. (D) PA image of the 

phantom. Each image covers area measuring 7.7 mm axially and 56 mm 

laterally. 
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The MPA image of the tissue-mimicking phantom shown in Fig. 3.2(D) retains 

the best properties of each subsequent imaging technique. Specifically, the MPA image 

identifies the inclusions containing dual-contrast agent – liposomes encapsulating Fe3O4 

NPs and Au NRs. Indeed, only the inclusions containing dual-contrast liposomal 

nanoparticles (inclusions IV, V and VI) were color-coded in MPA image and the signals 

from other inclusions and background were highly reduced. Furthermore, the regions 

with different concentrations of dual-contrast nanoparticles could be clearly distinguished 

using MPA imaging. Therefore, MPA imaging was capable of accurate representation of 

the tissue labeled with dual-contrast agents in the phantom. 

 

3.3.2 Macrophage cells embedded in ex vivo porcine tissue 

The ex-vivo experiment with macrophages was designed to test the ability of 

MPA imaging to detect cells labeled with nanoparticles within the tissue. The US, PA, 

MMUS and MPA images of a tissue sample injected with macrophages labeled with both 

Au NRs and Fe3O4 NPs are shown in Fig. 3.3. The B-scan ultrasound image shown in 

Fig. 3.3(A) visualizes the cross-sectional view of the tissue sample with injected 

macrophages. However, the macrophages cannot be easily identified because ultrasound 

backscattering from macrophages is similar to that from the background tissue, and the 

nanoparticles internalized by the cells do not provide significant contrast in ultrasound 

images. The PA image shown in Fig. 3.3(B) could visualize the labeled cells in the tissue 

based on the optical absorption from the NPs. But noticeable photoacoustic signals were 

also detected from background tissue, especially in the upper boundary of the tissue, 

because of the strong light absorption by endogenous chromophores within the tissue. 

Therefore, the contrast in the PA image is reduced. The MMUS image shown in 
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Fig. 3.3(C) identifies the presence of nanoparticles inside the tissue and suggests the 

location of nanoparticles-labeled macrophages with sufficiently high contrast. Indeed, the 

magneto-motive displacement in the region containing macrophages was around 100 µm, 

while the displacement from the background tissue was around 8 µm. Finally, the MPA 

image, obtained from the co-registered PA, MMUS, and US images and displayed in 

Fig. 3.3(D), identified the nanoparticle-labeled macrophages with sufficient contrast and 

high spatial resolution with the anatomic features of the imaged tissue. 

 

 

Figure 3.3: (A) US, (B) PA, (C) MMUS and (D) MPA images of ex vivo tissue sample 

injected with macrophage labeled with Au NRs and Fe3O4 NPs.  The 

images cover area measuring 5.4 mm axially by 4.5 mm laterally. 
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Our results indicate the feasibility of MPA imaging to visualize the presence and 

location of nanoparticles inside tissue/cells with spatial resolution of ultrasound imaging 

and enhanced contrast based on both the optical absorption and the magnetic 

susceptibility of contrast agent. Magneto-photo-acoustic images of tissue-mimicking 

phantom and tissue sample were obtained by combining the co-registered US, PA and 

MMUS images. In MPA image, only the signals from cells or tissue labeled with dual-

contrast agent were selected and displayed over the anatomical content of the tissue, 

while the background or nonspecific signals were significantly suppressed. Therefore, 

MPA image enhances the contrast between the nanoparticle-labeled cells or tissues and 

the surrounding tissue. In the desired region labeled with dual-contrast nanoparticles, the 

MPA image provides high contrast resolution utilizing the sensitivity of photoacoustic 

signals to the variation of optical absorption caused by different concentration of 

nanoparticles. In addition, MPA imaging retains high spatial resolution determined by the 

ultrasound imaging system. Finally, the alignment of the data sets from different 

modalities in MPA imaging is simple and accurate because of the shared detection 

system. Therefore, the MPA image allows the improved spatial localization of the desired 

cells or tissue regions labeled with magneto-plasmonic nanoparticles with high 

sensitivity. 

 

3.4 COMPARISON TO SPECTROSCOPIC PHOTOACOUSTIC IMAGING 

To compare the MPA imaging with spectroscopic PA imaging, a suspension of 

the cocktail of 0.5 mg/mL Fe3O4 NPs and 0.2 mg/mL Au NRs and 30 μm size silica 

particles in 12% gelatin was injected into a sample of porcine longissimus dorsi muscle 

with thickness of approximate 15 mm. The US, PA, MMUS, and MPA images of tissue 
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sample with the inclusion containing the dual-contrast agent are shown in Fig. 3.4. The 

US image clearly shows the boundary of the tissue sample and suggests the location of 

the gelatin inclusion containing contrast agent. The PA image further confirms the 

presence of the inclusion but it is the MMUS image that visualizes the inclusion with 

highest contrast. Using MMUS image as a mask for PA image, the MPA imaging is 

capable of detecting the NPs in tissue with high contrast. 

 

 

Figure 3.4: (A) US, (B) PA, (C) MMUS, and (D) MPA images of muscle tissue with 

inclusion containing dual-contrast cocktail. The images cover area of 

15.4 mm axially by 12 mm laterally. 
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To enhance contrast in PA images and to distinguish between contrast agent and 

background tissue, spectroscopic PA images were acquired to assess the spectral 

variation of the PA transients, which could be used to identify the sources of PA signals 

[23]. The US and PA images were detected at multiple wavelengths (680 nm, 720 nm, 

760 nm, 780 n, 800 nm, 820 nm, 840 nm, 900 nm) as shown in Fig. 3.5. 

 

 

Figure 3.5: Spectroscopic PA images overlaid on the US image of tissue sample with 

inclusion containing dual-contrast agent. 

 

Figure 3.6(A) shows the UV-Vis absorption spectrum of the dual-contrast agent, 

cocktail containing both Fe3O4 NPs and Au NRs. To identify the regions containing the 

dual-contrast agent, we performed intraclass correlation analysis [24-28] that 

quantitatively measures the agreement between the optical absorption properties and the 

PA signals at multiple wavelengths (680 nm, 720 nm, 760 nm, 780 n, 800 nm, 820 nm, 
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840 nm, 900 nm). For each pixel in the spectroscopic PA image stack, a kernel with the 

size of 750 μm laterally and 100 μm axially centered at the pixel was selected; the 

amplitude of the PA signals within the kernel was averaged. The PA spectrum of this 

pixel was obtained from the averaged PA signals at multiple wavelengths. Then the 

intraclass correlation between the PA spectrum and the optical spectrum of the cocktail 

displayed in Fig. 3.6(A) was calculated. The procedure was repeated for every pixel in 

the PA image stack, forming an image of the correlation coefficient. Generally, a 

correlation coefficient value greater than 0.75 indicates a good agreement between two 

measurements [24, 28]. The maps of correlation coefficient with a threshold value of 

0.75, overlaid on top of the ultrasound images, are shown in Fig. 3.6(B). Clearly there is a 

good agreement between optical and PA properties only in the inclusion containing dual-

contrast agent. 

 

 

Figure 3.6: (A) UV-Vis absorption spectrum of cocktail containing both Fe3O4 NPs and 

Au NRs. (B) Correlation coefficient image overlaid on the US image of the 

muscle tissue with inclusion containing dual-contrast agent. 
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From Fig. 3.4(D) and Fig. 3.6(B), both MPA image and spectroscopic PA image 

can detect and identify the regions labeled with NPs with high contrast specificity. 

Although MPA imaging requires an additional magnetic field source, it provides several 

advantages compared to spectroscopic PA imaging. First, in spectroscopic PA imaging, 

the unpredictable plasmonic resonance shift of NPs and the unknown optical properties of 

the tissue on the light pathway might limit imaging accuracy. On the other hand, the 

interaction between magnetic field and tissues is negligible because of the weakly 

diamagnetic of tissues. In addition, the real-time spectroscopic PA imaging might be 

limited because of the operation of laser at multiple-wavelengths, while real-time MPA 

imaging can be achieved using array ultrasound transducer. Furthermore, spectroscopic 

PA imaging requires a tunable or multi-wavelength laser source that is significantly more 

expensive than a single wavelength laser. 
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Chapter 4:  Magneto-photo-acoustic imaging of nanoparticles’ delivery 

and endocytosis 

4.1 INTRODUCTION 

Nanoparticles have been extensively explored in biological applications, such as 

molecular imaging [1], drug delivery [2] and targeted therapy [3], for their ubiquitous 

tissue accessibility, large surface-area-to-volume ratios and functional versatility [1-4]. In 

biological applications, delivering nanoparticles to the tissues of interest is a first critical 

step [5]. The delivered nanoparticles can then interact readily with living cells because of 

their small size. Cellular endocytosis of nanoparticles – an important manifestation of the 

cell-nanoparticle interaction – can influence the diagnostic sensitivity and therapeutic 

efficiency associated with nanoparticles [4]. Many studies have investigated the size, 

shape and surface modification of nanoparticles to achieve maximal endocytosis [4, 6]. In 

order to ensure that nanoparticles successfully enter the cells of interest, a non-invasive 

and reliable imaging technique is required to detect both the delivery and endocytosis of 

the nanoparticles. 

