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Regenerative medicine is an interdisciplinary field which has advanced with the 

use of biotechnologies related to biomaterials, growth factors, and stem cells to replace or 

restore damaged cells, tissues, and organs. Among various therapeutic approaches, cell-

based therapy is most challenging and exciting for both scientists and clinicians pursuing 

regenerative medicine. Specifically, stem cells, including mesenchymal stem cells and 

adipose-derived stem cells, are promising candidate cell types for cell-based therapy 

because they can differentiate into multiple cell types for tissue regeneration and 

stimulate other cells through neovascularization or paracrine signaling. Also, for effective 

treatment using stem cells, the tissue engineered constructs, such as bioactive degradable 

scaffolds, that provide the physical and chemical cues to guide their differentiation are 

incorporated with stem cells before implantation. Also, it was previously demonstrated 

that tissue-engineered matrices can promote tubulogenesis and differentiation of stem 

cells to vascular cell phenotypes. 
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Hence, during tissue regeneration after stem cell therapy, there are numerous 

factors that need to be monitored. As a result, imaging-based stem cell tracking is 

essential to evaluate the distribution of stem cells as well as to monitor proliferation, 

differentiation, and interaction with the microenvironment. Therefore, there is a need for 

a stem cell imaging technique that is not only noninvasive, sensitive, and easy to operate, 

but also capable of quantitatively assessing stem cell behaviors in the long term with high 

spatial resolution.  

Therefore, the overall goal of this research is to demonstrate a novel imaging 

method capable of continuous in vitro assessment of stem cells as prepared with tissue 

engineered constructs and noninvasive longitudinal in vivo monitoring of stem cell 

behaviors and tissue regeneration after stem cell implantation. In order to accomplish this, 

gold nanoparticles are demonstrated as photoacoustic imaging contrasts to label stem 

cells. In addition, ultrasound and photoacoustic imaging was utilized to monitor stem 

cells and neovascularization in the injured rat tissue. Therefore, using these methods, 

tissue regeneration can be promoted and noninvasively monitored, resulting in a better 

understanding of the tissue repair mechanisms following tissue injury. 
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Chapter 1: Introduction 

 

Regenerative medicine is an interdisciplinary field which has advanced with the 

use of biotechnologies related to biomaterials, growth factors, and stem cells to replace or 

restore damaged cells, tissues, and organs [1, 2]. Among various therapeutic approaches, 

cell-based therapy is most challenging and exciting for both scientists and clinicians 

pursuing regenerative medicine. Specifically, stem cells, including mesenchymal stem 

cells (MSCs) and adipose-derived stem cells (ASCs) are promising candidate cell types 

for cell-based therapy because they can differentiate into multiple cell types for tissue 

regeneration and stimulate other cells through neovascularization or paracrine signaling 

[3-5]. For example, recent experimental and preclinical trials demonstrated that stem cell 

therapy can be a safe and clinically feasible alternative treatment for ischemic diseases, 

such as myocardial infarction and peripheral artery disease, and skin injury by supplying 

oxygen and nutrients via newly formed blood vessels and restoring damaged muscle 

tissue combined with cell signaling and differentiation [3-10]. 

In addition to stem cells, tissue engineered constructs are also essential for 

regenerative medicine because cell viability can be significantly decreased and cell 

differentiation is hardly controlled without a supporting environment around the 

implanted stem cells. Therefore, for effective treatment using stem cells, the tissue 

engineered constructs, such as bioactive degradable scaffolds, that provide the physical 
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and chemical cues to guide their differentiation are incorporated with stem cells before 

implantation [11]. Also, it was previously demonstrated that tissue-engineered matrices 

can promote tubulogenesis and differentiation of stem cells to vascular cell phenotypes 

[5–8]. These approaches require measurements of oxygen perfusion and vessel formation 

in the ischemic areas. 

 

 

 

Figure 1.1: Worldwide experimental trials of stem cell-based therapies [5]. 

 

Hence, during tissue regeneration after stem cell therapy, there are numerous 

factors that need to be monitored. As a result, imaging-based stem cell tracking is 
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essential to evaluate the distribution of stem cells as well as to monitor proliferation, 

differentiation, and interaction with the microenvironment. Therefore, there is a need for 

a stem cell imaging technique that is not only noninvasive, sensitive, and easy to operate, 

but also capable of quantitatively assessing stem cell behaviors in the long term with high 

spatial resolution [12-14]. However, the current imaging modalities do not satisfy these 

requirements due to short imaging duration (PET), low sensitivity (MRI), and shallow 

penetration depth (optical microscopy) [12-14]. 

Combined ultrasound and photoacoustic imaging is a strong candidate to 

overcome drawbacks of other stem cell imaging methods due to the synergetic effects of 

visualizing both functional and morphological properties [15]. It can provide several 

centimeters of penetration depth with spatial resolution on the order of microns, which is 

promising for noninvasive clinical applications [16, 17]. Various endogenous and 

exogenous contrast agents can be used with photoacoustic imaging, including 

hemoglobin and metallic nanoparticles. Specifically, gold nanoparticles can be used to 

label stem cells by nanoparticle uptake without significant side effects on cell viability 

and differentiation [18, 19]. 

Hence, the overall goal of this research is to demonstrate a novel imaging method 

capable of continuous in vitro assessment of stem cells as prepared with tissue engineered 

constructs and noninvasive longitudinal in vivo monitoring of stem cell behaviors and 

tissue regeneration after stem cell implantation. In order to accomplish this, gold 

nanoparticles will be demonstrated as photoacoustic imaging contrasts to label stem cells. 
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In addition, ultrasound and photoacoustic imaging will be utilized to monitor stem cells 

and neovascularization in the injured rat tissue. Therefore, using these methods, tissue 

regeneration can be promoted and noninvasively monitored, resulting in a better 

understanding of the tissue repair mechanisms following tissue injury. 

 

 

 

Figure 1.2: Illustration for the role of biomedical imaging in regenerative medicine 

including tissue engineering and stem cell therapy. 
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1.1 IMAGING MODALITIES FOR REGENERATIVE MEDICINE  

Over 20 years, regenerative medicine, including tissue engineering and stem cell 

therapy, has evolved with interdisciplinary research being conducted using advanced 

technologies from various fields [2]. As a result, regenerative medicine has progressed 

beyond in vitro and animal studies and is advancing towards clinical use. For effective 

tissue regeneration with regenerative medicine, implantation of tissue engineered 

constructs seeded with stem cells can be a superior solution by enhancing biological 

control of stem cell behaviors. 

However, as technology for regenerative medicine significantly evolves, it 

proceeds towards sophisticated and complex ways, including nanoscale strategies for 

material construction and synergetic methods for the material combined with cells, 

growth factors, or other macromolecules [11, 20, 21]. Therefore, in order to assess 

advanced biomaterials and cells, researchers and clinicians need elaborate and versatile 

imaging methods capable of monitoring not only morphological but also functional and 

molecular information. Numerous regenerative medicine studies still utilize conventional 

tools, such as histological techniques, which provide limited information, especially in 

the case of in vivo and clinical approaches [22]. Visualizing tissue engineered constructs 

using these conventional methods requires destruction of the samples, meaning that 

longitudinal 3D volumetric assessment is extremely limited. Also, due to destructive 

procedures and limited view within the confined volume, histology requires statistical 

analysis to compensate for inconsistencies of experimental results at various time points 
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and from different samples. However, there are many advanced imaging techniques 

available for regenerative medicine researcher, and an increasing number of recent 

regenerative medicine studies have begun to explore the applications of various advanced 

imaging modalities. Advanced imaging techniques allow for noninvasive, longitudinal, 

and consistent monitoring of tissue engineered constructs as well as stem cells, thus 

overcoming limitations of the conventional tools. 

The ideal imaging tool for regenerative medicine must be applicable from the sub-

cellular level to animal and human studies and needs to provide all necessary information 

using safe, quantitative, and noninvasive monitoring (Figure 1.2). However, there is no 

single imaging modality that is suitable for all applications and information for 

regenerative medicine. All medical imaging systems available for regenerative medicine 

are based on the physical interaction between an internal or external energy source 

(electromagnetic waves, pressure waves, etc.) and the imaged object (tissues, organs, 

cells, nanoparticles, molecules, etc.); the imaging systems detect the energy change 

transmitted from the object to form an image. Hence, specific properties of medical 

imaging methods, such as spatial and temporal resolution, penetration depth, applicable 

endogenous and exogenous contrast agents, safety, and cost, are determined by the 

intensity and wavelength of energy sources as well as characteristics of the imaging 

system (Table 1.1). Thus, as briefly presented in Figure 1.3, each imaging method has its 

own range of applications and provided information based on the specific properties of 

the imaging technique. The goal of this section is, therefore, to describe commonly used 
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biomedical imaging methods for regenerative medicine including X-ray and computed 

tomography (CT), positron emission tomography (PET) and single photon emission 

computed tomography (SPECT), magnetic resonance imaging (MRI), and optical 

imaging.  

 

 

 

 

Figure 1.3: Available applications and information for various imaging modalities. 

MRI: magnetic resonance imaging, CT: computed tomography, US: 

ultrasound imaging, OCT: optical coherence tomography, PET: positron 

emission tomography, SPECT: single photon emission computed 

tomography, PA: photoacoustic imaging, and BL: bioluminescence imaging. 
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Table 1.1: Properties of imaging modalities for regenerative medicine.  
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1.1.1 X-ray/CT 

Radiographic imaging, including X-ray imaging and computed tomography (CT), 

has been the main diagnostic method since it was invented, and its use has increased 

rapidly due to excellent spatial resolution and great contrast for visualizing anatomy, 

especially bone structure [23, 24]. The energy source for radiographic imaging is X-ray 

energy, which is much higher than light energy so that it can penetrate through the human 

body. Images from X-ray imaging and CT are created by measurement of attenuation of 

the projected X-ray beam. Due to the high level of the imaging energy source, X-ray 

imaging and CT has excellent penetration depth, enabling clinical approaches. However, 

X-ray radiation is ionizing and can damage tissue or samples. In addition, even though X-

ray imaging and CT are powerful tools for bone imaging, contrast between soft tissue is 

not as great as bone. Also, although some researchers explored functional and molecular 

imaging with X-ray imaging and CT, contrast agents are still limited compared to other 

molecular imaging techniques.  

X-ray and CT imaging techniques have been used to assess the properties of 

tissue engineered constructs, including porosity, pore size, and interconnectivity [25-27]. 

A commonly used contrast agent for CT imaging is Hexabrix, and many have used 

Hexabrix to coat scaffolds in order to enhance the contrast necessary for micro- or nano-

CT imaging. Silk fibroin scaffolds prepared by different synthesis techniques and seeded 

with chondrocytes were cultured in vitro and imaged with Hexabrix-enhanced micro-CT 

to evaluate proteoglycan production and determine optimal scaffold production 
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conditions for cartilage tissue engineering purposes [25]. However, a problem with some 

of the contrast agents employed for CT imaging of tissue engineered scaffolds is the 

potential loss of information. When comparing CT contrast agents Hexabrix and 

phosphotungstic acid (PTA) to standard techniques for evaluating scaffolds, some 

discrepancies were discovered [26]. Under certain conditions PTA did not sufficiently 

coat the entire matrix, resulting in false void space being depicted in the CT images [26]. 

However, in general, nano-CT imaging quite accurately showed the ECM being 

deposited only around the periphery of the scaffold, whereas other conventional 

techniques which are depth limited could result in the misinterpretation of scaffolds being 

fully composed of ECM [26]. To overcome the use of contrast agents, which may be 

toxic and require fixation of the samples, X-ray phase-contrast micro CT imaging can be 

performed. Phase-contrast X-ray imaging is sensitive to light elements which are 

commonly found in tissue, and thus overcome the disadvantage of conventional X-ray 

imaging which is not capable of imaging soft tissue because of poor contrast [27]. This 

imaging technique has been used to visualize cells seeded on polyglycolic acid-polylactic 

acid scaffolds and monitor the rate in which the cells modify the scaffolds overtime [27]. 

X-ray imaging has also been used to monitor cell spreading on 3D scaffolds [28] 

and cell migration in vivo [29]. Cells are usually labeled with a metal contrast agent, such 

as iron oxide or gold nanoparticles, prior to incorporation into the scaffold or delivery in 

vivo so that the cells can be visualized using X-ray imaging. CT imaging was able to 

visualize the distribution of endothelial cells seeded in 3D polyurethane scaffolds and 
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labeled with iron oxide particles [28]. In addition, the in vivo distribution of iron oxide 

labeled stem cells delivered intra-arterially has been accomplished using micro-CT [29]. 

Thus, the kinetics and migration of stem cells delivered for therapeutic purposes can 

potentially be visualized over time using X-ray, providing more information about the 

progression of diseases and the therapeutic benefits of the stem cells. 

1.1.2 Nuclear Medicine (PET/SPECT) 

Nuclear medicine, which includes positron emission tomography (PET) and 

single-photon emission computed tomography (SPECT), has been used as a great 

diagnostic tool to evaluate functional and molecular data of the imaged target [30, 31]. 

The fundamental principle underlying PET/SPECT imaging is the use of radioactive 

agents, which can localize in specific organs or tissue on the basis of their biochemical or 

physiological properties. Because specific chemicals of biological interest can be 

radiolabeled, nuclear imaging provides the potential for functional pictures. Among 

biomedical imaging modalities available for whole body imaging, PET and SPECT are 

the main molecular imaging techniques with the highest sensitivity and the various 

isotopes available as contrast agents. However, PET and SPECT are based on the 

detection of gamma waves from the isotopes and, like X-ray and CT, are thus ionizing. 

Also, nuclear imaging modalities are expensive and spatial and temporal resolution of 

nuclear medicine is poor, which limits visualization of tissue engineered constructs at the 

sub-millimeter level. 
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PET and SPECT imaging have been used to track stem and progenitor cells 

delivered within in vivo injury models to monitor the cells’ function and approximate 

localization within the body. The functional capability of cells is commonly assessed by 

the ability of cells to uptake fluorodeoxyglucose (
18

F-FDG), which is a glucose analog 

incorporating the positron-emitting radioactive isotope fluorine-18. Uptake of 
18

F-FDG is 

correlated with tissue metabolism. The functional capability of an infarct region 

following delivery of progenitor cells has been assessed using FDG-PET imaging [32]. In 

addition, PET and SPECT imaging have also been employed for cells delivered within a 

scaffold. FDG-PET imaging has been used to functionally characterize stem cells 

delivered within critical-size bone defects [33-35], and when combined with CT images, 

provide information about the structural integrity of the bone. Specifically, PET scanning 

was able to assess the function integrity of the endothelial vascular lining of the networks, 

which was supported by the histological results [35]. The osteogenic metabolism of 

genetically engineered bone marrow derived mesenchymal stem cells was also evaluated 

using PET imaging for the repair of critical-size bone defects. [36] The cells were 

engineered to have sustained expression of BMP2/VEGF, resulting in enhanced 

osteogenic potential, angiogenesis, and regeneration of bone defects compared to controls 

[36]. In addition, adipose-derived stem cells transfected with BMP2 and VEGF plasmids 

to promote reconstruction of bone defects were monitored using SPECT imaging [33]. 

The release kinetics of growth factors from polymeric scaffolds has also been 

evaluated using SPECT imaging [37]. BMP2 was labeled with 
125

I and the in vitro and in 
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vivo release kinetics from PLGA microparticles was quantified. The scaffolds were 

implanted into bone defect models and the osteoinductive capacity of the scaffolds was 

evaluated, including looking at the release kinetics of the growth factor over 28 days [37]. 

By monitoring the release kinetics, the investigators were able to tailor the scaffold to 

result in optimal growth factor distribution and healing. 

1.1.3 Magnetic Resonance Imaging (MRI) 

Magnetic resonance imaging (MRI) has been widely applied for both preclinical 

and clinical applications due to numerous advantages including its excellent imaging 

penetration depth and safety. When the atoms are placed in a strong magnetic field (1.5-

10 T), the nuclei, mostly of 
1
H in the body, are aligned in the direction of the field and the 

magnetic moment spins around the atom at the Larmor frequency, which is intrinsically 

related to the material and its environment. By sending and receiving radio frequency 

pulses, the magnitude and frequency of the magnetization can be measured using coils. 