Various techniques, including optical imaging [7], MRI [8], and US imaging [9], 

are being actively explored to detect the presence of nanoparticles in tissue. At large 

depths, the limited spatial resolution of these imaging techniques restricts their ability to 

visualize the position of nanoparticles with respect to cellular structure [10]. Thus, these 

imaging techniques are unable to readily identify nanoparticle endocytosis in vivo. 

Plasmon coupling and subsequent changes in absorption spectra of plasmonic 

nanoparticles assembling inside cells provides a possible way to indirectly detect 

nanoparticle endocytosis [11-13]. For example, the Au nanospheres taken up by living 

cells undergo intracellular aggregation, which results in a red shift in their absorbance 

spectra that can be detected by optical or photoacoustic techniques [11-13]. However, the 
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plasmon coupling of anisotropic plasmonic nanoparticles may not lead to measurable 

spectral changes. For example, the absorption spectrum shift of Au NRs may be 

unpredictable due to aggregation formed by randomly oriented particles [14]. In addition, 

other commonly used nanoparticles, such as superparamagnetic Fe3O4 NPs, do not 

exhibit plasmonic resonance properties. Therefore, the non-invasive detection of 

intracellular uptake of nanoparticles still remains a challenge. 

In this chapter, we demonstrate that MPA imaging [15-17] is capable of detecting 

and identifying nanoparticles’ delivery to tissues and endocytosis by living cells. The 

approach is illustrated in Fig. 4.1. For simplicity, we assume that the NPs are 

continuously delivered to the site; meanwhile, the macrophages internalize the delivered 

nanoparticles through endocytosis (Fig. 4.1(A)) by enclosing them in membrane vesicles 

[4, 18, 19]. The darkfield images of intact macrophages, macrophages with nanoparticles 

delivered and accumulated in the vicinity, and macrophages with endocytosed 

nanoparticles are shown in Fig. 4.1(B). The endocytosed nanoparticles are confined in 

lysosomes and form intracellular aggregates that are much larger in size than isolated 

nanoparticles [4, 18, 19]. The bright color in the darkfield of macrophages with 

endocytosed nanoparticles is due to the enhanced light scattering from the aggregates. 

Therefore, detection of intracellular aggregation indicates the endocytosis of 

nanoparticles by the macrophages. The graphs presented in Fig 4.1(C) pictorially 

illustrate (i.e., they are not based on real data) the expected changes in PA, MMUS and 

MPA signals from the processes outlined in Fig. 4.1(A). Because both signals are 

sensitive to nanoparticle concentration, PA and MMUS signals should increase as 

nanoparticles are delivered and accumulate in tissue. However, as the nanoparticles are 

endocytosed by macrophages, the PA signal may not change significantly since the 

nanoparticle concentration remains invariant. In contrast, the MMUS signal further 
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increases as nanoparticles endocytosed. The increase of the MMUS signal arises from the 

intracellular aggregation of endocytosed nanoparticles. As the nanoparticles aggregate in 

the lysosomes of cells [4, 18, 19], larger displacements will be induced by the external 

magnetic field compared to the isolated nanoparticles [20, 21]. Generally, the increase in 

the MMUS signal can result from either intracellular aggregation of nanoparticles or an 

increased concentration of nanoparticles in tissue. Consequently, the contribution of 

nanoparticle aggregation to the MMUS signal increase cannot be identified without 

information concerning nanoparticle concentration. In MPA imaging, the intracellular 

aggregation of nanoparticles can be detected by analyzing the MMUS signal and the PA 

signal. The amplitude of the PA signal is proportional to the concentration of optical 

absorbers, while the amplitude of the MMUS signal will also change with the endocytosis 

of nanoparticles. Thus, the MPA signal, defined as the MMUS signal normalized by the 

PA signal, can identify the presence and functional state of nanoparticles. Specifically, as 

illustrated in Fig. 4.1, an increase in the MPA signal indicates intracellular aggregation of 

endocytosed nanoparticles. Therefore, MPA imaging can detect and identify the delivery 

and endocytosis of nanoparticles. 
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Figure 4.1: (A) Schematic diagram of delivery and endocytosis of NPs. The NPs are 

delivered to tissue, accumulate around the macrophages and then are 

endocytosed by the macrophages. (B) Darkfield images of macrophages 

when NPs are delivered, accumulated and endocytosed. The bright color in 

the darkfield of macrophages with endocytosed NPs is due to the enhanced 

light scattering from the aggregates. (C) Graphs that pictorially illustrate the 

expected changes in PA, MMUS and MPA signals from the tissue during 

the processes outlined in Fig. 4.1(A). Both PA and MMUS signals are 

expected to increase as NPs are delivered to the tissue. However, the 

MMUS signal is expected to increase further as NPs are endocytosed by 

macrophages, while the PA signal is not expected to change significantly. 

The MPA signal, obtained by normalizing the MMUS signal by the PA 

signal, is expected to increase when NPs are endocytosed by macrophages. 
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4.2 DETECTION OF NANOPARTICLES’ ENDOCYTOSIS 

4.2.1 Materials and methods 

The dextran-coated Fe3O4 NPs with the diameter of approximate 5 nm were used 

as the contrast agent for MPA imaging to detect cellular endocytosis. The synthesis and 

characterization of the Fe3O4 NPs were described in Section 2.1.1. 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
o
C, 5% CO2, and incubated with 3 mL suspension of 1.2×10

15
 

sterilized dextran-coated Fe3O4 NPs in culturing media for 12 hours. The incubated 

macrophages were washed three times with PBS, centrifuged at 110 g for 3 min after 

scraping, and the unbound particles in the supernatant were discarded. The concentration 

of the unbound Fe3O4 NPs in the supernatant was determined by the UV-vis spectrum. 

Therefore, the amount of nanoparticles could be obtained by subtracting the amount of 

unbound Fe3O4 NPs from the total amount of Fe3O4 NPs used to incubate the 

macrophages. The macrophages were counted using a hemocytometer. Cellular uptake 

was approximately 8.6×10
6
 dextran-coated Fe3O4 NPs (2.87 pg Fe3O4 NPs) per cell.  

A 3D polyvinyl alcohol (PVA) phantom with two inclusions was prepared to 

demonstrate the feasibility of MPA imaging to detect the uptake of nanoparticles by the 

macrophages. The background of the phantom consisted of 6 wt% PVA and 0.2 wt% 

silica. The inclusions were prepared by mixing 16 wt% gelatin suspension (100 µL) with 

i) approximately 2.3×10
7
 macrophages containing 1.98 × 10

14
 endocytosed Fe3O4 NPs 

and ii) approximately 1.6×10
7
 macrophages mixed with the same amount of Fe3O4 NPs. 

Additionally, 0.5 wt% silica was added to both inclusions to act as ultrasound (US) 

scatterers.   
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The system of MPA imaging was described in Section 2.2.1 (Fig. 2.4). In this 

study, the laser light from a laser system operating at 532 nm was delivered to the sample 

through a 1500 μm diameter optical fiber to generate PA transients. The pulsed magnetic 

field with 8 ms pulse duration was applied to the sample to induce the magneto-motive 

displacement. A focused single-element US transducer (25 MHz, 25.4 mm focal depth, 

F# 4) was used to detect signals. To form MPA image from the co-registered US, PA, 

and MMUS images, both steps described in Section 2.2.2 were used. Briefly, A binary (0 

or 1) motion-mask map was acquired by setting a threshold of 5 μm to the MMUS image. 

By multiplying with the motion-mask map, the PA signals generated from inclusions 

could be preserved, while signals from the phantom background were suppressed to zero. 

The MPA signal at each point within the inclusion was obtained by normalizing the 

MMUS signal by the MMUS-masked PA signal on a pixel-by-pixel basis. Normalized 

values were color coded using a logarithmic scale and were displayed over the US image 

to form MPA image. 

 

4.2.2 Results and discussion 

The TEM images of the Fe3O4 NPs and the macrophages with endocytosed Fe3O4 

NPs are shown in Fig. 4.2(A) and Fig. 4.2(B), respectively. The TEM images confirm 

that the endocytosed Fe3O4 NPs were confined in lysosomal bodies and formed 

intracellular aggregates of significantly larger size than those of isolated Fe3O4 NPs [4, 

18, 19]. The US image of the tissue-mimicking phantom is shown in Fig. 4.2(C). The US 

image visualizes the structure of the phantom and identifies the locations of both 

inclusions, yet it can neither identify the presence of Fe3O4 NPs nor differentiate the 

Fe3O4 NPs merely present in vicinity of macrophages from those endocytosed by 
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macrophages. The MMUS image of the phantom is shown in Fig. 4.2(D); the background 

displacement has been subtracted to from the image to highlight the displacement 

induced within the inclusions. Figure 4.2(D) shows that, given the same concentration of 

nanoparticles, endocytosed nanoparticles generated larger MMUS signals than 

extracellular nanoparticles. The difference of the MMUS signals from both inclusions is 

attributed to the difference in the state of NPs (i.e., intracellular aggregation of Fe3O4 NPs 

versus individual NPs within extracellular space). To quantitatively compare the 

displacement from each inclusion, the magnetically induced displacements from the 

marked regions (1.8 mm axially and laterally) in both inclusions were analyzed. The 

average magnetically induced displacement measured from the region of the inclusion 

containing the macrophages with endocytosed Fe3O4 NPs is 1.8 times greater than the 

average displacement measured from the inclusion containing the macrophages mixed 

with Fe3O4 NPs. Since both inclusions were designed to contain the same concentration 

of Fe3O4 NPs, the increased magnetically induced displacement was caused by the 

intracellular aggregation of Fe3O4 NPs. Our results are in agreement with the 

expectations that endocytosed nanoparticles form intracellular aggregates [4, 18, 19], 

which induce larger magnetic displacements [20, 21]. 

In addition to intracellular aggregation of nanoparticles, the concentration of 

nanoparticles is another factor that can affect magnetically induced displacement. In an in 

vivo study, nanoparticle concentration in the area of interest is uncontrollable; thus, it is 

not possible in this case to claim that an increase in magnetically induced displacement is 

caused from the intracellular aggregation of nanoparticles alone. Therefore, an additional 

measurement is required to assess the concentration of the nanoparticles. PA imaging is 

able to fulfill this requirement. The relationship of PA signals and nanoparticle 
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concentration was studied, as described in Section 2.3.1 (Fig. 2.5). The results indicate 

that PA imaging is capable of assessing the concentration of Fe3O4 NPs.  

 

 

Figure 4.2: TEM images of (A) Fe3O4 NPs and (B) macrophages with endocytosed 

Fe3O4 NPs. (C) US image of tissue-mimicking phantom containing two 

inclusions with Fe3O4 NPs either present in the vicinity of macrophages’ 

vicinity (left inclusion) or endocytosed by macrophages (right inclusion). 

Each inclusion contains the same concentration of Fe3O4 NPs. (D) MMUS 

image of phantom and the magnetically induced displacements measured in 

each inclusion (regions marked in US image in Fig. 4.2(C)). (E) PA image 

of phantom and the average PA signal measured in each inclusion (regions 

outlined in Fig. 4.2(C)). US, MMUS and PA images show a region that is 

9.2 mm axially by 17.8 mm laterally. 

 



 71 

The PA image of the phantom with two inclusions (i.e., Fe3O4 NPs in the vicinity 

of the macrophages and Fe3O4 NPs endocytosed by macrophages) is shown in 

Fig. 4.2(E). The average values of the PA signal magnitude within the marked regions in 

both inclusions (Fig. 4.2(C)) were calculated. The average PA signals for both inclusions 

are nearly the same (within the error range), indicating that both inclusions contain the 

same concentration of Fe3O4 NPs. The results presented in Fig. 4.2(E) also indicate that 

the PA image of the Fe3O4 NPs cannot differentiate endocytosed nanoparticles from 

nanoparticles merely present in the macrophage vicinity. However, given the similar 

concentrations of Fe3O4 NPs indicated by PA imaging for each inclusion (Fig. 4.2(E)), it 

can be concluded that the increased magnetically induced displacement from the right 

inclusion was indeed caused by intracellular aggregation of endocytosed NPs. 

Figure 4.3 shows the MPA image of the phantom. The MPA image was obtained 

using an algorithm described in Section 4.2.1. The MPA signal presents the magnetically 

induced displacement that is dependent on aggregation but independent of nanoparticle 

concentration (given the linear relationship between the MMUS signal and the 

concentration of nanoparticles). Because both inclusions within the phantom contained 

0.66 mg/mL of Fe3O4 NPs, the increase in the MPA signal from the right inclusion was 

caused by the aggregation of endocytosed nanoparticles. Therefore, using MPA imaging 

the nanoparticles endocytosed by macrophages can be detected and differentiated from 

those nanoparticles merely present in the macrophage vicinity. 
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Figure 4.3: MPA image of the phantom containing two inclusions with Fe3O4 NPs 

either present in the vicinity of the macrophages vicinity (left inclusion) or 

endocytosed by macrophages (right inclusion). The increase of the MPA 

signal from the right inclusion results from intracellular aggregation of 

endocytosed NPs. 

Overall, the presented results indicate the feasibility of using MPA imaging to 

detect nanoparticles endocytosed by macrophages. Additionally, it was demonstrated that 

MPA imaging can differentiate endocytosed nanoparticles from extracellular 

nanoparticles in background tissue. PA images indicates the concentration of 

nanoparticles present in tissue, while the magnetically induced displacement mapped in 

MMUS images is dependent on both the concentration and functional state of 

nanoparticles. Thus, the MPA image, obtained through normalizing the MMUS signal by 

the PA signal, can visualize the intracellular aggregation of nanoparticles. The detection 

of intracellular aggregation of nanoparticles allows one to infer the occurrence of 

endocytosis of nanoparticles by the cells. 
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4.3 MONITOR OF NANOPARTICLES’ DELIVERY AND ENDOCYTOSIS 

4.3.1 Materials and methods 

Citrate-capped Fe3O4 NPs with a diameter of around 9 nm were used as the 

contrast agent for MPA imaging. Synthesis of the citrate-capped Fe3O4 NPs is described 

in Section 2.1.2. Macrophage cells were incubated with citrate-capped Fe3O4 NPs for 24 

hours. Then the harvested macrophages were washed three times with PBS. Cellular 

uptake was approximately 6.7×10
6
 citrate-capped Fe3O4 NPs (13 pg Fe3O4 NPs) per cell.  

Two groups of gelatin phantoms were prepared to represent the delivery and 

endocytosis processes of NPs, as shown in Fig. 4.4. The background of the tissue-

mimicking phantoms was made out of 3 wt% gelatins. The inclusions were prepared by 

mixing 3 wt% gelatin with Fe3O4 NPs at different concentrations or functional states (i.e., 

individual NPs in the vicinity of cells, endocytosed Fe3O4 NPs, or a mixture of individual 

and endocytosed NPs). In the first group of gelatin phantoms, Inclusions I to V contained 

native cells mixed with different concentrations of individual Fe3O4 NPs; this served to 

mimic NP delivery into tissues. As shown in Fig. 4.4(A), Inclusion I contains 

macrophage cells only and was used as control (inclusion I). Other inclusions contained 

0.2 mg/mL (inclusion II), 0.4 mg/mL (inclusion III), 0.67 mg/mL (inclusion IV), and 

1 mg/mL Fe3O4 NPs (inclusion V). In the second group of gelatin phantoms, Inclusions 

VI to XI contained a mixture of endocytosed and individual Fe3O4 NPs, mimicking the 

uptake of NPs by living cells. The parameter E in Fig. 4.4(B) represents the endocytosis 

ratio, which is defined as the ratio of the number of endocytosed Fe3O4 NPs to the total 

number of Fe3O4 NPs in the tissue (both endocytosed NPs and individual NPs in the 

vicinity of cells). The increase of E indicates more Fe3O4 NPs are taken up by the 

macrophage cells. As shown in Fig. 4.4(B), Inclusion VI contains 25% endocytosed 

Fe3O4 NPs and 75% individual NPs in the cell vicinity; Inclusion VII contains 50% 
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endocytosed Fe3O4 NPs and 50% individual NPs in the cell vicinity; Inclusion VIII 

contains 75% endocytosed Fe3O4 NPs and 25% individual NPs in the cell vicinity; and 

Inclusion IX contains all the NPs endocytosed in cells. Each inclusion in both groups 

contained the same number of macrophage cells (3.75×10
6
 cells). In addition, 0.2 wt% of 

30 μm silica particles, acting as ultrasound scatterers, were added to the inclusions.  

 

 

Figure 4.4: Two groups of gelatin phantoms to represent the delivery and endocytosis of 

NPs. (A) First group of phantoms. Inclusion I was used as a control. Other 

inclusions contain different concentrations of individual Fe3O4 NPs. 