According to the pulse sequence, longitudinal or transversal magnetization relaxation 

times (T1 or T2, respectively) or proton density can be weighted and selectively shown in 

an MR image. Basically, MRI is a whole body imaging modality with great penetration 

depth, and micro-MRI can be used for tissue engineers to improve spatial resolution 

(~100 µm) in very high (7-9T) strength magnetic fields. MRI has excellent contrast 

between various soft tissues. Also, several types of gadolinium- or iron oxide-based 

contrast agents, including magnetic nanoparticles, are available to enhance contrast and 
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tracking abilities [38, 39]. Using contrast from a variety of sources, MRI can provide 

anatomical, functional, and cellular information. However, although MRI is generally a 

superior imaging method in many aspects (possibly to be used for molecular imaging as 

well), it is not the best tool to monitor molecular interactions compared to other 

molecular imaging modalities mainly due to low sensitivity and limited molecular probes 

[30, 39]. 

Imaging contrast from many cell types could be obscured compared to 

background and therefore cell tracking using MRI can be challenging, especially after 

implantation into tissue or scaffolds. Hence, numerous studies in the regenerative 

medicine field incorporated magnetic material, such as gadolinium or iron oxide, to 

enhance imaging contrast. Various cell types including astrocytes [40], chondrocytes [41], 

and mesenchymal stem cells [42, 43] were successfully detected and their localization 

was visualized within scaffolds or in vivo using  cell labeling with superparamagnetic 

iron oxide nanoparticles (SPION).  Similarly, gadolinium-based magnetic imaging 

contrast was applied to label endothelial progenitor cells and the labeled cells were 

intramuscularly injected and successfully tracked in the ischemic rat hindlimb [44]. 

Moreover, magnetic material can be used to directly label a scaffold itself to 

enhance visualizing the morphology of the implanted scaffold. Bone substitutes, such as 

calcium phosphate cements, were differentiated from bone using incorporation of iron 

oxide particles incorporated with gadopentetatedimeglumine [45] and gadolinium 

combined with single-walled carbon nanotubes [46] to overcome MR imaging contrast 
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limitation caused by low hydrogen content in bone and very short T2 relaxation time. In 

addition, SPIONs have also been used to directly label collagen scaffolds and degradation 

of the subcutaneously implanted scaffold was clearly visualized in vivo [47]. Hydrogel 

filaments containing gadolinium or SPIO were invented to be visualized by MRI and 

applied to embolization for the treatment of intracranial aneurysm [48].  

1.1.4 Optical Imaging 

Optical imaging, especially optical and fluorescence microscopy, has been the 

most commonly used imaging method for regenerative medicine researchers with high 

sensitivity and excellent spatial resolution. Also, various types of biomarkers can be 

easily used with optical imaging to monitor intracellular signaling and cellular 

interactions. Therefore, optical imaging is favorable for studies aiming for 

cellular/molecular information. However, although many advanced optical imaging 

methods have emerged, most applications of optical imaging methods are restricted by 

photon scattering, which limits the imaging ability at increasing depth [49, 50].  Due to 

the penetration limit and invasiveness, optical microscopy has been mostly limited to in 

vitro studies, ex vivo verification including histology, or in vivo superficial skin models. 

Nevertheless, optical microscopy can be the best tool to distinctively visualize and assess 

molecular functionality of the tissue engineered constructs as well as stem cells owing to 

excellent spatial resolution, availability of various exogenous and endogenous contrast 

agents, and great specificity. Therefore, in numerous regenerative medicine studies, 
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fluorescence microscopy has been used to distinguish matrix and matrix-embedded cells 

and examine their functionality [51-53]. In comparison to conventional optical 

microscopy, two- or multiphoton fluorescence microscopy can reduce optical attenuation 

and background signals by multiphoton absorption so that depth-resolved validation of 

the constructs are enabled with the penetration depth increased up to ~500 μm [49, 54].  

For instance, two-photon fluorescence microscopy has been successfully applied to 

visualize the structure of polymer gels and engineered tissue at different depths, even in a 

bioreactor system [55, 56]. Also, mesenchymal stem cells embedded in various 

environments such as silk [57], chitosan [58],  acellular scaffolds [59], and rat skin [60] 

were monitored using two- or multiphoton fluorescence microscopy. 

Recently, optical coherence tomography (OCT) has been explored as an 

alternative optical imaging modality for various applications including tissue engineering. 

OCT is based on interference and coherence between signals reflected from the object 

and reference signals [61, 62]. Therefore, OCT is more related to optical scattering from 

tissues than fluorescence or optical absorption, which is adequate to provide anatomical 

information of the object with sub-millimeter penetration depth. As a result, in vitro 

studies using OCT demonstrated the ability to quantify volume porosity and pore size of 

the macroporous hydrogel scaffolds nondestructively [63]. Also, development of tissue 

engineered skin was monitored over time using OCT because it does not require 

sectioning or staining of the samples as fluorescence microscopy does. In addition, due to 

its relative noninvasiveness, OCT has been applied to clinical studies, especially 
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including intravascular imaging. For example, longitudinal imaging of neotima formation 

within patients over 4 years and visualization of implanted vascular scaffolds has been 

performed using OCT [64-67].  

Bioluminescence is another optical imaging technique which uses an internal light 

source (from luciferin oxidized by luciferase in the presence of ATP and oxygen) in 

comparison to other optical imaging modalities which require a light source outside the 

object [68, 69]. Various luciferase reporters can be used and introduced into cells in vitro, 

which can then be incorporated in tissue engineered constructs and delivered into animals. 

The emitted light generated from metabolically active cells is detected by an external 

photon detector with high sensitivity due to very low background noise compared to 

fluorescence imaging. Therefore, bioluminescence imaging is an excellent method for 

longitudinal in vivo monitoring of cellular information in small animal models, which is 

hardly achieved by other optical imaging modalities. Specifically, proliferation and 

osteogenic differentiation of luciferase labeled mesenchymal stem cells in scaffolds were 

successfully assessed over several weeks [70, 71]. Moreover, using a hypoxia responsive 

element-luciferase, hypoxia in tissue engineered constructs was visualized in vitro and in 

vivo using bioluminescence imaging [72]. Another study showed the possibility of 

assessing polymer concentration and structure of tissue engineered scaffolds by 

monitoring adenoviral gene expression [73]. In addition, bioluminescence imaging was 

used for in vivo monitoring of differentiation and survival of stem cells labeled with 

luciferase and green fluorescence protein [74, 75]. However, in spite of the advantages of 
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bioluminescence imaging, this technique is not appropriate for studies requiring high 

spatial resolution (better than millimeter level), quantitative analysis, and accurate 3D 

reconstruction. In addition, bioluminescence imaging is not applicable for clinical 

applications because of safety issues for bioluminescent reporter genes [69]. 

 

1.2 COMBINED ULTRASOUND AND PHOTOACOUSTIC IMAGING 

1.2.1 Ultrasound Imaging 

Ultrasound imaging has been a popular diagnostic technique due to high 

biocompatibility, excellent temporal resolution, reasonable penetration depth, portability, 

and low cost [49]. Ultrasound waves are generally transmitted by a single-element or an 

array transducer, then reflected and backscattered ultrasound waves can be received by 

the transducer.  Penetration depth and spatial resolution of ultrasound imaging are 

scalable depending on the center frequency of the transducer, and thus ultrasound 

imaging can be used for various applications from small sized scaffolds to clinical 

research. 

The contrast of conventional ultrasound images originates from the difference in 

the acoustic impedance Z, which is determined by the density ρ and bulk moduli of the 

medium K, which can be written as: 

 

       ρ                                                        (1.1) 
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where c is the speed of sound. Therefore, ultrasound imaging can easily offer mechanical 

and morphological information of tissue engineered constructs in vitro and in vivo. 

Ultrasound imaging has been used in regenerative medicine to assess mechanical 

properties of tissue or tissue engineered constructs. For instance, quantitative analysis of 

gray-scale values of ultrasound scans has been used to evaluate the collagen content of 

fibrin-based tissue engineered structures [76] and mineralization in collagen hydrogels 

[77]. Degradation measurements of chondrocyte encapsulated hydrogels were explored in 

vitro by analysis of the speed of sound and slope of attenuation in the gels [78]. Also, 

using high-frequency ultrasound microscopy, mechanical properties and their localization 

in the sections of tissue engineered cartilage were examined after transplantation of the 

constructs in the subcutaneous areas of nude mice for 2 months [79]. Moreover, 

ultrasound imaging has been used clinically to evaluate the atherosclerotic evolution in 

coronary bifurcations after implantation of a bioresorbable scaffold using serial 

intravascular ultrasound examination [80]. McAllister et al reported the clinical results of 

mechanical stability and effectiveness of autologous tissue engineered vascular grafts 

implanted as arteriovenous shunts in patients with end-stage renal disease [81].  

However, a limitation of conventional ultrasound imaging is the contrast of soft 

tissue because of a relatively small range of bulk modulus. Moreover, exogenous contrast 

agents are not various and limited to microbubbles in most cases, which are difficult to 
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apply for long term studies. Therefore, only with ultrasound imaging, mechanical and 

structural information is mainly provided and longitudinal cell tracking is hard to achieve. 

1.2.2 Photoacoustic Imaging 

Photoacoustic (PA) imaging is one of the most promising alternative imaging 

technologies which takes advantage of both ultrasound and optical imaging using the 

conversion from optical to ultrasonic energy [49, 82-85]. Specifically, after nanosecond-

laser pulse irradiation, photon energy absorbed in the target in biological tissue 

temporarily increases temperature and induces thermoelastic expansion [82-84]. However, 

the photoacoustic signal can be effectively generated when certain conditions are 

satisfied [86, 87]. The first required condition is thermal confinement, which can be 

expressed as: 

 

         
   

 
                                                     (1.2) 

 

where    is the laser pulse duration,     is the thermal diffusion time, d is the 

characteristic dimension of the heated region,   is the density,    is the specific heat 

capacity at constant pressure, and   is the thermal conductivity, which implies that the 

local heat energy converted from the photon energy needs to be confined in the heated 

region within an extremely short time period compared to the time for local thermal 

diffusion.  
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Once the thermal confinement is satisfied, the photoacoustic generation can be 

described as the following wave equation: 

 

    
 

  
  

   
    

 

  

  

  
                                               (1.3) 

 

where c is the speed of sound, t is the time,   is the thermal coefficient of volume 

expansion,    is the specific heat capacity at constant pressure, and   is the heating 

function, which is the thermal energy converted per unit volume and time. 

Another condition satisfied for effective photoacoustic pressure generation is the 

stress confinement, which can be written as: 

 

      
 

 
                                                          (1.4) 

 

where    is the laser pulse duration,    is the stress relaxation time, d is the 

characteristic dimension of the heated region, and c is the speed of sound. When stress 

confinement is satisfied, the laser pulse does not allow the heated target enough time for 

isobaric expansion according to thermodynamics, and the input energy is used with 

maximum efficiency to generate photoacoustic pressure [88, 89]. Therefore, if the laser 

pulse duration is not short enough compared to the stress relaxation time, photoacoustic 

signals cannot be effectively generated as shown in Figure 1.4 [89]. In other words, if the 
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imaging target is too small given the laser pulse duration, the photoacoustic intensity can 

be significantly low. 

 

 

Figure 1.4: Theoretical photoacoustic signals with the laser pulse durations. Reprinted 

with permission from reference [89]. Copyright 2011 American Institute of 

Physics. 

 

In both the thermal and stress confinement conditions, the local pressure rise after 

the laser pulse excitation    is given by: 

 

   
   

  
                                                          (1.5) 
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where   is the thermal coefficient of volume expansion, c is the speed of sound,    is 

the specific heat capacity at constant pressure,   is the optical absorption coefficient,   

is the laser fluence, and   is the Grüneisen coefficient. This equation implies that the 

photoacoustic signal amplitude is linearly proportional to the optical absorption 

coefficient and the laser fluence as well as the mechanical properties. 

The generated acoustic wave can be detected by ultrasound transducers or other 

sensors with piezoelectric materials. Because ultrasound scattering is about three orders 

less than optical scattering, the penetration depth of photoacoustic imaging can be 

significantly improved compared to optical microscopy. Also, tradeoffs between the 

penetration depth and the spatial resolution is controllable depending on the acoustic and 

optical design of the imaging system, which widens the application range of 

photoacoustic imaging from sub-cellular to animal level [83]. 

Unlike ultrasound imaging, various options for endogenous and exogenous 

contrast agents, such as hemoglobin, melanin, metallic nanoparticles, and dyes, are 

available in photoacoustic imaging so that functional and molecular/cellular information 

can be provided using blood vessel imaging or labeled cell/protein tracking [85, 90, 91]. 

Figure 1.5 displays optical extinction and absorption spectra of different endogenous 

contrast agents. The figure indicates that optical attenuation caused by scattering and 

absorption is relatively low at a wavelength range of around 600 – 1100 nm, so called the 

tissue optical window.  
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Figure 1.5: Extinction and absorption coefficients of endogenous contrast agents for 

photoacoustic imaging. 

 

Among numerous exogenous contrast agents for photoacoustic imaging, gold 

nanoparticles are a superior candidate for imaging for regenerative medicine due to a 

high optical absorption cross-section, excellent biocompatibility, and photostability [92-

94]. In addition, optical properties of gold nanoparticles are designable by changing the 

size and shape of the particles or by controlling the particle aggregation due to plasmon 

resonance coupling [94]. Specifically, spherical shaped gold nanoparticles, known as 

gold nanospheres, have an optical absorption peak around 520nm as shown in Figure 

1.6A. However, as the gold nanoparticles become elongated in the longitudinal direction, 
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so called gold nanorods, optical absorption at longer wavelengths around the near 

infrared region, also known as the longitudinal plasmon absorption, increases because of 

surface electron oscillation along the long axis of the gold nanorod (Figure 1.6B). Hence, 

gold nanorods can be used within the tissue optical window, maximizing photon 

penetration depth [95]. Moreover, with a simple additional chemical procedure, which is 

silica coating of gold nanoparticles, thermal stability of the gold nanoparticles after 

pulsed laser irradiation can be significantly enhanced with minimal optical property 

changes [96, 97]. Therefore, gold nanoparticles are feasible to be used as a photoacoustic 

imaging contrast agent to label stem cells or scaffolds. 

1.2.3 Synergetic Benefits from Combination of Ultrasound and Photoacoustic 

Imaging 

As described in Figure 1.3 and Table 1.1, each of the imaging modalities has 

drawbacks and there is not a single imaging modality that is ideal in terms of providing 

all of the desired information. However, multimodal imaging can be a smart strategy to 

overcome limitations of each imaging method and complementarily offer morphological, 

functional, and molecular information. Photoacoustic imaging is one of the best 

candidates for multimodal imaging. It can be effectively combined with ultrasound 

imaging due to similarities of the two imaging systems, such as transducers and data 

acquisition units [34, 82]. Therefore, fusion of ultrasonically acquired structural data and 
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photoacoustically obtained functional and molecular data can provide synergetic benefits 

for a variety of applications which require noninvasive monitoring [98, 99]. 

 

 

Figure 1.6: (A) Calculated spectra of the efficiency of optical absorption (red dashed), 

scattering (black dotted), and extinction (green solid) for gold nanospheres 

with a diameter of 40 nm. (B) Calculated spectra of the efficiency of optical 

absorption (red triangles), scattering (black circles), and extinction (green 

squares) for gold nanorods with an aspect ratio of 3.9 and an effective radius 

of 21.86 nm. Reprinted with permission from [94]. Copyright 2006 

American Chemical Society 

 

1.3 OVERALL RESEARCH GOALS 

The overall goal of this research is to demonstrate noninvasive tracking of stem 

cells and tissue engineered constructs as well as monitoring of tissue regeneration 

procedures using the combined ultrasound and photoacoustic imaging technique. 
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Specifically, bone marrow-derived mesenchymal stem cells or adipose-derived stem cells 

are labeled with gold nanoparticles, either gold nanospheres or gold nanorods for 

photoacoustic detection.  

In Chapter 2, photoacoustic signals generated from the gold nanoparticle labeled 

stem cells are characterized. Sensitivity, specificity, and quantification ability of the 

labeled cells are demonstrated in vitro using photoacoustic imaging of a tissue mimicking 

phantom. In addition, nonlinear effects in photoacoustic imaging of the gold nanoparticle 

labeled mesenchymal stem cells are also discussed in Chapter 2.  

Moreover, in Chapter 3, in vitro assessment of tissue engineered constructs using 

combined ultrasound and photoacoustic imaging is verified. PEGylated fibrin gels loaded 

with MSCs or ASCs are nondestructively assessed over time. Also, endothelial cell 

distribution in acellular vascular tissue scaffolds prepared by decellularization of murine 

lung tissue is visualized using ultrasound and photoacoustic imaging. 