(B) Second group of phantoms. Parameter E represents the endocytosis 

ratio, which is defined as the ratio of the number of endocytosed NPs to the 

total number of NPs in tissue (both endocytosed NPs and individual NPs in 

the vicinity of cells). Inclusions VI to IX contain Fe3O4 NPs with different 

values of E.  
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The MPA imaging system is described in Section 2.2.1 (Fig. 2.4). In this study, 

the laser light operated at 532 nm; the pulsed magnetic field had 20 ms pulse duration and 

a field strength around 1 Tesla. A focused single-element US transducer (25 MHz, 

25.4 mm focal depth, F# 4) was used to detect the PA, US, and MMUS signals. 

 

4.3.2 Results and discussion 

The US image of the first group, which mimicked the delivery of NPs to the 

vicinity of cells, is shown in Fig. 4.5(A). The depth of field of all US images is 8.09 mm. 

US images could provide the structure of the phantom, but they could not differentiate 

the inclusions containing different concentrations of Fe3O4 NPs. The PA signals from 

each inclusion were measured, and the averaged amplitude from each inclusion (marked 

with a yellow semicircle in Fig. 4.5(A)) is displayed in Fig. 4.5(B). As shown in Fig. 

4.5(B), there is no significant PA signal detected from Inclusion I, which does not contain 

any contrast agent and was used as a control. From the PA signals from Inclusions II to 

V, as the NP concentration increases, the amplitude of the PA signals increase 

accordingly. This result is consistent with the linear dependence of PA signals on Au NR 

concentration, which is depicted in Section 2.3.1 (Fig. 2.5). The magnetically induced 

displacement was measured from the regions marked with a red rectangle (1000 μm 

axially and 500 μm laterally) in each inclusion. The maximum displacement from each 

inclusion is displayed in Fig. 4.5(C). The magnetically induced displacement increases as 

the concentration of NPs increases. Finally, the dependence of the magnitude of the PA 

signal on the MMUS signal was obtained, as shown in Fig. 4.5(D). For each inclusion in 

the first gelatin phantom (Fig. 4.4(A)), the magnitude of the PA signal is represented 

along the vertical axis, while the MMUS signal is represented in horizontal axis. The 



 76 

error bars in Fig. 4.5(B)-(D) show the standard deviation of the signals from multiple 

measurements. For individual Fe3O4 NPs, there is a linear relationship between the PA 

signal and the MMUS signal. The slope of the PA – MMUS curve is a positive value and 

should be fixed for a given MPA imaging system and a given imaged sample. 

 

 

Figure 4.5: (A) US image of the first group of phantoms. (B) Relationship between the 

magnitudes of the PA signal from the regions marked with a yellow 

semicircle and the concentration of Fe3O4 NPs. (C) Relationship between 

MMUS signals from the regions marked with a red rectangle and the 

concentration of Fe3O4 NPs. (D) Relationship between PA signals and 

MMUS signals for individual Fe3O4 NPs.  

 

Figure 4.6(A) shows the B-mode US image of the second group of gelatin 

phantoms with four inclusions. These four inclusions contained the same concentration of 

Fe3O4 NPs (0.67 mg/mL) with different endocytosis ratios (E = 0.25 for Inclusion VI, 

0.50 for Inclusion VII, 0.75 for Inclusion VIII, and 1.00 for Inclusion IX). The 

endocytosis ratio, E, was defined as the ratio of the number of endocytosed NPs to the 
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total number of NPs (both inside cells and in the vicinity of cells). US images provide the 

positions of the embedded inclusions, but they could not identify the functional states of 

Fe3O4 NPs in the tissue-mimicking phantom. PA signals were measured from each 

inclusion, and the average PA signals from the regions marked with a yellow semicircle 

in Fig. 4.6(A) are displayed in Fig. 4.6(B). PA signals from all of the inclusions are the 

same within the error range, which is expected because of the equal concentrations of 

NPs in all the inclusions. Magnetically induced displacement was measured from the 

regions marked with a red rectangle (1000 μm axially and 500 μm laterally) in each 

inclusion in Fig. 4.6(A).  

 

 

Figure 4.6: (A) US image of the second group of phantoms. (B) Relationship between 

the magnitude of the PA signal from the region marked with a yellow 

semicircle and the endocytosis ratio, E, of Fe3O4 NPs. (C) The relationship 

between the magnitude of the MMUS signal from the regions marked with a 

red rectangle and the endocytosis ratio, E, of Fe3O4 NPs. (D) Relationship 

between MMUS signals and PA signals for endocytosed Fe3O4 NPs.  
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The maximum displacement from each inclusion is displayed in Fig. 4.6(C). As 

more Fe3O4 NPs were endocytosed by the cells, stronger MMUS signals were detected. 

Finally, based on Fig. 4.6(B) and Fig. 4.6(C), the relationship between the PA signal and 

the MMUS signal as NPs were endocytosed by the cells is displayed in Fig. 4.6(D). The 

error bars in Fig. 4.6(B)-(D) show the standard deviation of the signals from multiple 

measurements. As more Fe3O4 NPs were endocytosed by cells, the PA signal remained 

constant within the error range, while the MMUS signal increased; thus, the slope of the 

PA – MMUS curve was zero. 

From Fig. 4.5 and Fig. 4.6, longitudinal MPA imaging is capable of monitoring 

the processes of NP delivery and endocytosis. In the process of NP delivery, the 

concentration of NPs increases as more NPs accumulate in the tissue, and the state of NPs 

can be considered in an individual nature because the NPs are present in the vicinity of 

cells. Both PA and MMUS signals will increase because of their linear dependence on 

NP concentration (Fig. 2.5 and Fig. 2.6). Therefore, the slope of the curve of PA signal 

versus MMUS signal is a positive value for the delivery process (Fig. 4.5). Given the 

known imaging system and imaged sample, the slope should be a fixed value θ0. In the 

process of NP endocytosis, the concentration of NPs maintains constant, while aggregates 

form inside the cells [2, 4, 6, 19, 22, 23]. PA signals remain constant within an error 

range because of the NP concentration does not change, while MMUS signals become 

larger as more NPs are taken up by cells. Therefore, the slope of the curve of the PA 

signal versus the MMUS signal is zero for the endocytosis process (Fig. 4.6). Slope 

values between 0 and θ0 indicate both delivery and endocytosis processes simultaneously. 

Therefore, NP delivery and endocytosis can be detected by investigating the relationship 

between PA and MMUS signals.  
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In the current study, Fe3O4 NPs were used, because of their biocompatibility and 

availability, to investigate the interaction between nanoparticles and macrophages. The 

magneto-plasmonic nanoconstructs reported in the literature could be used as contrast 

agents for future MPA imaging studies [24, 25]. If coupled with MPA imaging, dual-

contrast nanoparticles could be used as biosensors in living cells. 

 

4.4 INFLUENCE OF NANOPARTICLES’ ENDOCYTOSIS ON MAGNETO-PHOTO-ACOUSTIC 

SIGNAL 

4.4.1 Nanoparticle aggregation associated with endocytosis 

From the results shown in Fig. 4.3, significantly larger MPA signal was detected 

from the endocytosed Fe3O4 NPs compared to that from the extracellular NPs. As more 

NPs were endocytosed (Fig. 4.6), even larger MPA signal would be generated. MPA 

imaging is capable of indicating the cellular uptake of nanoparticles because it is 

sensitive to the aggregation of nanoparticles. It has been demonstrated that magnetically 

induced displacement is sensitive to aggregates containing only several Fe3O4 NPs and is 

able to differentiate aggregates from individual nanoparticles [20, 21]. As more 

nanoparticles aggregate, even larger magnetically induced displacements are generated 

[20, 21].  

The formation of nanoparticle aggregation inside cells is associated with 

endocytosis. The nature of the endocytolic pathway of nanoparticles determines the 

formation of aggregates [2, 4, 6, 19, 22, 23]. Generally, intracellular aggregates formed 

within lysosomal bodies contain several to tens of nanoparticles [2, 4, 6, 19, 22, 23]. 

Optical techniques have been employed to observe the assembling of nanoparticles inside 

cells during endocytosis; these studies verify the link between endocytosis and 



 80 

nanoparticle aggregation [11-13]. Since MPA imaging is sensitive enough to detect 

aggregations containing several Fe3O4 NPs and intracellular aggregation associated with 

endocytosis typically contains several to tens of nanoparticles, significantly larger MPA 

signals are expected from endocytosed nanoparticles compared to extracellular 

nanoparticles. Therefore, MPA imaging can qualitatively detect the cellular endocytosis 

of nanoparticles. The amplitude of MPA signal is directly related to the extent of 

nanoparticle aggregation. As the aggregates contain more nanoparticles, larger 

magnetically induced displacements are generated. The relationship between aggregate 

size and the amount of endocytosed nanoparticles is affected by many factors, including 

nanoparticle geometry and surface modification, cellular microenvironments and 

nanoparticle concentration. 

 

4.4.2 Enhanced magneto-photo-acoustic signals from aggregated nanoparticles 

Based on normalization algorithm (Section 2.2.2), MPA signals can be considered 

as MMUS signals from a fixed concentration of NPs. Larger magnetically induced 

displacement can be generated from the aggregated NPs compared to that from the same 

concentration of individual NPs (Fig. 4.2 and Fig. 4.6).   

According to Equation (1.6),       
        

  
  

   

  
, the basis of the contrast 

mechanism in MMUS imaging is the significant difference between magnetic 

susceptibility of normal tissue and the magnetic NPs. Magnetic susceptibility (   ) 

indicates the degree of magnetization of a material in response to an applied magnetic 

field. Suppose each magnetic particle contains a magnetic dipole moment        . In the 

absence of magnetic field, the orientations of the dipole moments in the NP system are 

random distributed due to the thermal energy, resulting in zero equilibrium 
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magnetization. If a magnetic field     is applied, the orientations of the dipole moments 

are aligned to the direction of the applied field until saturation occurs. The magnetic NP 

interacts with the external field via the potential [26] 

               ,                                   (4.1) 

For dilute magnetic solutions, Shliomis et al. described the NP system using the 

one-particle model [27]. The equilibrium magnetization of the NP system is written by 

applying the Langevin function                 : 

                     ,                      (4.2) 

where m the magnetic moment of each particle (the absolute value of        ), n the particle 

number density, B the magnetic field intensity (absolute value of    ), T the absolute 

temperature, and the vacuum permeability               [27]. Therefore, the 

magnetic susceptibility can be expressed as 

         
  

  
 

    
 

   
,                          (4.3) 

Therefore, the magnetic susceptibility is proportional to concentration n, square of 

particle magnetic moment m, and is inversely proportional to thermal energy kT.  

However, the experiments with concentrated magnetic solution reveal an essential 

deviation from Equation (4.2) and Equation (4.3) [28]. As particle concentration 

increases, the magnetic susceptibility increases faster than linear dependence. This 

deviation is primarily due to the inter-particle interactions. The magnetic particles interact 

pairwise with each other via the dipole-dipole interaction potential [26] 

   
    

                                                             

       
 ,                (4.4) 

where         is the distance vector between particles i and j (see Fig. 4.7). The dipole-dipole 

potential decreases as the cubic of the distance. 
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Figure 4.7: Magnetic NPs i and j carrying dipole moments         and        , respectively. 

They interact via the dipole-dipole potential, as described in Equation (4.4). 

 

The local magnetic field acting on a particle is the sum of the external field and 

the dipolar fields from other particles. The attraction between 2 particles is maximal 

when two requirements are satisfied: (i) the dipole moments carried by these 2 particles 

are in the head-to-tail orientation, and (ii) these 2 particles are attached to each other. 

Assume each particle has the same radius a and carries the same moment m, the maximal 

dipole-dipole potential can be expressed as [29] 

     
    

  

        
 
,                      (4.5) 

The dipole moment carried by each nanoparticle can be expressed as 

          
  

 
     ,                           (4.6) 

where    is the saturation magnetization per volume [29]. From Equation (4.5) and 

Equation (4.6), the maximal dipole-dipole potential between 2 magnetic NPs can be 

written as 

    
    

   
   

   
,                               (4.7) 

From Equation (4.7), for larger NPs, the dipole-dipole potential is stronger, 

resulting in larger magnetic susceptibility with the same NP concentration. Unfortunately, 

increasing the size of magnetic nanoparticles has the limitation to keep the 
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superparamagnetic property (such as zero coercivity). Superparamagnetic particle should 

be smaller than the characteristic size of the domain [30]. The size of magnetic domains 

depends on the material, but is generally of the order of tens of nanometers [20]. When 

the NPs are endocytosed by the macrophage cells, they will form aggregates within 

lysosomal bodies. They aggregates can contain several to tens of NPs, thus have 

significantly larger size than individual NPs. On the other hand, these aggregates retain 

the superparamagnetic property [20, 31, 32]. Therefore, compared to individual NPs, the 

aggregates formed from endocytosed NPs exhibit larger magnetic susceptibility, thus 

generate larger magnetically induced displacement.  

A number of theoretical models allow the evaluation of the magnetic properties 

taking into account of the dipole-dipole interactions. The earliest model is the mean-field 

Weiss model [33], in which the magnetic susceptibility was expressed as 

  
  

      
    

    
 

   
,                         (4.8)   

From Equation (4.8), the magnetic susceptibility is not proportional to the 

concentration of NPs, but related to even higher order components [29]. More recently, 

perturbation theories have gained interest [34, 35]. Two dimensionless parameters, 

namely the volume fraction of the particles 

  
    

 
,                                      (4.9) 

and a dipolar coupling constant 

  
   

 

      
,                                     (4.10) 

where d represents the diameter of particle [26, 36]. Thus the magnetic susceptibility 

without considering the dipole-dipole interaction (Equation (4.3)) can be expressed as 

      ,                                      (4.11) 

Taking account of interaction between NPs, the magnetic susceptibility can be 

expressed as 



 84 

      
 

 
     

   
 

   
     

         
  

 
        

  

 
        , 

                                              (4.12) 

  is related to NP size and concentration, and   is affected by the saturation 

magnetization per volume. Generally,   is of the order of 10
-2

, and   is less than 1 

[26]. For example, for 10 mg/mL Fe3O4 NP solution with 10 nm particle diameters and 

an additional polymer layer of 2 nm,   is 0.002, and   is slightly smaller than 1 [26]. In 

this case, higher orders of (   ) have only minor influence on  . There is a linear 

dependence of the magnetic susceptibility on the concentration of NPs. When NPs are 

endocytosed and form aggregates inside cells, the volume ratio   can be increased to 

            
 
 

 
      

     
    . In this case, the higher order terms in Equation (4.12) 

make significant contribution to the magnetic susceptibility, thus increase the generated 

displacement. Therefore, the larger magnetically induced displacement from the 

endocytosed NPs compared to that from the same concentration of individual NPs is 

resulted from the interaction between magnetic NPs. 
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Chapter 5:  In vivo test of magneto-photo-acoustic imaging 

5.1 INTRODUCTION 

Magneto-photo-acoustic imaging technique has been developed to visualize the 

presence and location of nanoparticles with spatial resolution of ultrasound imaging and 

enhanced contrast based on both the optical absorption and the magnetic susceptibility of 

contrast agent. Liposomal nanoparticles were designed and synthesized to act as the dual-

contrast agent for MPA imaging (Chapter 2).  

We have demonstrated the feasibility of MPA imaging technique to detect the 

NPs in tissues/cells with high sensitivity and specificity using tissue-mimicking phantoms 

and ex vivo samples in Chapter 3. Magneto-plasmonic NPs were used to label the tissues 

or cells. Photoacoustic signals were generated from both magneto-plasmonic NPs and 

endogenous chromophores. The signals from the background tissues limited the sensitive 

and specific detection of the contrast agent. MMUS imaging was used to suppress 

undesired PA signals from the background tissue and, therefore to improve the specific 

contrast for dual-contrast imaging nanoprobes. MMUS imaging provided sufficient 

contrast because magnetic susceptibility of typical magnetic NPs such as Fe3O4 is more 

than 6 orders of magnitude larger than that of normal tissues. On the other hand, MMUS 

imaging alone may not be able to identify the local concentration variation of NPs within 

the labeled region. Based on the integration of US, PA, and MMUS imaging, MPA 

imaging was capable of suppressing the unwanted PA signals from the background tissue 

and improving the contrast specificity. Meanwhile, MPA imaging retained the sensitivity 

of PA imaging to the variation of NP concentration. 

In this chapter, we evaluated the possibility of using MPA imaging technique to 

detect the NP-labeled tumor in a mouse in vivo. Nude mice bearing human epithelial 

carcinoma were used to model the cancer. The dual-contrast agent, liposomal NP which 
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encapsulated both Au NRs and Fe3O4 NPs, was injected directly into the tumor of the 

mouse. During the imaging session, the mouse was anesthetized. In order to minimize the 

imaging time, a 128 element linear array transducer attached to Vevo
®
 2100 ultrasound 

imaging system was used to detect the US, PA, and MMUS signals. The physiological 

motion of the animal can interfere with the magnetically induced motion from LNP-

labeled regions and limit the contrast to noise ratio in MPA imaging. The signals were 

detected when the animal is in a quiet period (between two respirations). The MPA image 

was formed using the algorithm described in Chapter 2. The contrast enhancement in 

MPA imaging compared to conventional PA imaging was investigated. 

 

5.2 MATERIALS AND METHODS 

5.2.1 Dual-contrast agent for in vivo magneto-photo-acoustic imaging 

The Liposomal NPs were designed and synthesized as a contrast agent for MPA 

imaging [1, 2] Section 2.1.2 described the synthesis and characterization of liposomal 

NP. In the in vivo studies, the obtained LNPs were concentrated and contained 

2.36 mg/mL Au NRs and 2.2 mg/mL Fe3O4. 