In Chapter 4, in vivo experiments are performed to longitudinally monitor the 

gold nanoparticle labeled MSCs with the suggested method. The nanoparticle labeled 

MSCs incorporated with PEGylated fibrin gels are injected intramuscularly in the lower 

limb of the rat. In vivo spectroscopic photoacoustic imaging is applied to distinguish the 

injected labeled MSCs. Also, following the initial in vivo study, longitudinal in vivo 

monitoring of spatial distribution of the PEGylated fibrin gel containing the gold 

nanoparticle labeled MSCs was demonstrated. 



 28 

In vivo burn tissue regeneration after stem cell treatment is monitored in Chapter 

5. Combined ultrasound and photoacoustic imaging are used to selectively trace ASC-

entrapped PEGylated fibrin gel following gold nanoparticle loading in the burn eschar-

excised wound. Neovascularization during damaged tissue regeneration is visualized and 

quantitatively analyzed to assess tissue regeneration procedures.  

Finally, in Chapter 6, the overall research is summarized and concluded. Also, the 

limitations of the combined ultrasound and photoacoustic imaging to monitor stem cells 

labeled gold nanoparticles are discussed. Feasible ways to overcome the suggested 

limitations are proposed as future work.  
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Chapter 2: Characterization of Photoacoustic Signals from Stem Cells 

Labeled with Gold Nanoparticles 

 

Over the last decade, photoacoustic imaging, with its high sensitivity for both 

endogenous and exogenous contrast agents and sufficient penetration depth, has become 

a valuable tool for visualizing functional and cellular/molecular processes. For instance, 

numerous in vivo and ex vivo studies have demonstrated photoacoustic imaging can be 

applied to assess the functional state of hemoglobin [1-3]. Other applications of 

photoacoustic imaging have involved utilizing molecular probes to target specific tissues 

[2, 4]. Among various molecular probes to label cells, nanoparticles have been explored 

to label many cells because the nanoparticles can be internalized through several 

pathways including phagocytosis, pinocytosis, caveolae-dependent endocytosis, and 

clathrin-mediated endocytosis [5]. 

Specifically, it has been demonstrated that labeling stem cells with gold 

nanoparticles does not have significant side effects on cell function, and long-term 

imaging and tracking of stem cells is feasible based on in vitro experimental results [6]. 

Therefore, photoacoustic imaging can be used to detect the stem cells labeled with the 

gold nanoparticles. However, characteristics of photoacoustic signals generated from the 

gold nanoparticle labeled stem cells have not been examined yet. 

In this chapter, therefore, photoacoustic signals generated from the gold 

nanoparticle labeled stem cells are characterized. Sensitivity, specificity, and 
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quantification ability of the gold nanoparticle labeled MSCs are demonstrated in vitro 

using photoacoustic imaging of a tissue mimicking phantom. In addition, nonlinear 

effects in photoacoustic imaging of the gold nanoparticle labeled MSCs are also 

discussed.  

 

2.1 MATERIALS AND METHODS 

2.1.1 Nanoparticle Synthesis 

Two different types of gold nanoparticles, gold nanospheres and gold nanorods, 

were synthesized and used to label stem cells. Gold nanospheres were synthesized by 

tetrachloroauric (III) acid (HAuCl4) under reflux, as described elsewhere [7]. In brief, A 1 

ml volume of a 10 mg/ml solution of HAuCl4 (Sigma Inc.) was added into a 97 ml 

volume of ultrapure water under reflux and vigorous stirring. Then, a 2 ml volume of 

11.4 mg/ml sodium citrate (Sigma Inc.) was added with rapid stirring. The sizes of the 

nanospheres were controlled by the amount of sodium citrate solution added to the 

reaction.  

For PEGylation of gold nanospheres, 1 mL solution with 5 µg of 5,000 MW 

methoxy-poly(ethylene glycol)-thiol (mPEG-SH) was added to 10 mL synthesized gold 

and allowed to sit overnight. In the case of gold nanorods, the synthesized gold nanorods 

with optical density of 2.5 were added to 80 ml of 1 mg/ml of 5,000 MW mPEG-SH and 

allowed to be stabilized overnight. 
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To silica-coat the gold nanospheres, 12 ml of isopropanol was added to 8 ml of 

PEGylated gold nanospheres with optical density of 3, and then 5ml of 3.84% ammonium 

hydroxide (NH4OH) in isopropanol and 4.8ml of 3% tetraethyl orthosilicate (TEOS) in 

isopropanol were added under stirring for about 2 hours. After 2 hours, the reaction was 

stopped by adding 30 ml of ultrapure water. The silica-coated nanosphere solution was 

centrifugal filtered (50 kDa) at 1,000 x g for about 15 minutes to get rid of excess growth 

solution. For silica coating of gold nanorods, a 2 ml volume of the PEGylated nanorods 

was added to 3 ml of isopropanol and stirred. After that, 1.2 ml of 3% TEOS in 

isopropanol and 1.2 ml of 28% ammonium hydroxide in isopropanol were added under 

stirring. After 5 hours, the reaction stopped and the solution was transferred into a 50 kDa 

centrifugal filter, and centrifuged at 2,000 x g for 10 minutes. The thickness of silica 

coating was controlled by reaction time with TEOS solution. 

If aggregation of gold nanoparticles without endocytosis is needed, they were 

aggregated using a combination of electrostatic and mechanical forces, as previously 

described [8]. Silica-coated nanoparticles were incubated in 10x phosphate buffered 

saline for over 24 hours to induce flocculation. The flocculated solutions were 

centrifuged at 20,000 x g for 1 hour, and re-suspended in deionized water.  

The absorbance of all different kinds of gold nanoparticles was measured using a 

microplate reader, Synergy HT (BioTek Instruments, Inc). The UV-Vis absorbance peak 

and the calculated molar extinction coefficient were used to estimate the concentration of 
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nanoparticles in solution. Transmission electron microscopy (TEM) (S-5500, Hitachi 

Corp.) was also used to characterize morphology of synthesized nanoparticles.  

2.1.2 Stem Cell Labeling  

Gold nanoparticles are one of the most widely used nanoparticles for imaging 

cells of various types due to their excellent biocompatibility, as well as tunable optical 

properties [9-11]. It was recently demonstrated that gold nanoparticles can be safe and 

effective nanoparticles for longitudinal tracking of stem cells [6]. Specifically, cell 

viability, cell proliferation, and cell differentiation were not significantly affected by 

nanoparticle uptake of various sizes and surface coatings [6].  

Two different stem cells lines, rat bone marrow-derived mesenchymal stem cells 

and rat adipose-derived stem cells were used for cell labeling. Rat mesenchymal stem 

cells were isolated from the bone marrow of Lewis rats (200-300 g). The femoral marrow 

c v ty w                      t c     w    c    ct       c  t             cc ’           

Eagle Media (DMEM) (Invitrogen Inc.) supplemented with 10% fetal bovine serum, 1% 

glutamax, and 1% penicillin-streptomyocin. Non-adherent cells were removed after 24 

hours by replacing the media. The media was then changed every two days and the cells 

were passed once reaching 80% confluency. In addition to MSCs, adipose-derived stem 

cells were harvested from the fat pads of Lewis rats. ASCs were isolated by digesting 

with 0.05% collagenase type I followed by repeated washing with HBSS buffer 

supplemented with 1% penicillin-streptomycin. Red blood cells were removed by 
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centrifugation in a lysis buffer containing a 9:1 volume ratio of 160 mM ammonium 

chloride (NH4Cl) and 17 mM Tris Base. The adipose-derived stem cells were cultured in 

the same cell culture media for MSCs. The cells were cultured under standard cell culture 

conditions (37°C, 5% CO2). Passage 5-8 MSCs and 2-5 ASCs were used for all 

experiments in this study. 

To label gold nanoparticles to stem cells, cell culture medium containing gold 

nanoparticles was prepared by centrifuging the nanoparticle solutions (5000 x g for 15 

minutes) and resuspending the pellet in phenol red free cell culture medium. The 

nanoparticle medium was added to the cell culture and allowed to incubate with stem 

cells for 24 hours. After 24 hours, the nanoparticle medium was removed and the cells 

were washed with phosphate-buffered saline (PBS). Control cells were not incubated 

with nanoparticle cell culture medium. Nanoparticle uptake was assessed using darkfield 

microscopy (Leica DMI2000B microscope equipped with a Leica DFC290 camera) and 

the inductively coupled plasma mass spectrometry (ICP-MS). After MSC culture with 

nanoparticle solutions, darkfield images (Figure 2.1B and 2.1C) were obtained to assess 

nanoparticle uptake. While the non-labeled MSCs in Figure 2.1B appear bluish, Figure 

2.1C shows orange colored nanoparticles which endocytosed in the MSCs. Furthermore, 

as shown in Figure 2.1D and 2.1F, passive loading of gold nanoparticles to stem cells 

resulted in a red-shift and peak broadening in their absorbance spectrum due to 

nanoparticle aggregation inside the cells [6, 12]. In addition, ICP-MS was used to 
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quantify nanoparticle loading in the cells. It was found that the average nanoparticle 

loading was [4.53 ± 0.04]×10
5
 nanoparticles per cell.  

 

 

 

Figure 2.1: Gold nanoparticle labeling of stem cells. (A) The TEM image of 20 nm gold 

nanospheres and the dark field images (20× magnification) of MSCs 

without and with nanoparticle loading (B and C, respectively). The 

normalized absorbance spectra of gold nanospheres, MSCs and the gold 

nanosphere labeled MSCs (D,E, and F, respectively). Reprinted with 

permission from reference [13]. Copyright 2012 Public Library of Science. 
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2.1.3 Tissue Mimicking Phantom 

The tissue mimicking phantom with non-labeled or labeled stem cell inclusions 

was prepared for combined ultrasound and photoacoustic imaging. The bottom layer of 

the phantom was composed of     t   (        c   8%  y w    t) w t  15μ       t   

silica particles (Sigma Inc., 0.2% by weight) for ultrasonic scattering. The inclusions 

(    t 20 μL   c ) w    p  c      t p    t     tt     y       w    c  p            t   

solutions mixed with the non-labeled or labeled stem cells suspended in cell culture 

medium at different concentrations of cells (10
3
 – 10

5
 cells/mL) If the top layer is needed 

to cover the inclusions, a gelatin solution with the same concentration of gelatin and 

silica particles as the bottom layer was used after solidification.  

2.1.4 Combined Ultrasound and Photoacoustic Imaging System  

The photoacoustic signals from the tissue mimicking phantom were obtained 

using the photoacoustic imaging system described in Figure 2.2. The imaging probe was 

composed of a 25 MHz focused single element ultrasound transducer (Panametrics, Inc.) 

and a multimode optical fiber (Thorlabs, Inc.). A laser irradiation (7 ns pulse duration, 10 

Hz pulse repetition frequency) was generated by a tunable OPO laser system (Quanta-

Ray, Spectra-Physics, Inc. and Premiscan, GWU, Inc.). The laser beam, delivered though 

the optical fiber, was aligned with the focal zone of the transducer. The imaging probe 

was mechanically scanned over the tissue mimicking phantom using the positioning stage 

(Zaber, Inc.). Once the generated photoacoustic signals were received by the imaging 
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probe, the acquired A-line signals were amplified and recorded using an 8-bit, 500 MHz 

digitizer. The recorded photoacoustic signals were post-processed to reconstruct a 2-D 

cross-sectional photoacoustic image as previously described [10].  

 

 

Figure 2.2: Block diagram of the combined ultrasound and photoacoustic imaging 

system and the gelatin tissue mimicking phantom with gold nanoparticle 

labeled cell inclusions. Reprinted with permission from reference [14]. 

Copyright 2012 Optical Society of America. 

 

2.2 PHOTOACOUSTIC SIGNAL AMPLIFICATION BY PLASMONIC NANOPARTICLE 

AGGREGATION  

As discussed in the previous chapter, photoacoustic signal generation originates 

from the conversion from optical to ultrasonic energy [15-19]. Photon energy absorbed in 

the imaging target after nanosecond-laser pulse irradiation induces thermoelastic 
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expansion and acoustic pressure waves [15, 16, 20]. Also, the photoacoustic signal was 

able to be effectively generated only in both thermal and stress confinement conditions 

[21, 22]. Mostly, the generated photoacoustic signal amplitude is linearly proportional to 

the absorption coefficient and the laser fluence with the minimal changes of the 

mechanical properties. 

While the thermal and stress confinement conditions are reasonable assumptions 

for millimeter-sized objects, nano-sized materials often do not meet either confinement 

condition with a nanosecond laser pulse. For example, according to equation 1.2 and 1.4, 

the thermal diffusion time and the stress relaxation time of the gold nanosphere cannot be 

short enough compared to both the thermal diffusion time and the stress relaxation time, 

and thus the generated heat within the gold nanoparticles will not be confined and ooze 

out into the surrounding medium. However, once the gold nanoparticles are aggregated or 

clustered, the thermal and stress confinements can be satisfied with the increased 

characteristic dimension of the heated region. Also, the same procedures can happen in 

the stem cells when the nanoparticles are endocytosed and aggregated within endosomal 

compartments of cells.  
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Figure 2.3: (A) TEM images of the disperse and aggregated silica-coated gold 

nanospheres (B) Photoacoustic signal amplitudes from the disperse and 

aggregated silica-coated gold nanoparticles at different laser fluencies. The 

photoacoustic images corresponding to the quantitative analysis are overlaid 

on the graph. Adapted with permission from reference [8]. Copyright 2013 

Society of Photo-Optical Instrumentation Engineers. 

 

To demonstrate this, 20 nm diameter gold nanospheres were prepared with silica 

coating with 40 nm thickness to isolate the individual gold cores and minimize optical 

property changes caused by particle aggregation and surface plasmon coupling (Figure 
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2.3A). After aggregation of the silica-coated gold nanospheres, the concentrations of the 

disperse and aggregated silica-coated gold nanospheres are adjusted with the absorbance 

peaks. The inclusions with the disperse and aggregated silica-coated gold nanospheres in 

the tissue mimicking phantom were prepared and imaged using a single element 

photoacoustic imaging system. As indicated in Figure 2.3B, significantly stronger 

photoacoustic signals were generated from the aggregated nanoparticles than the disperse 

nanoparticles in spite of the similar optical absorption properties. 

In addition to evaluation of the photoacoustic signals from the gold nanoparticles 

after artificial aggregation, citrate stabilized 20 nm gold nanospheres were cultured with 

MSCs to verify the effect of endocytosis of gold nanoparticles on photoacoustic signal 

generation. Similar to the previous experiment shown in Figure 2.3, a tissue mimicking 

phantom with inclusions of gold nanoparticles mixed with the MSCs and endocytosed in 

the MSCs were prepared with different cell concentrations to confirm photoacoustic 

signal enhancement. As shown in Figure 2.4, while photoacoustic signals were barely 

produced from the gold nanoparticles mixed with the MSCs, high photoacoustic signals 

were detected from the endocytosed gold nanoparticles. Therefore, photoacoustic 

imaging of gold nanoparticles is feasible to be used as a tool to test nanoparticle cellular 

uptake. 

In addition to the size effect after nanoparticle aggregation related to the thermal 

and stress confinements, various factors can be involved in photoacoustic signal 

enhancement from the aggregated gold nanoparticles. The temperature dependence of the 
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thermal expansion coefficient is one of the possible reasons for photoacoustic signal 

increase. Because it is a nonlinear relation, well-known photoacoustic signal generation 

linearity shown in equation 1.5 can be changed. It will be discussed in the chapter. 

 

 

Figure 2.4: Photoacoustic images (middle) and quantification of the photoacoustic 

signals from gold nanoparticles mixed with the MSCs and endocytosed in 

the MSCs with different cell concentrations. The photoacoustic signals were 

obtained at a wavelength of 532 nm. 
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2.3 ASSESSMENT OF PHOTOACOUSTIC SIGNALS FROM STEM CELLS LABELED WITH 

GOLD NANOPARTICLES  

Accurate quantification of stem cells with high sensitivity is one of the essential 

requirements for effective stem cell tracking methods. To evaluate the sensitivity and cell 

quantification ability of photoacoustic imaging, an in vitro experiment using a tissue 

mimicking gelatin phantom was performed. Figure 2.5A shows the ultrasound, 

photoacoustic, and combined images of the tissue mimicking phantom with inclusions 

containing gold nanoparticle labeled or non-labeled MSCs at a wavelength of 750 nm.  