 

5.2.2 Animal model 

To demonstrate the feasibility of MPA imaging to detect the LNP-labeled tumor 

in vivo with high contrast, the Nu/Nu mice bearing human epithelial carcinoma were used 

to model the cancer. All procedures using animals were conducted in accordance with 

IACUC policies at The University of Texas at Austin. The animal was inoculated 

subcutaneously with 10
6
 (100 µl injection volume) A431 human epithelial carcinoma 

cells (American Type Culture Collection, VA). When the tumors reached a diameter of 
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6~8 mm, 150 µL LNPs in PBS, which contains 0.35 mg Au and 0.33 mg Fe3O4, were 

injected directly into the tumor. MPA imaging was performed 2 hours after the injection 

of LNPs. 

 

5.2.3 System of In vivo magneto-photo-acoustic imaging 

The experimental setup for in vivo MPA imaging to detect the LNP-labeled 

murine tumor is shown in Fig. 5.1. A 45°-tilted mouse imaging bed, positioned inside the 

water tank, was used to hold the mouse and to keep the tumor immersed in water. During 

the imaging session, the mouse was anesthetized with a combination of isoflurane 

(0.5~2.0%) and oxygen (0.5L/min); the water temperature was kept constant at 37°C 

using water circulation system (Isotemp 3013H, Fisher).  

The laser pulses with the wavelength of 800 nm were delivered through an air 

beam, and irradiated a 10-mm-diameter spot the skin surface. The energy per pulse was 

17 mJ/cm
2
, satisfying the American National Standards Institute (ANSI) safety limit of 

20 mJ/cm
2
 for any visible/NIR wavelength [3]. The applied magnetic field was 40 ms 

duration and approximately 1 Tesla magnitude. A 128 element linear array transducer 

operating at 21 MHz central frequency attached to Vevo
®

 2100 ultrasound imaging 

system was used to detect the US, PA, and MMUS signals. The detailed data acquisition 

procedure was described in Section 2.2.1. The US transducer was mechanically scanned 

over the mouse to obtain 3D images. 
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Figure 5.1: (A) Block diagram and (B) photograph of the experimental setup for in vivo 

MPA imaging. 

To form MPA image from the co-registered US, PA, and MMUS images, the first 

step described in Section 2.2.2 was used. The experiments were designed to acquire data 

during the rest period with low respiratory motion; and the magnetically induced motion 

was typically 14 dB (5 times) larger than the background motion. Therefore, a binary 
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motion map was obtained by setting a displacement threshold (around 20% of the 

maximum displacement) in MMUS image. In this binary motion map, the MMUS signals 

over the threshold were assumed to be produced by magnetic field and the value was set 

to “1”, while the MMUS signals below the threshold were used to set the value in the 

map to “0”. The binary motion map, therefore, was indicative of the locations of LNPs, 

and can be used as a mask to identify the PA signals from the LNP-labeled regions. By 

multiplying the PA image with the MMUS-derived binary motion map, the MMUS-

masked PA image was obtained. The MMUS-masked PA image was overlaid on top of 

the US image to form MPA image. 

 

5.3 RESULTS AND DISCUSSION 

5.3.1 Two-dimension images 

The anatomy of the tumor is shown in the B-mode US image in Fig. 5.2(A). The 

PA image overlaid on top of the US image shown in Fig. 5.2(B) indicates that the areas 

with elevated light absorption are both inside and outside the tumor. While intense PA 

signals in the NP-labeled tumor is associated with light absorption by the dual-contrast 

LNPs, significant PA signals is also detected from the background tissue due to the 

absorption of endogenous chromophores. Therefore, the contrast specificity in detecting 

the hybrid imaging contrast agent is reduced by the PA transients generated in the 

background tissues. To clarify this issue, the PA signals from the tumor and the 

background tissue, measured in rectangles I and II respectively, are shown in Fig. 5.2(C). 

The average PA signal amplitude from the LNP-labeled tumor (Region I) is 8.44 dB 

stronger than that from the background tissue (Region II). 
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Figure 5.2: (A) US image of a cross-section in the tumor-bearing mouse, where the 

tumor is marked with a yellow dashed line. (B) PA image overlaid on top of 

the US image. The images cover 10.87 mm axially and 11 mm laterally. 

(C) PA signals obtained in the LNP-labeled tumor (Region I, marked with 

blue solid line) and in the background tissue (Region II, marked with green 

dashed line). The average PA signal amplitude from the tumor (Region I) is 

8.44 dB stronger than that from the background tissue (Region II). 

 

The MMUS image in Fig. 5.3(A) demonstrates that the pulsed magnetic field 

results in a displacement of LNP-labeled tumor because of the LNPs’ strong 

magnetization. Conversely, the background tissue regions would not move coherently in 

response to the magnetic field due to the low magnetic susceptibility inherent to tissue. 

The temporal displacement of both the LNP-labeled tumor (Region I) and the background 
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tissue (Region II) are shown in Fig. 5.3(B), where the time function of the magnetic field 

is displayed in the insert. The magnetic field was applied for 40 ms. The maximum 

displacement induced by the magnetic field in the NP-labeled tumor was 20.3 µm. In 

contrast, the maximum displacement in the background tissue was approximately 3.0 µm 

– this motion is likely due to mechanical vibration of the system and/or physiological 

motion. The MMUS imaging contrast in the in vivo experiments is 16.5 dB. In the 

MMUS image shown in Fig. 5.3(A), the displacement has a gradient from the free edge 

to the base of the tumor. This gradient inside the tumor might be due to the mechanical 

boundary condition, which affects the mechanical response of the NP-labeled tumor. 

Thus the distribution of the magnetically induced motion does not necessarily indicate the 

variation of the NP concentration in the NP-labeled tumor. 

 

 

Figure 5.3: (A) MMUS image of a cross-section in the tumor-bearing mouse. 

(B) Temporal displacement curves from both the LNP-labeled tumor 

(Region I, marked with blue solid line) and the background tissue (Region 

II, marked with green dashed line). The time function of the magnetic field 

is shown in the insert. MMUS imaging provides contrast of 16.5 dB 

between LNP-labeled tumor and background tissue. 
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In MPA imaging, the magnetically induced motion was applied to specifically 

select the PA signals from the LNP-labeled tumor, to suppress the unwanted PA signals 

from the background tissue, and, therefore, to improve the imaging contrast. A 4 µm 

threshold (19.7% of the maximum displacement) was applied to the MMUS image to 

produce a binary motion map. The MPA image was obtained by masking the PA image 

using the binary motion map and shown in Fig. 5.4. The LNP-labeled tumor is identified 

in the MPA image with high contrast and clear boundary. From Fig. 5.4(B), the MPA 

signal from the background tissue (Region II) was completely suppressed. Compared to 

the PA image shown in Fig. 5.2, MPA imaging significantly improved the contrast 

between the NP-labeled tumor and the background tissue; and maintained the sensitivity 

of PA imaging to the NP concentration variation within the tumor. 

 

 

Figure 5.4: (A) MPA image of a cross-section in the tumor-bearing mouse. (B) MPA 

signals obtained in the LNP-labeled tumor (Region I, marked with blue solid 

line) and in the background tissue (Region II, marked with green dashed 

line). MPA signal from the background tissue (Region II) was completely 

suppressed. Compared to PA image shown in Fig. 5.2(B), MPA imaging 

contrast between the LNP-labeled tumor (Region I) and the background 

tissue (Region II) is significantly enhanced. 
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5.3.2 Three-dimension images 

The 3D images of the LNP-labeled tumor and the background tissue in a mouse 

are shown in Fig. 5.5. The images cover a cross-section of 10.87 mm by 11 mm, and a 

6.5 mm scanning distance.  

 

 

Figure 5.5: 3D (A) US, (B) PA, (C) MMUS, and (D) MPA images of the LNP-labeled 

tumor and the background tissue in a mouse. The MPA image identified the 

distribution of dual-contrast liposomal nanoparticles in the tumor with 

enhanced contrast. 

 

(A) (B)

(C) (D)

Tumor
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The 3D US image shown in Fig. 5.5(A) indicates the position of the tumor. As 

shown in the PA overlaid on US image (Fig. 5.5(B)), intense PA signals were generated 

in the LNP-labeled tumor. However, the background tissues also exhibit significant light 

absorption thus limiting the contrast of PA imaging. Therefore, the contrast of 

conventional PA imaging was not high enough to differentiate between the background 

tissue and the LNP-labeled tumor in vivo. Furthermore, the sensitivity of detecting the 

tumor was also limited because a larger concentration of LNPs was needed to exceed the 

level of the signal produced by the background. To improve the sensitivity and specificity 

of tumor detection, the 3D MMUS image shown in Fig. 5(C) was used to mask the 3D 

PA image, resulting in a 3D MPA image shown in figure 5(D). The MPA image 

enhanced the contrast between the LNPs and the background tissue, providing accurate 

positioning information on the tumor in the mouse model. 