The concentrations of the cells in the inclusions were 1×10
4
 cells/mL, 5×10

4
 cells/mL, 

and 2×10
5
 cells/mL, which correspond to gold nanoparticle concentrations of  4.53×10

9
 

particles/mL, 2.27×10
10

 particles/mL, and 1.13×10
11

 particles/mL, respectively. 

Photoacoustic signals were not detected from any of the inclusions with the non-labeled 

MSCs, regardless of the concentration of MSCs, because the cells themselves do not 

absorb light. Furthermore, the quantitative analysis of the photoacoustic signal 

amplitudes measured from the gold nanoparticle (20 nm gold nanospheres) labeled 

inclusions, using a laser fluence of 5.1 mJ/cm
2
, is shown in Figure 2.5B. The means and 

standard deviations of the photoacoustic signal amplitudes were calculated from twelve 

subareas (0.4 mm × 0.77 mm) in the gold nanoparticle labeled MSC inclusions as shown 

in the outer graph of Figure 2.5B on a semi-logarithmic scale. The inset graph presents 

the linear regression fit (with an R
2
 value of 0.984) of the mean values of the 

photoacoustic signal amplitudes as a function of the nanoparticle concentration on a 
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linear scale. The results indicate that the amplitude of the photoacoustic signal is 

proportional to the concentration of optical absorbers, which are the gold nanoparticles 

loaded inside MSCs. The results also indicate that with a fluence of 5.1 mJ/cm
2
, a 

photoacoustic signal can be detected for a nanoparticle concentration as low as 4.53×10
9
 

particles/mL, which corresponds to 1×10
4
 cells/mL and 200 cells. Therefore, the 

photoacoustic imaging method can precisely quantify MSC concentrations with excellent 

sensitivity better than other noninvasive stem cell tracking methods [23, 24]. Optical 

selectivity of photoacoustic imaging is essential to distinguish endogenous and 

exogenous optical absorbers using spectral analysis. Figure 2.6A shows the normalized 

absorbance spectra of gold nanoparticles (top), the gold nanoparticle labeled MSCs 

(middle), and comparison within the optical window of the normalized absorbance 

spectra of labeled MSCs, oxygenated and deoxygenated hemoglobin (bottom). From the 

normalized optical spectra of gold nanoparticles and gold nanoparticle labeled MSCs 

shown in Figure 2.6A, it is evident that gold nanoparticles labeled MSCs can be 

monitored using photoacoustic imaging with a broad range of wavelengths, including in 

the near-infrared optical window in biological tissue (green shaded region), due to a red-

shift and peak broadening in the absorbance spectrum of the gold nanoparticle labeled 

MSCs [25]. That is, photoacoustic signals from gold nanoparticle labeled MSCs can be 

distinguished from signals from surrounding tissue. Also, as shown on the graph at the 

bottom of Figure 2.6A, neovasculature enhanced by stem cells in the tissue engineered 

constructs can be identified due to unique and distinguishable optical absorption 
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properties of the gold nanoparticle labeled MSCs and blood, mainly determined by 

oxygenated and deoxygenated hemoglobin, in the optical window of tissue [26].  

 

Figure 2.5: Quantification of gold nanoparticles (Au NP) labeled MSCs. (A) Ultrasound 

(top), photoacoustic (middle), and combined images (bottom) of the gelatin 

phantom with inclusions containing different concentrations of MSCs. 

Photoacoustic images were obtained at a wavelength of 750 nm with a 

fluence of 5.1 mJ/cm
2
.  All images measure 98 mm laterally and 7.7 mm 

axially. (B) The quantitative analysis of photoacoustic signal. The mean and 

the standard deviation of the photoacoustic signal amplitude as a function of 

the nanoparticle concentration is shown in the outer graph in a semi-

logarithmic scale. The inset graph presents the linear regression fit (with an 

R
2
 value of 0.984) of the mean values of the photoacoustic signal amplitude 

as a function of the nanoparticle concentration in a linear scale. Reprinted 

with permission from reference [13]. Copyright 2012 Public Library of 

Science. 
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Figure 2.6: (A) The normalized absorbance spectra of gold nanoparticles (Au NPs) (top) 

and the Au NP labeled MSCs (middle). The green shaded region shows the 

optical window in biological tissue, which is the optimal wavelength ranges 

for in vivo imaging. Comparison within the optical window of the 

normalized absorbance spectra of labeled MSCs, oxygenated and 

deoxygenated hemoglobin (bottom). (b) Photoacoustic signal amplitude 

from the inclusions with 5,000 MSCs at multiple wavelengths (532, 600, 

650, 700, 750, and 800 nm). Reprinted with permission from reference [13]. 

Copyright 2012 Public Library of Science. 

 

 

Since photoacoustic signal amplitudes are proportional to wavelength-dependent 

optical absorption of the tissue or contrast agents, spectral photoacoustic imaging is 

feasible to distinguish the labeled MSCs from background tissue. To demonstrate the 

feasibility of performing spectral analysis of gold nanoparticle labeled MSCs, the 
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photoacoustic imaging was performed at multiple wavelengths (532, 600, 650, 700, 750, 

and 800 nm) using the same tissue mimicking phantom as was used for the sensitivity 

study mentioned earlier. Amplitudes of the spectral photoacoustic signals acquired from 

the inclusions with the gold nanoparticle labeled MSCs and control cells without gold 

nanoparticle loading are shown in Figure 2.6B. In addition, the normalized optical 

spectrum of gold nanoparticle labeled MSCs is overlaid on the same graph. As expected, 

the comparison of the normalized optical spectrum and the spectral photoacoustic signal 

amplitude from the inclusion with 5,000 cells (1.13×10
11

 particles/mL) shows excellent 

agreement. 

 

2.4 NONLINEAR PHOTOACOUSTIC SIGNAL INCREASE OF ENDOCYTOSED GOLD 

NANOPARTICLES  

Quantitative linear analysis of the photoacoustic signal from contrast agents has 

been considered to quantify the concentration of contrast agents [27]. Although 

photoacoustic imaging has been used in many biomedical applications for detection and 

quantitative analysis of nanoparticles targeted to cells, the physical and thermodynamic 

mechanisms of the photoacoustic pressure generated from endocytosed nanoparticles are 

complicated due to various factors [28-31]. Taking nonlinear photoacoustic effects into 

account may extend the understanding of these mechanisms. 
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When the mechanisms of photoacoustic pressure generation are generally 

considered, the rise of the local temperature by pulsed laser irradiation are often ignored 

with an assumption of constant thermophysical parameters (e.g., thermal expansion 

coefficient, density, speed of sound, and heat capacity). However, if the localized 

temperature rise is significant, it considerably alters the thermophysical parameters [32]. 

Among the parameters related to the photoacoustic response, the thermal expansion 

coefficient is most dramatically changed as temperature increases [32]. Based on this, 

there have been several studies to introduce the temperature-dependent thermal expansion 

coefficient to simulate and explain the nonlinearity in photoacoustics [28, 33].  

 

 

 

Figure 2.7: Diagrams of (A) endocytosis of nanoparticles, (B) disperse nanoparticles 

before endocytosis, and (C) the local temperature enhancement with thermal 

coupling around endocytosed nanoparticles. Reprinted with permission from 

reference [14]. Copyright 2012 Optical Society of America. 

 



 59 

Many other studies have either simulated or observed that the clustering or 

aggregation of nanoparticles can significantly enhance the local temperature after laser 

irradiation due to thermal coupling [29, 30]. Furthermore, cell endocytosis of 

nanoparticles leads to aggregation of the particles within endosomes [34]. Consequently, 

as shown in Figure 2.7, significant changes of thermophysical parameters due to localized 

temperature enhancement after laser irradiation of the aggregated nanoparticles is 

expected thus resulting in nonlinear photoacoustic signal increase. Given the size of 

aggregates and the corresponding temperature elevations, nonlinear photoacoustic 

phenomena from the endocytosed nanoparticles can be significant and, if measured, can 

be exploited in molecular/cellular photoacoustic imaging.  

In this section, the effect of nonlinearity in the photoacoustic signal from 

endocytosed gold nanoparticles was demonstrated. To achieve this, in vitro experiments 

using photoacoustic imaging were performed using a tissue mimicking gelatin phantom 

containing inclusions of gold nanoparticles endocytosed in MSCs. Changes in 

photoacoustic signal with regard to the cell/nanoparticle concentration and the laser 

fluence were measured to demonstrate the nature of the nonlinear increase in the 

photoacoustic signals. 

The same tissue mimicking phantom, including the labeled MSCs, for section 2.3 

of this chapter was used to check nonlinear photoacoustic signal generation. The cell and 

nanoparticle concentrations were the same as previously described in section 2.3. The 

photoacoustic signals from the tissue mimicking phantom were obtained using the 
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photoacoustic imaging system described in section 2.1.4 and Figure 2.2. The 

photoacoustic signals from the endocytosed gold nanoparticles in the tissue mimicking 

phantom were quantitatively analyzed as shown in Figure 2.7. To observe the 

photoacoustic signal amplitudes with regard to both the cell/nanoparticle concentration 

and the laser fluence, the photoacoustic signals from inclusions with three different cell 

concentrations (1×10
4
 cells/mL, 5×10

4
 cells/mL, and 2×10

5
 cells/mL) were acquired with 

laser fluences of 0 mJ/cm
2
, 5.1 mJ/cm

2
, 10.2 mJ/cm

2
, and 15.2 mJ/cm

2
 at a wavelength of 

532 nm and with laser fluences of 0 mJ/cm
2
, 4.8 mJ/cm

2
, 9.1 mJ/cm

2
, and 13.6 mJ/cm

2
 at 

a wavelength of 700 nm. The means and the standard deviations of the photoacoustic 

signal amplitudes were calculated from the ten subareas (0.24 mm × 0.77 mm) in the 

ROIs (1.54 mm × 2.40 mm).  

Figure 4A and 4B show the photoacoustic signal amplitudes and the linear 

regression fit (dotted lines) with respect to the different concentrations of cells with 

endocytosed nanoparticles. As the cell concentration increases, the photoacoustic signal 

amplitudes linearly increase at both wavelengths (532 nm and 700 nm). This 

phenomenon of a linear increase in photoacoustic signal amplitude with increasing 

nanoparticle concentration was also generally observed in other studies [4, 13, 35]. 
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Figure 2.8: Photoacoustic signal amplitudes from the endocytosed gold nanoparticles in 

the tissue mimicking phantom with respect to the cell concentration at 

wavelengths of (A) 532 nm and (B) 700 nm and with respect to the laser 

fluence at wavelengths of (C) 532 nm and (D) 700 nm. The dotted lines 

represent the linear or nonlinear regression fit of the data. The photoacoustic 

images (5.76 mm × 3.93 mm) from the inclusions with the highest laser 

fluence in (A) and (B) and with the highest cell concentration in (C) and (D) 

were incorporated into the graphs. Reprinted with permission from reference 

[14]. Copyright 2012 Optical Society of America. 
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However, as shown in Figure 4C and Figure 4D, the photoacoustic signal 

amplitudes with respect to the laser fluence at wavelengths of 532 nm and 700 nm do not 

follow a linear regression fit. Instead, the photoacoustic signal has a nonlinear 

relationship with increasing laser fluence. This nonlinear behavior is probably caused by 

changes of the thermophysical parameters, such as the thermal expansion coefficient, due 

to local temperature enhancement with thermal coupling around the aggregated 

nanoparticles at the high laser fluence [28-30, 32, 33]. However, the exact mechanisms of 

generating photoacoustic waves from clusters of nanoparticles and the thermodynamics 

of the endocytosed nanoparticles are not fully understood and further studies are needed. 

Also, a more rapid increase of the photoacoustic amplitude with laser fluence is observed 

at a 532 nm wavelength than at a wavelength of 700 nm as the laser fluence increases. 

This may indicate that the closer the wavelength is to the absorption peak of the single 

nanoparticles, the more prominent are the nonlinear photoacoustic effects.  

 

2.5 CONCLUSIONS 

In this chapter, photoacoustic signals generated from the gold nanoparticle labeled 

stem cells are characterized. Sensitivity, specificity, and quantification ability of the 

labeled cells are demonstrated in vitro using photoacoustic imaging of a tissue mimicking 

phantom. In addition, the nonlinearity in photoacoustic signal from endocytosed gold 

nanoparticles was demonstrated. Among other factors, the nonlinear photoacoustic signal 
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is likely attributed to the changes of thermophysical parameters due to localized 

temperature enhancement with thermal coupling near the aggregated nanoparticles.  
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Chapter 3: In vitro Ultrasound and Photoacoustic Imaging of Tissue 

Engineered Constructs 

 

The field of tissue engineering is evolving continuously, with multifaceted 

research being conducted using advanced technologies from various fields including 

engineering, molecular biology, synthetic chemistry, pharmaceutics, medicine, etc. [1-3] 

Consequently, tissue engineering has been explored in various ways from in vitro studies 

to clinical applications. However, in order to fully evaluate tissue-engineered constructs, 

it is often necessary to employ advanced biomedical imaging technologies. Imaging and 

subsequent analysis provides information about tissue engineered scaffolds and 

regenerating tissue, including morphological changes and functional information, 

integration with native tissue, growth factor release, cell incorporation within scaffolds 

and tissue, and the therapeutic benefits offered by these tissue engineered techniques. 

This information is desirable on many spatial scales, from sub-cellular to whole animal 

analysis, and from applications ranging from in vitro to in vivo, including clinical 

applications. However, current conventional imaging modalities, such as histological 

techniques, have limitations for 3D volumetric assessment due to destructive procedures. 

[4] Therefore, many advanced imaging techniques have been applied for tissue 

engineered constructs to achieve noninvasive, longitudinal, and consistent monitoring 

and overcome limitations of the conventional tools. [5-7] 
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Photoacoustic imaging can lead to significant progress on tissue engineering with 

numerous advantages compared to other imaging modalites. [8-12] For instance, 

photoacoustic microscopy with sub-cellular level of spatial resolution within relatively 

low penetration depth (<1 mm) can be a useful tool for in vitro 3D nondestructive 

assessment of tissue engineered constructs.  Tissue engineered polymer scaffolds 

implemented with single-walled carbon nanotubes were assessed better than micro-CT in 

terms of imaging contrast and quantitative analysis of the scaffold structure. [13] 

Moreover, spatial distribution of various cells inside the tissue engineered constructs was 

successfully visualized over time in vitro using dyes, gold nanoparticles, or strong 

endogenous optical absorption of melanoma cells. [14-16] With high spatial resolution 

and sensitivity, photoacoustic microscopy was useful to visualize vascularization and 

scaffold degradation in the nude mouse ear model. [17, 18] Linear ultrasound array-based 

photoacoustic imaging is capable of detecting a target at deeper regions than PA 

microscopy and thus can be applied for a rat model, having been commonly used for 

tissue regeneration studies. [19] Also, photoacoustic imaging can be effectively combined 

with ultrasound imaging, and thus the combined ultrasound and photoacoustic imaging 

technique has potential to assess the tissue engineered constructs in multiple aspects. [19, 

20] 

Therefore, in this chapter, combined ultrasound and photoacoustic imaging was 

applied to assess tissue engineered constructs containing nanoparticle labeled cells in 

vitro. First, PEGylated fibrin gels incorporated with stem cells (MSCs and ASCs) were 
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longitudinally monitored for gel morphology and cellular information. Also, visualization 

of cell retention and distribution in acellular tissue scaffolds was demonstrated using 

combined ultrasound and photoacoustic imaging. 

 

3.1 MATERIALS AND METHODS  

3.1.1 Preparation of the PEGylated Fibrin Gel with Gold Nanoparticle Labeled 

Stem Cells [21, 22] 

The PEGylated fibrin gels were prepared by adding difunctional succinimidyl 

glutarate (SG)-PEG (3400 Da, 8 mg/mL in PBS without calcium; NOF America Inc.) to 

fibrinogen (80 mg/mL in PBS without calcium; Sigma Inc.) in a 1:1 volume ratio. The 

reaction was allowed to take place at room temperature for 3-5 minute.  Stem cells, 

MSCs and ASCs, were cultured with gold nanoparticles and prepared beforehand as 

described in section 2.1.2. Stem cells (~10
5
 cells/mL) were combined with the PEGylated 

fibrinogen mixture in a 1:1 volume ratio. The reaction underwent gelation by adding an 

equal volume solution of thrombin (25 U/mL in 40 mM CaCl2; CalBiochem Inc.). The 

unbound free PEG was rinsed. The final concentrations in the gel were 10 mg/mL 

fibrinogen; 1 mg/mL of SG-PEG; and 12.5 U/mL of thrombin. The gels were then 

incubated at 37°C in MSC growth medium. The macroscopic image of each gel was 

acquired using a digital camera and the gel size was quantified with Image J. 
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3.1.2 Preparation of the Acellular Tissue Constructs with Gold Nanoparticle 

Labeled Cells 

 Murine lung was harvested from Fischer rats (175-200g) (Harlan Inc.) and 

isolated, as described previously [23]. The isolated lung lobes were decellularized using 

an optimized acellular method as previously reported [23]. Briefly, lung tissue was rinsed 

by 100/10 sodium/phosphate buffer for 15 minutes and incubated in 125 mM 

sulfobetaine-10 (amphoteric) detergent for 24 hours. After that, the tissue was incubated 

in 0.14% Triton X-200 (anionic) and 0.6 mM sulfobetaine-16 (amphoteric) detergents for 

48 hours followed by three rinses of 100/10 sodium/phosphate buffer for 15 minutes each. 

Tissue was then incubated in SB-10 solution for 15 hours and in Triton X-200/SB-16 

solution for 24 hours. Human dermal microvascular endothelial cells (Promega Inc.) were 

cultured and labeled with gold nanoparticles (20 nm gold nanospheres) with the same 

method as described for stem cells in section 2.1.1 and 2.1.2. The labeled cells were 

injected via syringe pump (KD Scientific Inc.) at 2 ml/min into the vascular axis of the 

decellularized tissue. After injection, the cells were allowed to adhere to the substrate 

overnight before the additional pulsatile flow. 

3.1.3 Array-based Ultrasound and Photoacoustic Imaging  

Ultrasound and photoacoustic signals were captured using a 20 MHz or 40 MHz 

array transducer with Vevo 2100 ultrasound micro imaging system (VisualSonics, Inc.). 

A tunable OPO laser beam (Premiscan, GWU, Inc.) pumped by a pulsed Nd:YAG laser 
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(Quanta-Ray, Spectra Physics, Inc.) was delivered through an optical fiber bundle 

(Ceramoptec, Inc.). The fiber bundle was combined with the ultrasound transducer and 

aligned such that the transmitted light would focus at the focal point of the transducer. 

The trigger signal from the laser system was synchronized with the Vevo 2100 imaging 

system to capture the photoacoustic signal when the pulsed laser irradiated. Once the 

photoacoustic transient and ultrasound pulse-echo signal was captured, the off-line image 

processing was performed with the acquired imaging data. The ultrasound and 

photoacoustic signals were bandpass filtered (5-45 MHz) to reduce noise. The 

magnitudes of the ultrasound and photoacoustic signals were calculated by taking the 

absolute values of analytic signals obtained using the Hilbert transform. The 

photoacoustic signal magnitude was then compensated for wavelength dependent laser 

fluence. The compensated ultrasound and photoacoustic signals were beamformed and 

interpolated to 2D images. The combined ultrasound and photoacoustic images were 

created by overlaying photoacoustic intensities higher than a user-defined threshold on 

the grayscale ultrasound images. The volume of the gel was calculated based on the 

number of voxels from the region of the gel and the voxel size of the 3D gel morphology 

image. 
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3.2 RESULTS AND DISCUSSION  

3.2.1 PEGylated Fibrin Gels  

Although we can achieve high sensitivity and cell quantification ability using the 

photoacoustic imaging, continuous cell tracking is essential to monitor stem cell 

migration and proliferation. To demonstrate this, longitudinal photoacoustic images of 

MSCs loaded with gold nanoparticles (20 nm gold nanospheres), or MSCs only, in 

PEGylated fibrin gels were acquired at a wavelength of 750 nm with a laser fluence of 11 

mJ/cm
2
. The MSCs were entrapped into the PEGylated fibrin gels at a concentration of 

5×10
4
 cells/mL, cultured in a 24 well plate over a one week period, and imaged at three 

different time points (day 1, 4, and 7). As shown in Figure 3.1A, while the MSCs without 

gold nanoparticle loading did not produce any photoacoustic signal, strong photoacoustic 

signals were detected from the MSCs loaded with gold nanoparticles over a one week 

time period. As we previously evaluated, nanoparticle loading decreased exponentially 

over time due to both cell division and exocytosis of the nanoparticles by the cells [24]. 

The photoacoustic signals from the PEGylated fibrin gels were quantitatively analyzed as 

shown in Figure 3.1B. Specifically, the means and standard deviations of the 

photoacoustic signal amplitudes obtained from nine subareas (2 mm × 2 mm × 2 mm) in 

the PEGylated fibrin gels containing the MSCs with and without gold nanoparticle 

loading were shown in red and orange colors in Figure 3.1B, respectively. Because the 

photoacoustic signal is proportional to the concentration of gold nanoparticles as 
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demonstrated above, the gold nanoparticle concentration at three different time points 

could be quantified to [2.27 ± 0.31]×10
10

 particles/mL, [1.71 ± 0.27]×10
10

 particles/mL, 

and [1.37 ± 0.18]×10
10

 particles/mL for day 1, 4, and 7, respectively. Furthermore, 

sensitivity of the photoacoustic imaging was enough to detect the labeled MSCs in spite 

of the decrease in gold nanoparticle loading. Hence, this result implies that photoacoustic 

imaging can be used to assess temporal behaviors of the gold nanoparticle labeled MSCs. 

 

Figure 3.1: Longitudinal in vitro photoacoustic imaging of MSCs labeled with gold 

nanoparticles (Au NPs). (A) Longitudinal photoacoustic images of MSCs 

loaded with gold nanoparticles, or MSCs only, in a PEGylated fibrin gel at a 

wavelength of 750 nm with a fluence of 11 mJ/cm
2
. The MSCs in the 

PEGylated fibrin gel were cultured in a 24 well plate over a one week time 

period. While the MSCs without gold nanoparticle loading did not produce 

any photoacoustic signal, strong photoacoustic signals were detected from 

the MSCs loaded with gold nanoparticles over a one week time period. The 

images measure 14.1 mm laterally and 16.6 mm axially. (B) The 

quantitative analysis of photoacoustic signal. The mean and the standard 

deviation of the photoacoustic signal amplitude from the PEGylated fibrin 

gels containing the MSCs with and without gold nanoparticle loading were 

shown in red and yellow colors, respectively. Reprinted with permission 

from reference [20]. Copyright 2012 Public Library of Science. 
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In addition to MSCs, ASCs were also cultured in PEGylated fibrin gels for up to 

16 days. Cell proliferation and gel degradation were observed at four separate time points 

(day 1, 4, 8, and 16) as shown in Figure 3.2. ASCs proliferated continuously for up to 16 

days and proliferation dramatically increased especially from day 4 to 8. Therefore, while 

the gels maintained their general shape and size up to day 8, the sizes of the gels 

dramatically decreased after day 8. Combined ultrasound and photoacoustic imaging was 

used to visualize both gel structure and ASC presence over time. As shown in Figure 

3.2A, the 3D gel image clearly presented the shape and size of the gel at each time point. 

The volume of all gel samples was quantified as shown in Figure 3.2C, and both 3D 

ultrasound images and quantitative analysis indicated significant volume contraction of 

the gel on day 16. The gold nanoparticle loaded ASCs generated strong photoacoustic 

signals at a wavelength of 750 nm due to gold nanoparticle uptake by ASCs and 

consequent optical absorption peak broadening. The total photoacoustic signal intensity 

over the entire gel volume is proportional to the total number of gold nanoparticles, 

which did not show significant changes at different time points as shown in Figure 3.2D. 

In addition, as presented in Figure 3.2A and 3.2B, the photoacoustic signal intensity per 

volume, which relies on the nanoparticle concentration, remarkably increased at day 16 

mainly due to gel volume contraction.  
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Figure 3.2: Ultrasound and photoacoustic imaging of ASCs implemented with 

PEGylated fibrin gels. (A) Reconstructed morphology of the fibrin gels 

(top), ultrasound and Photoacoustic images at the center cross section of the 

gels (bottom two). (B) Photoacoustic signal intensity per volume 

corresponding to photoacoustic images. (C) Fibrin gel volume. (D) Total 

photoacoustic signal intensity. The data levels that do not share the same 

letters are significantly different (p<0.05). Reprinted with permission from 

reference [19]. Copyright 2012 Dove Medical Press. 

 

 

3.2.2 Acellular Vascular Tissue Scaffold  

 In section 3.2.1, cells were mixed with PEGylated fibrin gel, and thus spatial 

distribution of the cells was relatively uniform inside the tissue engineered constructs. 
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However, combined ultrasound and photoacoustic imaging is capable of nondestructive 

tracking of cell retention and cellular distribution in the tissue engineered constructs with 

excellent spatial resolution and penetration depth. To demonstrate this, acellular vascular 

tissue scaffolds keeping the vascular structure intact down to the capillary scale were 

prepared by decellularization of murine lung tissue, as previously described [26]. 

Endothelial cells labeled with gold nanoparticles were injected via syringe pump at 2 

mL/min into the vascular axis of the decellularized lung tissue scaffolds. The labeled cell 

distribution was visualized and displayed in Figure 3.3. The 3D ultrasound image in 

Figure 3.3A clearly shows morphology of the acellular scaffold. The 3D photoacoustic 

and combined images (Figure 3.3A) indicates that endothelial cells penetrated throughout 

the entire scaffold, and were maintained in the scaffold despite the additional shear flow. 

Cross-sectional ultrasound, photoacoustic, and combined images confirmed that spatial 

distribution of injected cells was clearly visualized and the cells were not present within 

the bronchus, which indicates that the vascular network prevented migration into 

unwanted regions. However, due to significant optical absorption from the nanoparticle 

labeled cells, laser fluence can be attenuated with depth and it can limit the detection and 

quantitative analysis of cells using photoacoustic imaging. To improve penetration depth, 

concentration of the labeled gold nanoparticles needs to be controlled. In this study, 

3.3x10
5
 cells were optimal cell distribution in the scaffold. 
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Figure 3.3: Ultrasound and photoacoustic imaging of the acellular tissue scaffold 

injected with gold nanoparticle labeled endothelial cells. (A) 3D ultrasound, 

photoacoustic, and combined images of the acellular tissue scaffold. (B) 

Ultrasound, photoacoustic, and combined images at four different cross-

sections. Photoacoustic images were acquired at a wavelength of 750 nm 

with a fluence of 10 mJ/cm
2
. 

 

 

 

A

B

Ultrasound Photoacoustic Combined

Ultrasound Photoacoustic Combined



 78 

3.3 CONCLUSIONS 

In conclusion, combined and photoacoustic imaging was used to assess tissue 

engineered constructs in vitro. The PEGylated fibrin gel incorporated with mesenchymal 

stem cells labeled with gold nanoparticles were cultured for 7 days and monitored at three 

different time points (day 1, 4, and 7) using ultrasound and photoacoustic imaging 

technique. Similarly, adipose-derived stem cells were also seeded in the PEGylated fibrin 

gels and fixed at four different time points (day 1, 4, 8, and 16). Ultrasound and 

photoacoustic imaging was able to evaluate gel morphology and cell retention 

nondestructively. Quantitative analysis of the labeled stem cells was also performed for 

both studies. In addition to the PEGylated fibrin gels, acellular vascular tissue scaffolds 

were imaged to track injected cell distribution. Overall, it was demonstrated that not only 

scaffold morphology but also cellular information can be evaluated using combined 

ultrasound and photoacoustic imaging. 
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Chapter 4: In vivo Monitoring of Stem Cells for Ischemic Muscle 

Regeneration using Ultrasound and Photoacoustic Imaging 

 

Ischemic heart disease is one of the most common killers of American men and 

women, accounting for about half a million deaths every year [1]. Recent experimental 

and preclinical research suggests that stem cell therapy can be a safe and clinically 

feasible alternative treatment for ischemic heart disease because stem cells can 

differentiate into multiple cell types, including vascular cells contributing to myocardial 

regeneration [2, 3]. It was previously demonstrated that tubulogenesis and differentiation 

of MSCs to vascular cell phenotypes can be enhanced within tissue-engineered matrices, 

indicating the possibility of stem cell delivery to ischemic regions to promote 

neovascularization [4-7]. In order to obtain a better understanding of the role of stem 

cells in neovascularization, continuous monitoring of the distribution of stem cells, as 

well as interaction of the stem cells with their microenvironment, is essential. Therefore, 

there is a need for a stem cell imaging technique that is not only noninvasive and 

sensitive, but also capable of quantitative, longitudinal assessment of stem cell behaviors 

with high spatial resolution.  

Unfortunately, none of the current stem cell imaging modalities can satisfy all 

requirements simultaneously. Magnetic resonance imaging, with contrast agents based on 

superparamagnetic iron oxide, has been widely researched for stem cell monitoring. 
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Although MRI can achieve relatively high resolution and long-term cell tracking, it has 

low sensitivity with the current contrast agents [8-11]. Radioactive imaging, including 

SPECT and PET, has a fair sensitivity with direct labeling of stem cells. However, high 

spatial resolution and long-term imaging are not obtainable with SPECT and PET due to 

intrinsic limitations, such as the short half-lives of radioisotopes [8-11]. While direct cell 

labeling with MRI and radioactive imaging cannot provide information about cell 

proliferation, reporter gene labeling is capable of tracking cell division with radioactive 

and optical imaging techniques. Yet, imaging with reporter gene labeling is still limited 

for clinical approaches due to cell safety issues, such as immunogenic responses and 

transfection [8-11]. Optical imaging modalities, including fluorescence and 

bioluminescence imaging, have the highest sensitivity and highest resolution among the 

available imaging methods, but they are restricted by shallow penetration depth and 

phototoxicity, thus limiting the clinical applicability [8, 12]. 

Therefore, we explored the feasibility of in vivo imaging of stem cells using 

ultrasound-guided photoacoustic imaging [13-17]. Similar to ultrasound, photoacoustic 

imaging provides a penetration depth of several centimeters and sub-millimeter spatial 

resolution [18-20]. In addition, similarities between photoacoustic and ultrasound 

imaging systems enable the hybrid implementation of the two modalities, thus providing 

synergetic benefits, such as the capability of visualizing morphological, functional, and 

molecular properties [21]. Thus, the ultrasound and photoacoustic imaging method may 
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have great potential for continuous in vivo monitoring of MSC behavior and 

neovascularization promoted by MSCs [22, 23].  

Unfortunately, MSCs do not have sufficient optical absorption and cannot be 

directly visualized using photoacoustic imaging. However, as depicted in Figure 4.1, the 

optical properties of MSCs can be altered by labeling MSCs with gold nanoparticles and 

using ultrasound and photoacoustic imaging to monitor and track the cells. Therefore, in 

this chapter, in vivo experiments were performed to evaluate in vivo detectability, 

sensitivity, quantification, and long-term MSC tracking ability with the suggested 

method. To demonstrate the feasibility of noninvasive monitoring of MSCs labeled with 

gold nanoparticles, in vivo ultrasound and photoacoustic imaging of the nanoparticle 

labeled MSCs injected intramuscularly in the lower limb of the rat was conducted. 

Following the initial in vivo study to distinguish stem cells from background tissue, 

longitudinal in vivo monitoring of spatial distribution of the PEGylated fibrin gel 

containing the gold nanoparticle labeled MSCs was demonstrated at the three different 

time points (day 3, 7, and 10 after the injection). 
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Figure 4.1: Diagram of the procedure for monitoring mesenchymal stem cells (MSCs) 

in vivo. Once MSCs are loaded with nanoparticles, the labeled MSCs are 

entrapped in the PEGylated fibrin gels and implanted at the ischemic region. 