PA imaging is capable of visualizing the distribution of optical absorbers in 

tissues with a penetration depth up to several centimeters [4-9]. Molecular PA imaging 

has been intensively developed because of high sensitivity, good spatial resolution, and 

wide availability of plasmonic NPs [10-14]. To enhance PA imaging contrast, the 

plasmonic NPs were designed to exhibit the absorption peak in the NIR region, where 

native tissue exhibited the lowest absorption. However, in an in vivo environment, the 

endogenous absorber significantly reduces the contrast of nanoparticle-mediated PA 

imaging, even in the NIR wavelength range. This is because the tissue volume and 

endogenous chromophores concentration are much greater than that of the contrast agent. 

We proposed a hybrid imaging technique, MPA imaging, to suppress the background PA 

signals using magnetic responses of NPs.  

MMUS signals are selectively generated from the tissues or pathologies labeled 

with magnetic NPs because tissue is a weakly diamagnetic medium whose mechanical 
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response to magnetic excitation is negligible. Thus MMUS imaging can differentiate the 

magnetically labeled pathologies from the background tissues with sufficient contrast 

[15-18]. However, due to continuum mechanics, the NPs, together with the adjacent 

tissue, would both be magnetically induced; thus MMUS imaging is not sensitive to the 

local concentration variation of the NPs in the labeled region. Furthermore, the boundary 

conditions and elastic properties of the NP-labeled tumor can also influence the 

magnetically induced displacement. Therefore, in vivo MMUS imaging can differentiate 

NP-labeled pathologies and background tissues with sufficient contrast; however, it alone 

is limited to visualize the local distribution of NPs in the tumor [2, 19].  

MPA imaging, by masking PA image with co-registered MMUS image, is able to 

detect the LNP distribution in a tumor in vivo with high sensitivity and specificity. In 

MPA image, the PA signal would be retained only if the corresponding MMUS signal is 

significantly larger than background motion, which is generated from the external 

mechanical vibration and the physiological motion. In agreement with the theoretical 

expectations, MPA imaging has been proved to be efficient in suppressing the unwanted 

signals from the background tissue. Thus MPA imaging can enhance the contrast 

significantly, and therefore, enable high-sensitivity and high-specificity detection of 

LNP-labeled tumors. 

In the in vivo studies, the noise motion in MMUS imaging from physiological 

motion of the animal can interfere with the magnetically induced motion from LNP-

labeled regions and limit the contrast-to-noise ratio in MPA imaging. In our studies, I 

detect the signals in the quiet period between two respirations of the animal, to minimize 

the physiological motion. An algorithm has been developed recently to compensate for 

the noise motion using a priori information from finite element method models of the 

response of soft tissue to an pulsed radiation force [20]. By applying this compensation 
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algorithm in the future, the noise motion level can be reduced, and the MPA imaging 

contrast could be further improved.  

In the in vivo experiment, LNPs were injected directly into the tumor to act as the 

dual-contrast agent. We injected 150 µL LNPs containing 0.35 mg Au (~9 nm by ~30 

nm) and 0.33 mg Fe3O4 (~7.5 nm). Thus the tumor in the studied mouse contained 

9.5 10
12 

Au NRs and 1.66 10
14 

Fe3O4 NPs in the imaging session. From the results, the 

MPA imaging is sensitive enough to identify the pathologies labeled with ~10
12

 Au NRs 

and ~10
14

 Fe3O4 NPs. From the in vivo studies in the literature, it is possible to 

accumulate more than 10
13

 gold nanorods [21] and around 10
14

 Fe3O4 NPs [22, 23] in the 

tumor region through tail injection. Therefore, the sensitivity of MPA imaging is 

sufficient for in vivo study with tail-injection administration of NPs. 

In conclusion, MPA imaging was demonstrated to detect the hybrid LNPs in a 

subcutaneous tumor of a nude mouse under in vivo condition. Based on both optical and 

magnetic responses of LNPs, MPA imaging was capable of noninvasively identifying the 

LNP-labeled tumor from the background tissue with enhanced contrast. In MPA imaging, 

the PA signals were masked by the mechanical response of the tissue to an external 

magnetic field. Due to the difference in the magnetic susceptibility between the dual-

contrast LNPs and the tissue components, the MPA signals from the background tissue 

were strongly suppressed, while the signals from the LNP-labeled region were retained. 

Therefore, MPA imaging significantly enhanced the contrast between the LNP-labeled 

tumor and the background tissue, enabling high-sensitivity and high-specificity detection 

of the tumor in vivo. In addition, MPA imaging retained the sensitivity of PA imaging to 

the concentration variation of nanoprobes. 
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Chapter 6:  Summary and future work 

6.1 SUMMARY OF OUR RESEARCH 

The investigation of using a hybrid imaging technique, magneto-photo-acoustic 

imaging, to detect the delivery, accumulation, and cellular endocytosis of nanoparticles 

with enhanced contrast and high resolution has been performed in a series of logical 

studies.  

Initially, a laboratory prototype capable of magneto-photo-acoustic imaging was 

developed based on the integration of ultrasound, photoacoustic, and magneto-motive 

ultrasound imaging (Chapter 2). MPA imaging uses a dual-contrast agent characterized 

by elevated optical absorption and magnetic susceptibility. Liposomes containing gold 

nanorods and iron oxide nanoparticles were designed and used as the dual-contrast agent 

for MPA imaging.  

The laser source used in all studies was a tunable optical parametric oscillator 

laser system (Spectra Physics, 400~2600 nm wavelength range, 5-7 ns pulse duration, 

10 Hz PRF). The laser light was delivered to the sample through either a light delivery 

system or an air beam. A pulsed magnetic field (8-40 ms pulse duration, 1-2 Tesla) was 

applied to the sample through a solenoid with a cone-shaped-tip core to focus the field. 

The US pulse-echo signals were acquired to track the magnetically induced displacement 

from the sample. Either a single element transducer (25 MHz central frequency, 25.4 mm 

focal length) attached to an ultrasound pulser/receiver or an array transducer 

(128 elements, 21 MHz central frequency) attached to Vevo
®
 2100 ultrasound imaging 

system was used as the detection system for PA, US and MMUS signals. The alignment 

of the data sets from different modalities in MPA imaging was simple and accurate 

because of the shared ultrasound detection system. The algorithm to form an MPA image 

from US, PA, and MMUS images contains two steps: masking and normalization. In the 
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first step, the PA image was masked by a binary motion map that is obtained from the 

MMUS image at each point of the sample. The MMUS-masked PA image was then 

overlaid the US image to form an MPA image. In the second step, the MMUS image was 

normalized by the co-registered MMUS-masked PA image on a pixel-by-pixel basis. The 

normalized MMUS signal is indicative of NPs’ aggregation due to celluar endocytosis. 

The normalized MMUS image was displayed over the US image to form an MPA image. 

In addition, the sensitivity and resolution of MPA imaging was characterized with a 

calibrated phantom. 

Tissue-mimicking phantoms and ex vivo samples were used to demonstrate the 

feasibility of MPA imaging to detect the presence and distribution of NPs in tissue with 

enhanced contrast and high resolution (Chapter 3). A tissue-mimicking phantom was 

designed to test the contrast, spatial resolution, and sensitivity to nanoparticle 

concentration variations using MPA imaging. Six inclusions with different concentrations 

and varying distributions of dual-contrast NPs were embedded into the phantom. The ex-

vivo experiment was designed to test the ability of MPA imaging to detect the cells 

labeled with nanoparticles within the tissue. The macrophages labeled with Fe3O4 NPs 

and Au NRs were injected into an excised porcine longissimus-dorsi muscle tissue 

sample. The results indicated the feasibility of MPA imaging to visualize the presence 

and location of nanoparticles inside tissue/cells with the spatial resolution of ultrasound 

imaging and enhanced contrast that was based on both the optical absorption and 

magnetic susceptibility of the contrast agent. In an MPA image, only the signals from 

cells or tissue labeled with dual-contrast agent were selected and displayed over the 

anatomical content of the tissue, while the signals from the background tissues were 

significantly suppressed. Therefore, the MPA image enhanced the contrast between the 

nanoparticle-labeled cells or tissues and the surrounding tissue. In the desired region 



 106 

labeled with dual-contrast nanoparticles, the MPA image retained the sensitivity of 

photoacoustic imaging to nanoparticle variation.  

The feasibility of MPA imaging to monitor the endocytosis of NPs has been 

studied using macrophage cells (Chapter 4). A 3D tissue-mimicking phantom containing 

two inclusions, (i) individual NPs at the vicinity of cells (to mimic nanoparticle delivery 

to tissue) and (ii) endocytosed NPs (to mimic nanoparticle endocytosis by cells), was 

fabricated. PA images indicate the concentration of nanoparticles present in tissue, while 

the magnetically induced displacement mapped in MMUS images is dependent on both 

the concentration and functional states (individual or aggregated) of nanoparticles. The 

MPA image, obtained through normalizing the MMUS signal by the PA signal, mapped 

the magnetically induced motion from unit concentration of NPs. Thus, an increase in 

MPA signal can indicate the formation of an intracellular aggregation of nanoparticles. 

The detection of an intracellular aggregation of nanoparticles allows one to infer the 

occurrence of endocytosis of delivered nanoparticles by the cells because of the nature of 

endocytosis [1-6]. The mechanism of stronger MPA signals from the endocytosed NPs 

compared to those from the extracellular NPs has been analyzed. 

Finally, we evaluated the feasibility of utilizing magneto-photo-acoustic imaging 

technique to detect an NP-labeled tumor in a mouse in vivo with enhanced contrast 

(Chapter 5). Liposomal NPs were used as a dual-contrast agent. A nude mouse bearing 

human epithelial carcinoma was used in this study as a cancer model. In order to test the 

feasibility of MPA imaging in vivo, LNPs were injected directly into the tumor, and an 

MPA image was obtained by combining both optical and magnetic responses from the 

NP-labeled tumor. Both 2D and 3D images of the LNP-labeled tumor and the background 

tissue in a mouse were obtained. Compared to conventional PA imaging, MPA imaging 
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significantly enhanced the contrast between the LNP-labeled tumor and the background 

tissue, enabling high-sensitivity and high-specificity detection of the tumor in vivo. 

 

6.2 POSSIBLE IMPROVEMENT OF OUR WORK 

6.2.1 Conjugation of dual-contrast nanoparticles 

Molecular MPA imaging could be realized by functionalizing the surface of dual-

contrast nanoconstructs, allowing the detection of specific molecular processes – such as 

cancer metastasis – in the context of the anatomic map of the tissue.  

In our studies, liposomes encapsulating both Au NRs and Fe3O4 NPs were 

designed and synthesized to act as a contrast agent for MPA imaging. By conjugating 

targeting moieties such as antibodies [7, 8], aptamers [9], or peptides [10, 11] to a 

liposome’s surface, dual-contrast LNPs could have molecular specificity for particular 

biomarkers expressed by cancer cells.  

Magneto-plasmonic nanoconstructs reported in the literature, such as Fe3O4 core / 

Au shell nanoparticles [12-19] and the hybrid nanostruct assembling Fe3O4 NPs onto the 

sites on Au NPs’ surface [20-23], could be used as contrast agents for MPA imaging 

studies. Because of biomolecular conjugation through stable thiolate-gold interaction [18, 

19, 24], these reported nanostructs, which possess both optical absorption and magnetic 

properties, can be conveniently conjugated for molecular MPA imaging.  

 

6.2.2 Improvement of magneto-photo-acoustic imaging instrumentation 

The in vivo MPA imaging system shown in Fig. 5.1 required access to the imaged 

sample from three sides: (i) The laser light from a tunable OPO laser system was 

delivered to the sample through an air beam from the side of the sample to generate PA 
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signals; (ii) The pulsed magnetic field was applied from the bottom of the sample through 

a solenoid with a cone-shaped-tip core to focus the field; (iii) The array transducer, 

attached to Vevo
®
 2100 ultrasound imaging system, was used to detect acoustic signals 

from the top. The three-sided access required for the apparatus can be satisfied for tissue-

mimicking phantoms, in vitro, ex vivo and small-animal in vivo studies. Two-sided access 

would only required if the transducer were integrated with the light delivery system.  

When MPA imaging is translated to humans or large animals, however, three-

sided or even two-sided access might not be possible. One possible solution is to embed a 

transducer coupled with a light delivery system into a magnetic coil; all of these 

components would then be packed into a handheld device. This system can be utilized for 

the detection of tumors that are less than 5 cm from the skin layer, such as breast cancer. 

Another possible solution could be to construct a large coil in which to put the subject. 

An, ultrasound transducer coupled with a light delivery system could then be integrated 

inside the coil. By scanning the integrated ultrasound transducer and light delivery 

system, MPA tomography could be achieved.  

 

6.3 SUGGESTION FOR FUTURE APPLICATIONS 

6.3.1 Magneto-photo-acoustic imaging of metastasis of tumor cells 

In cancer patients, determination of whether a malignancy has metastasized is the 

most important factor when developing a therapeutic plan and predicting a patient’s 

prognosis. In most cases, cancer cells initially spread through regional lymph nodes [25]. 

Therefore, clinical evaluation for the presence of regional lymph node metastases is a 

critical step in improving cancer diagnosis and treatment. Traditionally, lymph node 

status has been assessed using clinical palpation and anatomic imaging of 
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macroscopically enlarged nodes. Unfortunately, this approach is not highly accurate, and 

it frequently misses early lymph node metastases. The recently introduced 

lymphoscintigraphy with sentinel node biopsy (LSNB) is highly accurate in the detection 

of small lymph node metastases, and it reduces the morbidity of regional staging by 

avoiding unnecessary removal of the entire nodal basin [26]. However, there are major 

drawbacks of LSNB: it requires two or more injections of radionuclide tracers, it is an 

invasive surgical procedure with associated risks of short- and long-term morbidity, and 

up to two weeks waiting is required to determine whether or not cancer cells have spread. 

Therefore, there is a need for a noninvasive imaging technique to reliably detect and 

diagnose lymph node micro-metastases.  

Magneto-photo-acoustic imaging is able to detect NPs’ distribution and functional 

states (individual NPs present in the vicinities of cells or molecularly targeted to cells) 

with ultrasonic resolution. Using magneto-plasmonic NPs as nanosensors, MPA imaging 

is capable of imaging sentinel lymph node micro-metastases. Ultrasound imaging could 

provide detailed anatomic information about the location of the sentinel node, while the 

integration of PA and MMUS imaging is sensitive enough with the aid of molecularly 

targeted NPs to allow for the detection of micro-metastases. 

 

6.3.2 Optimization of molecular imaging probes 

Magneto-photo-acoustic imaging provides a potential platform to detect the 

kinetics of molecular imaging probes inside animals non-invasively, which would allow 

for the design optimization of imaging probes. Nanoparticles used as drug carriers or 

molecular imaging probes must possess reasonable kinetic features, such as being able to 

reach their intended target at a sufficient concentration and remaining there sufficiently 
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long to be detectable in living subjects [27]. Different modalities of molecular imaging 

have been developed to monitor the status of NPs in living animals [28-30]. An important 

challenge in developing molecular imaging is the limited target-to-background signal 

ratio of many current techniques. It is often difficult to differentiate specifically bound 

from unbounded ligands. This frequent inability to eliminate unbound affinity ligands 

may markedly contribute to background noise and reduce a technique’s ability to detect 

internalized NPs. MPA imaging is highly sensitive to NPs because of its reliance on the 

combination of optical and magnetic contrast. In addition, MPA can selectively detect 

internalized NPs and distinguish them from NPs in the extracellular vicinity. Therefore, 

longitudinal MPA imaging can provide a standard characterization for kinetic features of 

NPs (e.g., delivery and target efficiency, clearance time), thus providing the foundations 

for molecular probe optimization.   

 

6.3.3 Magneto-motive ultrasound imaging guided photothermal therapy 

A magneto-photo-acoustic imaging system can be used to guide and monitor 

photothermal therapy through the use of a dual-contrast agent [31]. Because of their 

magnetic component, dual-contrast nanoparticles can be actively accumulated into a 

desired region using an external magnetic field. Based on their optical absorption 

property, nanoparticles can lead to localized thermal ablation by absorbing radiant energy 

from a laser. Efficient targeting of nanoparticles with a magnetic field increases treatment 

efficacy and reduces the required thermal dose of photoabsorbers, thereby reducing the 

side effects associated with general systematic administration of nanoparticles. In 

addition, dynamic MPA imaging of the targeted tissue can indicate the presence of the 

photoabsorbers and assess their therapeutic outcome. The temperature maps measured 
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with PA imaging [32] and tissue elasticity measured with MMUS imaging [31, 33] are 

two parameters expected to change significantly during photothermal therapy. 

 

6.3.4 Functional magneto-photo-acoustic imaging 

Magneto-photo-acoustic imaging can assess mechanical and optical properties of 

soft tissue. PA imaging can map optical absorption properties of the tissue [34-36], while 

the displacements measured in MMUS imaging can indicate the elasticity and viscosity 

of soft tissue [31, 33]. Since there is significant correlation between disease and local 

changes in the soft tissue properties detected using MPA imaging, functional MPA 

imaging techniques have potential to detect pathologies at an early stage [31, 33, 35-37]. 
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