The PEGylated fibrin gels promote MSC differentiation toward a vascular 

cell type, thus contributing to regeneration. Both MSC distribution and 

neovascularization can be monitored using the combined ultrasound and 

photoacoustic imaging of cells loaded with nanoparticle. Reprinted with 

permission from reference [24]. Copyright 2012 Public Library of Science. 
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4.1 MATERIALS AND METHODS  

4.1.1 Injection of the PEGylated fibrin gel with gold nanoparticle labeled MSCs 

Animal handling and care followed the recommendations of the National 

Institutes of Health (NIH) guidelines for the care and use of laboratory animals. All 

protocols were approved by the Animal Care Committee of the University of Texas at 

Austin. Lewis rats (8-11 weeks old) weighing 200-250 g were used for the intramuscular 

injection and subsequent US/PA imaging. PEGylated fibrin gels were prepared as 

described in section 3.1.1. Briefly, combining fibrinogen (40 mg/mL) and difunctional 

SG-PEG (4 mg/mL) were mixed in a 1:1 volume ratio and the reaction took place at 37°C 

for 20 minutes. An equal volume of MSCs labeled with gold nanoparticles were mixed 

with the PEGylated fibrin solution in a 1:1 volume ratio at a concentration of 5×10
5
 

cells/mL. Thrombin (25 U/mL in 40 mM CaCl2) was loaded into a 23 G needle. An equal 

volume of the PEGylated fibrin solution containing cells was then loaded into the syringe 

and the solution was mixed within the syringe by shaking the syringe. The final 

concentration of the PEGylated fibrin gel injection was 10 mg/mL fibrinogen; 1 mg/mL 

SG-PEG; 1×10
5
 cells/mL; and 12.5 U/mL thrombin. A total volume of 300 µL was 

injected in the lateral gastrocnemius of the rat. Injection depth was about 5 mm under the 

skin. Prior to the injection, the rat was anesthetized using 0.5-2.0% isoflurane with 

1L/min of oxygen and the hind limb of the rat was shaved. 
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4.1.2 Spectroscopic Photoacoustic Imaging 

Ultrasound and photoacoustic micro imaging system (VisualSonics, Inc.) was 

used with a 20 MHz array transducer (VisualSonics, Inc.) as described in section 3.1.3. 

To differentiate injected stem cells from background tissue, multiwavelength (650-920 

nm) photacoustic imaging was performed with fluences of 5-15 mJ/cm2. Spectral 

analysis of photoacoustic signals was applied to differentiate each optical absorber, such 

as skin, oxygenated and deoxygenated blood, and gold nanoparticle loaded MSCs. 

Specifically, the acquired photoacoustic RF signals were beamformed and interpolated to 

reconstruct 2D photoacoustic images. Laser energy at each wavelength and cross section 

was then compensated. Due to errors in spectral analysis caused by similar absorption 

spectrum between skin and deoxygenated hemoglobin at the given laser wavelength 

range, photoacoustic signals from skin was detected using strong ultrasound signals at 

skin, as described in Figure 4.2. Finally, photoacoustic signals from multiple wavelengths 

in the same kernel at each cross section were compared to optical absorption spectrum 

from oxygenated and deoxygenated hemoglobin and the labeled MSCs. Both linear least 

squares (LLS) and minimum mean square error (MMSE) were used as methods to 

calculate correlation coefficients as previously discussed [25]. Spectroscopic images were 

constructed based on calculated correlation coefficients and skin detection algorithm. The 

photoacoustic and spectroscopic images were combined with ultrasound images by 

overlaying photoacoustic intensities higher than a user-defined threshold on the grayscale 

ultrasound images. 
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Figure 4.2: Skin detection algorithm for photoacoustic imaging. Due to errors in spectral 

analysis caused by similar absorption spectrum between skin and 

deoxygenated hemoglobin at the given laser wavelength range, photoacoustic 

signals from skin was detected using strong ultrasound signals at skin. 

Specifically, because skin is hyperechogenic and continuous, ultrasound 

signals from skin can be used to estimate skin location. Only photoacoustic 

signals overlapped with calculated skin location were selected for 

spectroscopic images. 
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4.2 RESULTS AND DISCUSSION  

The unique optical properties of gold nanoparticle labeled MSCs with a broad 

range of wavelengths, including in the near-infrared (NIR) optical window in biological 

tissue, allow noninvasive photoacoustic imaging as well as spectral analysis to 

distinguish MSCs from background tissue as shown in Figure 2.5. To demonstrate the 

feasibility of noninvasive in vivo monitoring of MSCs, the gold nanoparticle labeled 

MSCs were injected intramuscularly in the hind limb of the rat and visualized using 

ultrasound and photoacoustic imaging. A PEGylated fibrin gel with gold nanoparticle 

loaded MSCs (1×10
5
 cells/mL) was injected intramuscularly in the lateral gastrocnemius 

(LGAS) of an anesthetized Lewis rat and immediately imaged at a range of wavelengths 

from 650 nm to 920 nm with fluences of 5-15 mJ/cm
2
, which were verified to be safe and 

lower than the maximum allowable laser fluence [25]. In addition, a region of the LGAS 

of the other hind limb without any injection served as a control. Figures 4.3A-D represent 

ultrasound, photoacoustic, ultrasound and photoacoustic, and ultrasound/spectroscopic 

images, respectively, of the LGAS in which PEGylated fibrin with gold nanoparticle 

loaded MSCs was injected. The ultrasound image shows the structural information of the 

lower limb, but the location of MSCs cannot be identified. However, the photoacoustic 

and ultrasound and photoacoustic images clearly show the location of the nanoparticle 

signal from MSCs in the gel outlined in yellow. In order to distinguish the photoacoustic 

signal from the gold nanoparticle labeled MSCs from surrounding tissue, spectral 

analysis can be performed, which augments photoacoustic imaging.  
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Figure 4.3: In vivo monitoring of gold nanoparticle labeled MSCs using combined 

ultrasound and photoacoustic (US/PA) imaging. (A-D) In vivo ultrasound, 

photoacoustic, US/PA, and US/spectroscopic images of the LGAS in which 

PEGylated fibrin gel containing gold nanoparticle loaded MSCs (1×10
5
 

cells/mL) was injected. PEGylated fibrin gel location is outlined with 

yellow dotted circle. Injection depth was about 5 mm under the skin. (E-H) 

Control at the region of the LGAS of the other hind limb without any 

injection. Photoacoustic images were acquired at the wavelength of 760 nm 

with a fluence of 11 mJ/cm
2
. Spectral (650-920 nm) analysis of 

photoacoustic signal was able to differentiate skin (shown in yellow), 

oxygenated (red) and deoxygenated (blue) blood, and gold nanoparticle 

loaded MSCs (green). The images measure 23 mm laterally and 12.5 mm 

axially. Reprinted with permission from reference [24]. Copyright 2012 

Public Library of Science. 
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Specifically, the unique absorbance of gold nanoparticle labeled MSCs compared with 

those of oxygenated and deoxygenated hemoglobin can be accurately detected using 

multiwavelength photoacoustic imaging (Figure 2.5). Therefore, as shown in Figure 

4.3D, the gold nanoparticle labeled MSCs (shown in green) can be clearly distinguished 

from other tissue constituents, such as oxygenated (red) hemoglobin, deoxygenated (blue) 

hemoglobin, and skin (yellow), by spectral analysis. As shown in Figures 4.3E-H of the 

control, photoacoustic signals were generated only from the background tissue (mainly 

skin and blood). This result indicates that ultrasound and photoacoustic imaging has the 

capability of monitoring MSCs labeled with nanoparticles noninvasively.  

Based on the longitudinal in vitro study, the gold nanoparticle labeled MSCs were 

longitudinally monitored in vivo. After injection of the PEGylated fibrin gel with gold 

nanoparticle loaded MSCs (5×10
4
 cells/mL, 300 μL) into the LGAS of the Lewis rat, the 

labeled MSCs were imaged at the three different time points (day 3, 7, and 10) using the 

ultrasound guided spectroscopic imaging. As demonstrated above, spectral analysis of the 

photoacoustic signals acquired at a range of wavelengths from 650 nm to 920 nm 

differentiated the gold nanoparticle labeled MSCs from other tissue components. Figure 

4.4A shows 3D combined ultrasound and spectroscopic images of the rat hind limb at 

different time points. The spatial distribution of the MSCs labeled with gold 

nanoparticles, presented in green color, could be monitored for 10 days after the injection. 

Figure 4.4B shows quantitative analysis of the longitudinal in vivo imaging result. The 

photoacoustic signals obtained from the spatial positions of the labeled MSCs determined 
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by the spectral analysis were summed and displayed in green color in the graph. 

Moreover, the photoacoustic signals from the background tissue were also analyzed and 

added to the graph with yellow color for the control. The gold nanoparticle concentration 

at day 3, 7, and 10 were able to be quantified to 2.27 ×10
10

 particles/mL, 2.06×10
10

 

particles/mL, and 1.59 ×10
10

 particles/mL respectively. Furthermore, this result also 

implies that the gold nanoparticle labeled MSCs can be detected if photoacoustic signals 

from the labeled cells are reasonably stronger than those from the background tissue, 

which are equivalent to [2.11 ± 0.37]×10
3
 MSCs and [3.18 ± 5.56]×10

9
 particles/mL. 

Therefore, noninvasive in vivo longitudinal monitoring of MSCs labeled with 

nanoparticles is capable with quantification and high sensitivity using ultrasound and 

photoacoustic imaging.  

The results of this study demonstrate the feasibility of longitudinal in vivo 

monitoring of MSCs labeled with nanoparticles. Once gold nanoparticle labeled MSCs 

are implanted into tissue, photoacoustic imaging can noninvasively detect the presence of 

MSCs with sufficient penetration depth (~10-50 mm) and spatial resolution (~20-300 

μm), which are scalable depending on the specification of the transducer, such as the 

center frequency [20, 26]. Furthermore, gold nanoparticle labeled MSCs are able to be 

monitored with high sensitivity (~10
2
-10

3 
cells) and good cell viability over a long-term 

period (~2 weeks), as demonstrated with our in vitro and in vivo photoacoustic imaging 

results with the PEGylated fibrin gel system. As mentioned in the introduction of this 

paper, other stem cell imaging modalities have their own drawbacks, such as sensitivity 
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and spatial resolution (MRI), safety and tracking period (PET and SPECT), and 

penetration depth (optical microscopy) [8-12, 27, 28]. However, ultrasound and 

photoacoustic imaging using gold nanoparticle labeling of MSCs can achieve various 

advantages simultaneously (safety, longitudinal imaging, ability to track cell distribution, 

high sensitivity, and high spatial resolution). Therefore, the nanoparticle augmented 

ultrasound guided photoacoustic imaging of stem cells can be an alternative way to move 

beyond limitations of current stem cell imaging modalities. 

In addition to monitoring the spatial distribution of the stem cells, 

neovascularization promoted from stem cells needs to be monitored to estimate the 

efficacy of the stem cell treatment. However, this work was an initial study to 

demonstrate the feasibility of longitudinal in vivo tracking using ultrasound and 

photoacoustic imaging. Our in vivo work consisted of animals which did not undergo any 

injury (e.g. femoral ligation), and thus neovascularization was not sufficiently promoted 

because the PEGylated fibrin gels with MSCs were injected into normal muscles. 

However, based on our previous research, we believe that the PEGylated fibrin can 

promote neovascularization in an ischemic muscle due to the upregulation of certain 

growth factors and paracrine signals as a result of the wound healing response.[4-7] 

Furthermore, using multiwavelength photoacoustic imaging, micro-blood vessels can be 

noninvasively imaged and quantitatively assessed without exogenous contrast agents.[22, 

23] Therefore, using this technique, neovascularization developed from the implanted 
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MSCs can be continuously monitored and distinguished from background tissue with 

morphological information obtained by ultrasound imaging. 

 

Figure 4.4: Longitudinal in vivo monitoring spatial distribution of MSCs labeled with 

gold nanoparticles using US/PS imaging. (A) 3-D combined ultrasound and 

spectroscopic images of the rat hind limb in which the PEGylated fibrin gel 

containing gold nanoparticle labeled MSCs were injected (day 3, 7, and 10). 

The MSCs labeled with gold nanoparticles were distinguished using spectral 

analysis and presented in green color. The bounding box for each image 

measures 23 mm laterally, 12.5 mm axially, and 25 mm elevationally. (B) 

The quantitative analysis of photoacoustic signal. The photoacoustic signals 

at three different time points obtained from the gold nanoparticle labeled 

MSCs and the background tissue were summed and displayed in green and 

yellow colors, respectively. Reprinted with permission from reference [24]. 

Copyright 2012 Public Library of Science. 
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Ultrasound and photoacoustic imaging can be a valuable tool for tissue 

engineering because it allows noninvasive and longitudinal tracking of MSCs with 

penetration depths up to several centimeters and reasonable spatial resolution. While 

optical imaging is widely being used in the tissue engineering field, such as fluorescence 

and multiphoton imaging, it suffers from limited penetration depth (~0.5 mm) and 

photobleaching.[20, 26] In contrast, the current technique provides experimentally and 

statistically consistent results from a minimum number of animal samples. Therefore, in 

vivo ultrasound and photoacoustic imaging can be a promising alternative for visualizing 

and tracking MSCs within tissue engineered constructs. 

 

4.3 CONCLUSIONS 

In conclusion, the presented work in this chapter demonstrates the ability of the 

ultrasound and photoacoustic imaging to noninvasively monitor MSCs labeled with gold 

nanoparticles. Gold nanoparticle labeled MSCs injected intramuscularly in the lower limb 

of the Lewis rat were capable of being visualized using in vivo ultrasound and 

photoacoustic imaging, which indicates the ability of noninvasive monitoring of MSCs. 

In addition, gold nanoparticle labeled MSCs captured in the PEGylated fibrin gel system 

were able to be imaged in vivo over a one week time period, which implies the possibility 

of longitudinal cell tracking using photoacoustic imaging. Accordingly, ultrasound and 

photoacoustic imaging using gold nanoparticle labeling of MSCs has great potential to be 
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an alternative imaging method to monitor stem cell distribution and better understand the 

process of neovasularization and the wound healing response. Future work for this study 

includes in vivo monitoring of long-term MSC behaviors following an injury in order to 

assess and monitor the participation of MSCs in the process of neovascularization. 
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Chapter 5: In vivo Ultrasound and Photoacoustic Imaging of Burn Skin 

Regeneration Enhanced by Stem Cell Treatment 

 

Skin burn is a prevalent injury which can easily occur via various mechanisms, 

such as electrical, chemical, and thermal sources. In addition, full-thickness and large 

surface area burn injury has the potential for serious infection, severe pain, and high 

mortality risk. Recent statistics indicate that burn injuries resulted in the need for medical 

treatment of 450,000 patients and 3,400 deaths in the United States in 2010. [1] Since 

skin is a complex organ including multiple cell types and tissues such as 

epidermal/dermal layers, fat, and blood vessels. The process of healing following burn 

injury results in a complex tissue environment, which undergoes long-term 

morphological and functional remodeling subsequent to granulation and angiogenesis. In 

particular, neovascularization in the wound bed is one to the most important steps to 

evaluate tissue regeneration since this event supplies oxygen and nutrients to cells (e.g. 

myofibroblasts and macrophages) that take actions to heal the skin. Therefore, 

multifunctional and morphological views of burn-injured skin and its regenerating are 

important. Burn injury requires the trained diagnostic capabilities of a burn surgeon to 

remove necrotic tissue and make treatment decisions including the utilization of synthetic 

dressings, antibiotics and antimicrobial topical agents, as well as biologically active 

dressings and skin grafts. However, the diagnostic approach to assess burn injury severity 
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typically relies on skin blanching to identify perfusion and direct pinching to determine 

relative mechanical properties of the skin. Presently, there is no clinically-applicable, 

non-invasive diagnostic tool to robustly assess burn injury and monitor the subsequent 

healing processes. 

Stem cell-based therapies, in combination with 3D hydrogel systems, have great 

potential to improve skin tissue regeneration. In particular, the therapeutic potential of 

adipose-derived stem cells (ACSs) has been proven pre-clinically and clinically for 

regenerative medicine and dermatological plastic surgery. ASCs have been evaluated as a 

clinically-feasible, autologous, and multipotent stem cell source. It has been shown that 

they can differentiate into various cells such as adipocytes, chondrocytes, myocytes, and 

osteoblasts [2, 3] and are known to express a variety of surface markers (e.g. CD29, 

CD90, and CD105), similar to bone marrow-derived stem cells. In particular, the 

contribution of ASCs to neovascularization is considered a versatile mechanism, 

including differentiation and paracrine secretion involved in angiogenesis and 

immunomodulation. ASCs showed a vascular progenitor-like characteristic to promote 

angiogenesis [4-6] and can be induced, in vitro, to express endothelial cell-like 

phenotypes and functionalities under the influence of chemical and physical cues. [3, 7] It 

has been well documented that ASCs provide beneficial cocktails of enzymes, cytokines, 

and growth factors, including vascular endothelial growth factor (VEGF), transforming 

growth factor-beta (TGF-β)       p t cyte growth factor (HGF), all of which are critical 

for tissue healing. [8] In addition, they can produce extracellular matrix components such 
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as collagen (type I) and accelerate angiogenesis by providing matrix metalloproteinases 

(MMPs). In addition, to enhance stem cell engraftment, PEGylated fibrin gels can be 

used as a stem cell carrier and it was previously demonstrated that PEGylated fibrin gels 

can enhance angiogenic potential of stem cells both in vitro and in vivo. [9-12] 

A key question for both stem cell biologists and clinicians is how implanted stem 

cells can localize and interact with host cells and the microenvironment within the injured 

tissue. Currently, stem cells delivered to the injured tissue site are difficult to be 

accurately tracked without the assistance of histological techniques following dissection 

of harvested tissue samples. Additionally, clinically applicable imaging modalities for 

stem cell-based tissue engineering are still limited, and thus there is no effective 

methodology to noninvasively and selectively demonstrate both stem cell localization and 

regeneration over time in an injured site as discussed in Chapter 1. In subsequent 

chapters, it was demonstrated that combined ultrasound and photoacoustic imaging is 

capable of tracking stem cells after gold nanoparticle loading in vitro and in vivo. Also, 

photoacoustic imaging has a great potential to visualize blood oxygen saturation as well 

as microvasculature. 

The goal of this chapter is to develop an effective and simple imaging tool for 

clinical application in burn diagnosis and stem cell therapy monitoring. The study is 

focused on introducing a promising combinatorial tracking/imaging strategy to monitor 

ASC-mediated tissue regeneration and evaluate tissue healing using a noninvasive and 

real-time monitoring technique. The developed technique is designed to assist clinicians 
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by providing an effective imaging tool in multiple clinical phases including from 1) 

injury diagnosis, to 2) tracking of implanted stem cell, to 3) tissue regeneration. Gold 

nanospheres and silica-coated gold nanorods are used to label ASCs. After nanoparticle 

labeling, ASC-encapsulated hydrogel (PEGylated fibrin gel) can be selectively traced in 

the burn wound using the combined ultrasound and photoacoustic imaging technique. 

Also, noninvasive assessment of wound injury and healing status after stem cell therapy 

is demonstrated in vivo. 

 

 

Figure 5.1: Illustration for the overall goal of the study. The suggested technique is 

designed to assist clinicians by providing an effective imaging tool in the 

multiple clinical phases including from 1) injury diagnosis and 2) tracking 

of implanted stem cell to 3) tissue regeneration.  
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5.1 MATERIALS AND METHODS  

5.1.1 Rat Burn Injury Model 

The animal model for burn injury is the contact skin burn damage on the dorsal 

area of Lewis rat (male, 8-14 week old) anesthesized using the isoflurane inhalation 

method. On the dorsal area of rats, a heated brass soldering device was placed for 

different heating durations according to varied burn severities and shapes. Buprenorphine 

(0.05 g per kg) was administrated as analgesic drug every 12 hours for 48 hours after 

burn injury. Different severity of burns were created by varying heating temperatures and 

durations: low (87°C for 10 and 30 seconds), middle (100°C, 30 sec), and severe (113°C, 

30 sec).  

5.1.2 Silica-coated Gold Nanorod Synthesis  

Gold nanorods were synthesized by seed-mediated growth with a micelle template 

to direct nanoparticle shape, as previously described [13, 14]. Gold seeds were prepared 

by adding a 5.7 ml volume of 0.5 mM HAuCl4 in ultrapure water to a 5 ml volume of 0.2 

M cetyltrimethyl-ammonium bromide (CTAB) followed by the addition of 0.6 ml of ice 

cold 0.01 M sodium borohydride with stirring for 2 minutes. After 5 minutes, 76 ml of 

0.2 M CTAB with 1.6 ml of 0.01 M silver nitrate and 8 ml of 0.01 M HAuCl4 were mixed 

to prepare a growth solution. The growth solution was heated to 30°C, and then a 0.88 ml 

volume of 0.1 M ascorbic acid and a 0.192 ml volume of the gold nanoseed solution were 

added and stirred for 3 minutes. After aging the particles overnight at 30°C, they were 
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centrifuged at 18,000 x g and resuspended in ultrapure water. The aspect ratio of the gold 

nanorods was controlled by the amount of silver in the reaction. The synthesized gold 

nanorods were PEGylated through the addition of mPEG-SH (Laysan Bio Inc., MW=5 

kDa) overnight. After PEGylation, the nanorods were coated with a layer of silica (SiO2) 

using a similar process as described in section 2.1.1 by adding tetraethyl othosilicate 

(TEOS) in isopropyl alcohol. To improve cellular uptake, a poly L-lysine solution (PLL) 

was added to silica oxide-nanorods for 2 hours.  

 

 

 

 

Figure 5.2: Diagram of gold nanoparticle labeling and ASC encapsulation into 

PEGylated fibrin hydrogels. 
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5.1.3 Gold Nanoparticle Labeling and ASC Encapsulation into PEGylated Fibrin 

Hydrogels 

ASC isolation and preparation was achieved using the same process described in 

section 2.1.2. The prepared ASCs were cultured with growth media (DMEM, 10% FBS, 

1% PS) containing gold nanospheres or silica-coated gold nanorods (Figure 5.3). After 24 

hour incubation, the gold nanoparticle-treated culture media was replaced with the 

growth media without gold nanoparticles for future incubation. 

After washing of the excess of nanoparticles, the nanoparticle labeled ASCs were 

incorporated with PEGylated fibrin gels. The preparation of the PEGylated fibrin gel was 

previously described in section 3.1.1. Briefly, a fibrinogen solution in DPBS was 

combined with succinimidyl glutarate polyethylene glycol (SG-PEG-SG) solution and 

ASCs were seeded at 50,000 cells/ml followed by addition of a thrombin solution. For in 

vivo ASC treatment, PEGylated fibrin gels including ASCs were made as 2 ml of disk-

shaped gels to cover the excised burn eschar. Final cell seeding density was about 0.2-1 

million cells per ml.  
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Figure 5.3: (A) Absorbance spectra of gold nanospheres (NS/media) and gold nanorods 

in the cell culture media (NR/media) and ASCs labeled with gold 

nanospheres (NS/cell) and gold nanorods (NR/cell). (B) Brightfield (left), 

darkfield (middle), and fluorescence images of ASCs before (top) and after 

gold nanorod loading (bottom).  
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5.1.4 In Vivo Ultrasound and Photoacoustic Imaging System 

The imaging system used for the study in this chapter is similar to the system 

described in section 4.1.2. Briefly, ultrasound and photoacoustic signals were collected 

using a Vevo 2100 ultrasound micro imaging system (VisualSonics, Inc.) with a 40 MHz 

ultrasound array transducer (VisualSonics, Inc.). The tunable, pulsed-laser illumination 

was delivered through an optical fiber bundle (Ceramoptec, Inc.). The ultrasound and 

photoacoustic signals were captured at the same cross sections and the array transducer 

was mechanically scanned in the elevational direction by a motion axis for 3D images. 

During scanning of the transducer, signal capture was synced with physiological data of 

the rats using an animal monitoring system and the imaging data was acquired only when 

respiratory motion is minimized to avoid motion artifacts. To differentiate photoacoustic 

signals generated by the labeled stem cells from background tissue, multiwavelength 

(680-960 nm) photacoustic imaging was performed with fluences of 5-15 mJ/cm2.  

Data post processing, including spectral analysis and wavelength-dependent 

energy compensation, was performed as described in section 4.1.2 to selectively visualize 

the labeled ASCs and blood vessels. In addition to spectral analysis, blood vessel density 

changes before and after burn was quantified using 3D photoacoustic signals after 

spectral analysis. First, photoacoustic signals classified to blood (oxygenated and 

deoxygenated hemoglobin) were thresholded using a user-defined value to reduce 

background noise. Then, the connectivity of the thresholded photoacoustic signals was 

analyzed and isolated segments which were significantly small were abandoned to obtain 
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the blood vasculature. Subsequently, to analyze vessel morphology and calculate the 

blood vessel density, the acquired blood vasculature was skeletonized using thining 

algorithms [15, 16]. The estimated blood vessel densities were then normalized by the 

average value from control and compared with each other.  

 

5.2 RESULTS AND DISCUSSION  

5.2.1 In Vivo Assessment of Burn Severity  

Results shown in Figure 5.4 verify that the combined ultrasound and 

photoacoustic imaging is capable of in vivo evaluation of capillary fluid leakage level 

according to burn severity. The contact burn method was used to make four burn injuries 

with different heating temperatures and durations (100°C for 10 seconds and 87°C, 

100°C, and 113°C for 30 seconds). Combined ultrasound and photoacoustic  imaging 

was performed 30 minutes after the contact burn to minimize the effect of temperature 

increase on the rat skin, which could possibly enhance photoacoustic signal intensity. 

Cross-sectional ultrasound, photoacoustic, and combined images (Figure 5.4A) at a 

wavelength of 800 nm represent depth-resolved information of bleeding in dermal tissue 

with associate tissue morphology. Moreover, top-view photoacoustic images clearly 

show that the strongest photoacoustic signal generation was observed in the case with the 

highest temperature and the longest heating duration (Figure 5.4B). As shown in Figure 
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5.4C, quantitative analysis of photoacoustic signal amplitudes agreed well with 

subcutaneous bleeding levels which were confirmed after skin incision. 

5.2.2 Ex Vivo Tracking of ASCs Labeled with Gold Nanoparticles 

To verify detection of gold nanoparticle labeled ASCs after burn treatment, ex 

vivo rat skin tissues were extracted at three different time points (1, 4, and 7 days after the 

treatment). Both non-labeled ASCs and gold nanosphere labeled ASCs were used for the 

treatment to compare photoacoustic signal differences from ASCs. Figure 5.5A includes 

cross-sectional photoacoustic images overlaid on ultrasound images for treatment of the 

gels with both the non-labeled and the labeled ASCs. The implanted gels with ASCs 

could not be detected without gold nanoparticle labeling and most photoacoustic signals 

were originated from background tissue, such as hemoglobin and epidermis. However, 

strong photoacoustic signals were generated from the gold nanoparticle labeled ASCs up 

to 7 days after the burn treatment, as shown in Figure 5.5A and 5.5B. Also, using spectral 

analysis, the gold nanoparticle labeled ASCs were able to be distinguished from other 

optically absorbing components (Figure 5.5C). Therefore, the results demonstrate the 

feasibility of photoacoustic imaging to selectively visualize the nanoparticle labeled 

ASCs over time. 



 111 

 

 Figure 5.4: (A) Cross-sectional ultrasound, photoacoustic, and combined images four of 

burn injuries with different heating temperatures and durations (100°C for 

10 seconds and 87°C, 100°C, and 113°C for 30 seconds) obtained at a 

wavelength of 800 nm. (B) Pictures and top-view photoacoustic images (C) 

Quantitative analysis of photoacoustic signal amplitudes. 
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Figure 5.5: Cross-sectional (A) and 3D (B) ultrasound, photoacoustic, and combined 

images of ex vivo rat skin tissues extracted at three different time points (1, 

4, and 7 days after the ASC treatment). Both non-labeled ASCs and gold 

nanosphere labeled ASCs were used for the treatment to compare 

photoacoustic signal differences from ASCs. (C) Cross-sectional and 3D 

combined ultrasound and spectroscopic images.  
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Figure 5.6: (A-E and K-O) Top view photoacoustic images of burn tissue treated with 

ASCs labeled, respectively, with gold nanospheres and gold nanorods at five 

different time points (2 days before the treatment and 4, 7, 10, and 14 days 

after the treatment). (F-J and P-T) Top view spectroscopic photoacoustic 

images with the labeled ASCs (green) as well as oxygen saturation 

(oxygenated hemoglobin: red; deoxygenated hemoglobin: blue) at different 

time points during burn tissue regeneration.  
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Figure 5.7: Cross-sectional ultrasound and spectroscopic photoacoustic images of burn 

tissue treated with ASCs labeled, respectively, with gold nanospheres (A-E) 

and gold nanorods (F-J) at five different time points (2 days before the 

treatment and 4, 7, 10, and 14 days after the treatment). Spectral (680-960 

nm) analysis of photoacoustic signal was able to differentiate oxygenated 

(red) and deoxygenated (blue) blood, and gold nanoparticle loaded ASCs 

(green). 
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 5.2.3 Longitudinal Spectroscopic Photoacoustic Tracking of ASC Burn Treatment 

In Vivo 

Results shown in Figure 5.6 and 5.7 demonstrate that combined ultrasound and 

photoacoustic imaging is capable of noninvasive and selective tracking of the 

nanoparticle labeled ASCs as well as blood vessels over the course of two weeks, in vivo. 

Figure 5.6A-E and 5.6K-O present top view photoacoustic images of burn tissue treated 

with ASCs labeled, respectively, with gold nanospheres and gold nanorods at five 

different time points (2 days before the treatment and 4, 7, 10, and 14 days after the 

treatment). The top view images clearly show overall changes of blood vasculatures and 

gel degradation over time. However, from the photoacoustic images at a single 

wavelength, it is difficult to distinguish distribution of the nanoparticle labeled ASCs 

from blood vessels, especially at day 14 after the treatment when the gels were almost 

fully degraded. On the contrary, the labeled ASCs (green) as well as oxygen saturation in 

the blood vessels (red and blue) are clearly visualized in spectroscopic photoacoustic 

images (Figure 5.6F-J and 5.6P-T) because each unique absorption spectrum was 

noninvasively evaluated using multiwavelength photoacoustic imaging. Figure 5.7A-E 

and 5.7F-J represents cross-sectional ultrasound and spectroscopic images with the 

treatment of ASCs labeled with gold nanospheres and gold nanorods, respectively. The 

combined cross-sectional ultrasound and spectroscopic images provide depth-resolved 

morphological, functional, and cellular information together, which is a great advantage 

of the developed method. Specifically, tissue morphological changes before and after the 
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ASC treatment along with wound closing were well displayed in the ultrasound images. 

Cross-sectional spectroscopic images selectively visualize the labeled cells from 

background tissue over time and they also can provide physiological insights by tracking 

blood vessel location, density, and oxygen saturation.  

 

 

Figure 5.8: (A) Top view photoacoustic images before (left) and 14 days after (right) 

the burn treatment and a picture of the burn wound (center). (B) 

Quantitative analysis of the microvasculature obtained using photoacoustic 

imaging. 
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5.2.4 In vivo monitoring of microvasculature in the regenerated skin 

Photoacoustic imaging has been demonstrated as a useful tool to noninvasively 

monitor blood vasculature without additional agents for contrast enhancement in the 

other recent studies [17-21]. During the wound healing process, neovascularization is an 

essential step to be quantitatively assessed as a measure of tissue regeneration and 

reestablishment of sufficient oxygen and nutrient supplies to cells. Therefore, the 

photoacoustic signals from blood vessels were post processed and the microvasculature 

maps were obtained from three different data sets. Figure 5.8A presents blood vasculature 

changes before and 14 days after burn and treatment of the gel with ASCs (non-labeled). 

As shown in the photograph and the top view photoacoustic images in Figure 5.8A, the 

dotted lines in the photoacoustic images demarcate the burn boundary, which is clearly 

identifiable in the photograph of the imaged region. The photoacoustic images indicate 

significant blood vessel changes between the two time points. Quantitative analysis of the 

microvasculature was performed using the 3D photoacoustic imaging data as described 

above. As presented in Figure 5.8B, there was a significant increase of blood vessel 

density during burn skin regeneration two weeks after the burn and the ASC treatment. In 

addition, compared to the change of blood vessel density in the normal tissue, the change 

in burn tissue was prominent, which implies participation of neovascularization in burn 

tissue regeneration.  

Although spectroscopic photoacoustic imaging can selectively detect the gold 

nanoparticle labeled stem cells as shown in Figure 5.7 and 5.8, the quality of spectral 
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analysis depends on design of gold nanoparticles and consequent optical properties in the 

operating wavelength range. Specifically, spectral analysis can have errors in calculation 

of correlation coefficients and the errors can be seriously increased if given standard 

absorption spectrum from different contrast agents are not distinguishable from each 

other. In our experiments, the absorbances of the gold nanosphere labeled ASCs and 

deoxygenated hemoglobin were similar within the wavelength range of 680-960 nm. The 

absorbance of the loaded gold nanorods, on the other hand, was significantly distinct 

from both oxygenated and deoxygenated hemoglobin, with a sharp absorption peak 

within the same wavelength range for spectroscopic photoacoustic imaging. As a result, 

the use of gold nanorods labeling yielded improved results with less errors and 

mismatches in spectral analysis than was observed in the case of gold nanosphere 

labeling. This difference was particularly evident when the nanoparticle concentration 

was significantly decreased by stem cell distribution and the photoacoustic signal-to-

noise ratio was degraded at day 14 after the cell engraftment, at which time many 

spectroscopic photoacoustic signals from the gels with gold nanosphere labeled ASCs 

were classified to deoxygenated hemoglobin as shown in blue color in Figure 5.7E. 

Therefore, to maximize cell tracking ability using photoacoustic imaging, design of the 

contrast agents for cell labeling needs to be optimized depending on each photoacoustic 

imaging application.  
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5.3 CONCLUSIONS  

In this chapter, the feasibility of using combined ultrasound and photoacoustic 

imaging as an effective tool for burn diagnosis and stem cell therapies was demonstrated. 

The ex vivo and in vivo experimental results indicate that the suggested method is 

promising to noninvasively assess burn severity as well as burn skin regeneration through 

the monitoring of morphological, functional, and cellular information. Skin morphology 

and wound closing was able to be visualized by detected ultrasound backscattered 

signals, and changes in blood vessels and the gold nanoparticle labeled ASCs could be 

verified using photoacoustic imaging and spectral analysis. Compared to other clinical 

approaches such as MRI and optical imaging, the ultrasound and photoacoustic imaging 

technique can track ASC behaviors with higher sensitivity and noninvasiveness. Also, 

ultrasound and photoacoustic imaging can be clinically applied for burn skin diagnosis 

and treatment and overcome limitations of current imaging methods, which are 

inconsistent and suffer from shallow penetration depth. 
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Chapter 6: Conclusions and Future Work 

 

6.1 SUMMARY OF THE RESEARCH  

This research aims to demonstrate a novel imaging modality to visualize stem 

cells and tissue engineered constructs noninvasively while monitoring tissue regeneration 

procedures. The combined ultrasound and photoacoustic imaging technique was applied 

to achieve the overall goals. Specifically, bone marrow-derived mesenchymal stem cells 

or adipose-derived stem cells were labeled with gold nanoparticles, either gold 

nanospheres or gold nanorods, and imaged with ultrasound and photoacoustic techniques. 

In Chapter 2, photoacoustic signal generation from the gold nanoparticle labeled stem 

cells are examined in vitro. Important imaging characteristics, including sensitivity, 

specificity, and quantification of the labeled cells, were evaluated using photoacoustic 

imaging of a tissue mimicking phantom. Moreover, nonlinear photoacoustic signal 

enhancement from the gold nanoparticle labeled stem cells was verified and discussed. In 

Chapter 3, in vitro assessment of tissue engineered constructs was explored using dual 

ultrasound and photoacoustic imaging to provide combined morphological and functional 

information. PEGylated fibrin gels incorporated with MSCs or ASCs were 

nondestructively assessed over a time period of up to 16 days. Additionally, acellular 

vascular tissue scaffolds acquired by murine lung tissue decellularization were utilized to 
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visualize nanoparticle labeled endothelial cell distribution using ultrasound and 

photoacoustic imaging. In Chapter 4, longitudinal in vivo monitoring of the gold 

nanoparticle labeled MSCs was demonstrated. The nanoparticle labeled MSCs 

incorporated with PEGylated fibrin gels were intramuscularly injected into the 

gastrocnemius of the rat. In vivo spectroscopic photoacoustic imaging was capable of 

long-term selective visualization of the injected labeled MSCs as well as blood vessels 

for up to 10 days after injection. In Chapter 5, tissue regeneration after burn injury and 

stem cell treatment was monitored in vivo. Combined ultrasound and photoacoustic 

imaging was able to noninvasively diagnose capillary fluid leakage level according to 

burn severity. Also, burn tissue regeneration after the treatment of ASC-entrapped 

PEGylated fibrin gels was monitored over time. Ultrasound and spectroscopic 

photoacoustic images clearly displayed morphological skin repair, functional changes in 

blood vessels, and ASC distribution. Moreover, tissue regeneration procedure could be 

estimated by quantitative analysis of the 3D microvasculature changes. 

Overall, combined ultrasound and photoacoustic imaging is a feasible, effective 

tool for various regenerative medicine applications. The experimental results indicate that 

the suggested method is applicable to all in vitro, ex vivo and in vivo studies. Also, it is a 

promising technique to noninvasively assess tissue regeneration after stem cell therapy. 

Above all, the combined ultrasound and photoacoustic imaging technique has great 

potential for regenerative medicine studies by providing insight into various necessary 

aspects, including morphological, functional, and cellular information.  
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6.2 LIMITATIONS 

Although the suggested imaging method is advantageous and promising for 

regenerative medicine, limitations restricting its preclinical and clinical applications exist. 

The main limitation of photoacoustic imaging of nanoparticle labeled stem cells is cell 

viability detection. Stem cell therapy has a great potential for damaged tissue repair, but 

treatment efficacy is significantly hampered by the poor survival of implanted cells [1]. 

Stem cell survival is especially low in ischemic tissue regions due to low oxygen and 

nutrient supply. Therefore, a molecular imaging technique to monitor stem cell viability 

is essential for effective clinical stem cell therapy. Among various imaging modalities, 

bioluminescence imaging has been explored to detect viable stem cells and meaningful 

results were acquired [2, 3]. However, bioluminescence imaging cannot provide depth-

resolved information with high spatial resolution. Also, clinical application using 

bioluminescence imaging is highly restricted by safety issues of bioluminescent reporter 

genes [4].  

Another limitation of the current method is cell targeting specificity of 

nanoparticles. Gold nanoparticles including gold nanospheres and gold nanorods can be 

uptaken by many other cells besides stem cells, such as monocytes and macrophages [5]. 

If the stem cells undergo apoptosis or exocytose the gold nanoparticles, it is highly 

possible that the free nanoparticles will be uptaken by other cell types. Molecular 
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imaging using antibody or protein conjugated gold nanoparticles is a possible solution for 

this problem, but it is still being investigated and far from clinical use [6]. 

While photoacoustic imaging is feasible for quantification of the cellular and 

functional properties of the imaging target, quantitative measurement of tissue 

mechanical property is restricted to ultrasound imaging. In conventional ultrasound 

imaging, the contrast of soft tissue is highly limited due to a relatively small range of 

bulk moduli. Therefore, while conventional ultrasound imaging can offer information on 

basic tissue morphology, it lacks the ability to provide advanced quantitative 

measurements of tissue mechanical properties.  

 

6.3 FUTURE DIRECTIONS 

To overcome the limitation of quantification of tissue mechanical properties, 

ultrasound elasticity imaging (or ultrasound elastography) can be used to provide more 

accurate and quantitative information of mechanical properties of biological tissue [7-10]. 

Specifically, shear wave elasticity imaging (SWE) is an easy and effective solution for 

regenerative medicine research. SWE is a new approach to characterize tissue mechanical 

properties based on shear acoustic waves remotely induced by the focused acoustic 

radiation force [9, 11]. While quantitative measurement of tissue mechanical properties 

using conventional ultrasound imaging is restricted due to the limited range of bulk 

elasticity modulus, SWE can provide more accurate and quantitative mechanical 
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information because of a significantly wider range of bulk moduli. In addition, shear 

waves are highly localized to the focal point of a push beam due to the large attenuation 

of shear waves (2-3 orders larger than that of longitudinal waves for conventional 

ultrasound imaging) so that mechanical properties within a very limited region can be 

assessed using SWE.  

 

 

Figure 6.1: (A) Shear wave propagation image of the gelatin tissue mimicking 

phantoms with different gelatin concentrations (6, 10, 15, and 20%) (B) 

Calculated shear wave velocities from the gelatin phantoms. 
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Preliminary data shown in Figure 6.1 was acquired using the ultrafast ultrasound 

system (Verasonics Inc.) operating at high PRF (>10 kHz) with an array transducer. 

Unfocused ultrasound pulses were transmitted to the imaging target and parallel channel 

processing was used to reconstruct a 2D image for each transmission. As shown in Figure 

6.1B, shear wave speed (group velocity) was then estimated by calculating the arrival 

time of the shear wave peak at different lateral distances from the push beam center [12]. 

Because shear wave velocity is proportional to shear modulus, SWE can be used to 

quantitatively evaluate tissue elasticity and stiffness noninvasively. 

 

 

Figure 6.2: Brightfield and darkfield microscopy images of control macrophages, 

PEGylated nanosphere (50 nm diameter) labeled macrophages, and MSCs 

cultured with the 50 nm PEGylated nanospheres.  
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Figure 6.3: Spectroscopic photoacoustic images (top) of a tissue mimicking phantom 

with inclusions of gold nanoparticle labeled macrophages and gold nanorod 

labeled MSCs with different cell mixing ratios. The graph shows the 

reconstructive cell ratios based on quantitative analysis of the photoacoustic 

signals. 

 

Another alternative way to overcome the limitation of this research is dual 

labeling of different cells to monitor cell crosstalk. Tissue regeneration process is 

complex and interactive sequence of events including inflammation, epithelialization, 

granulation tissue and extracellular matrix formation, angiogenesis, maturation and 

remodeling. In addition, it has recently been reported that stem cell behaviors are highly 

interrelated with macrophages and various molecular pathways. Therefore, to better 

understand the tissue healing process, different cell types need to be noninvasively 

monitored in vivo.  
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 Figure 6.2 shows possibility of selective cell targeting using gold nanoparticles. 

MSCs and macrophages were cultured with PEGylated gold nanospheres and only 

macrophages endocytosed the PEGylated gold nanospheres. Therefore, during in vivo 

studies, gold nanorods can be used to label MSCs, as already demonstrated in this study, 

and PEGylated gold nanospheres can be utilized to track macrophages. Spectroscopic 

photoacoustic imaging was applied to quantify mixed MSCs and macrophages with dual 

nanoparticle labeling. The phantom study demonstrates not only selective tracking of 

MSCs and macrophages, but also quantitative analysis is promising using spectroscopic 

photoacoustic imaging. 

 

6.4 REFERENCES 

[1] Y. L. Tang, Y. Tang, Y. C. Zhang, K. Qian, L. Shen, and M. I. Phillips, 

"Improved graft mesenchymal stem cell survival in ischemic heart with a 

hypoxia-regulated heme oxygenase-1 vector," Journal of the American College of 

Cardiology, vol. 46, pp. 1339-1350, 2005. 

[2] X. Bai, Y. Yan, M. Coleman, G. Wu, B. Rabinovich, M. Seidensticker, and E. 

Alt, "Tracking long-term survival of intramyocardially delivered human adipose 

tissue-derived stem cells using bioluminescence imaging," Molecular Imaging 

and Biology, vol. 13, pp. 633-645, 2011. 

[3] M. Vilalta, C. Jorgensen, I. R. Dégano, Y. Chernajovsky, D. Gould, D. Noël, J. A. 

Andrades, J. Becerra, N. Rubio, and J. Blanco, "Dual luciferase labelling for non-

invasive bioluminescence imaging of mesenchymal stromal cell chondrogenic 

differentiation in demineralized bone matrix scaffolds," Biomaterials, vol. 30, pp. 

4986-4995, 2009. 



 131 

[4] K. O'Neill, S. K. Lyons, W. M. Gallagher, K. M. Curran, and A. T. Byrne, 

"Bioluminescent imaging: a critical tool in pre-clinical oncology research," The 

Journal of pathology, vol. 220, pp. 317-327, 2010. 

[5] B. Wang, E. Yantsen, T. Larson, A. B. Karpiouk, S. Sethuraman, J. L. Su, K. 

Sokolov, and S. Y. Emelianov, "Plasmonic intravascular photoacoustic imaging 

for detection of macrophages in atherosclerotic plaques," Nano Letters, vol. 9, pp. 

2212-2217, 2008. 

[6] I. H. El-Sayed, X. Huang, and M. A. El-Sayed, "Surface plasmon resonance 

scattering and absorption of anti-EGFR antibody conjugated gold nanoparticles in 

cancer diagnostics: applications in oral cancer," Nano Letters, vol. 5, pp. 829-834, 

2005. 

[7] B. S. Garra, "Imaging and estimation of tissue elasticity by ultrasound," 

Ultrasound quarterly, vol. 23, pp. 255-68, 2007-Dec 2007. 

[8] P. N. T. Wells and H.-D. Liang, "Medical ultrasound: imaging of soft tissue strain 

and elasticity," Journal of the Royal Society Interface, vol. 8, pp. 1521-1549, Nov 

7 2011. 

[9] J. Bercoff, M. Tanter, and M. Fink, "Supersonic shear imaging: a new technique 

for soft tissue elasticity mapping," Ultrasonics, Ferroelectrics and Frequency 

Control, IEEE Transactions on, vol. 51, pp. 396-409, 2004. 

[10] T. Deffieux, G. Montaldo, M. Tanter, and M. Fink, "Shear wave spectroscopy for 

in vivo quantification of human soft tissues visco-elasticity," IEEE transactions 

on medical imaging, vol. 28, pp. 313-322, 2009. 

[11] A. P. Sarvazyan, O. V. Rudenko, S. D. Swanson, J. B. Fowlkes, and S. Y. 

Emelianov, "Shear wave elasticity imaging: a new ultrasonic technology of 

medical diagnostics," Ultrasound in medicine & biology, vol. 24, pp. 1419-1435, 

1998. 



 132 

[12] M. L. Palmeri, M. H. Wang, J. J. Dahl, K. D. Frinkley, and K. R. Nightingale, 

"Quantifying Hepatic Shear Modulus< i> In Vivo</i> Using Acoustic Radiation 

Force," Ultrasound in medicine & biology, vol. 34, pp. 546-558, 2008. 

 

 

  



 133 

Bibliography 

Agudelo, C. A., Tachibana, Y., Noboru, T., Iida, H., and Yamaoka, T. (2011). Long-term 

in vivo magnetic resonance imaging tracking of endothelial progenitor cells 

transplanted in rat ischemic limbs and their angiogenic potential. Tissue 

Engineering Part A, 17(15-16), 2079-2089. 

Appel, A. A., Anastasio, M. A., Larson, J. C., and Brey, E. M. (2013). Imaging challenges 

in biomaterials and tissue engineering. Biomaterials. 

Bagó, J. R., Aguilar, E., Alieva, M., Soler-Botija, C., Vila, O. F., Claros, S., Andrades, J. 

A., Becerra, J., Rubio, N., and Blanco, J. (2012). In vivo bioluminescence 

imaging of cell differentiation in biomaterials: a platform for scaffold 

development. Tissue Engineering Part A, 19(5-6), 593-603. 

Bai, X., Yan, Y., Coleman, M., Wu, G., Rabinovich, B., Seidensticker, M., and Alt, E. 

(2011). Tracking long-term survival of intramyocardially delivered human 

adipose tissue-derived stem cells using bioluminescence imaging. Molecular 

Imaging and Biology, 13(4), 633-645. 

Bartunek, J., Vanderheyden, M., Vandekerckhove, B., Mansour, S., De Bruyne, B., De 

Bondt, P., Van Haute, I., Lootens, N., Heyndrickx, G., and Wijns, W. (2005). 

Intracoronary injection of CD133-positive enriched bone marrow progenitor cells 

promotes cardiac recovery after recent myocardial infarction - Feasibility and 

safety. Circulation, 112(9), I178-I183. 

Bayer, C. L., Nam, S. Y., Chen, Y.-S., and Emelianov, S. Y. (2013). Photoacoustic signal 

amplification through plasmonic nanoparticle aggregation. Journal of biomedical 

optics, 18(1), 016001-016001. 

Beard, P. (2011). Biomedical photoacoustic imaging. Interface focus, 1(4), 602-631. 

Beeres, S., Bengel, F. M., Bartunek, J., Atsma, D. E., Hill, J. M., Vanderheyden, M., 

Penicka, M., Schalij, M. J., Wijns, W., and Bax, J. J. (2007). Role of imaging in 

cardiac stem cell therapy. J Am Coll Cardiol, 49(11), 1137-1148. 

Bercoff, J., Tanter, M., and Fink, M. (2004). Supersonic shear imaging: a new technique 

for soft tissue elasticity mapping. Ultrasonics, Ferroelectrics and Frequency 

Control, IEEE Transactions on, 51(4), 396-409. 



 134 

Boisselier, E., and Astruc, D. (2009). Gold nanoparticles in nanomedicine: preparations, 

imaging, diagnostics, therapies and toxicity. Chemical Society Reviews, 38(6), 

1759-1782. 

Boyle, A. J., Schulman, S. P., and Hare, J. M. (2006). Is stem cell therapy ready for 

patients? Stem cell therapy for cardiac repair - Ready for the next step. 

Circulation, 114(4), 339-352. 

Brenner, D. J., and Hall, E. J. (2007). Computed tomography—an increasing source of 

radiation exposure. New England Journal of Medicine, 357(22), 2277-2284. 

Brugaletta, S., Radu, M. D., Garcia-Garcia, H. M., Heo, J. H., Farooq, V., Girasis, C., van 

Geuns, R.-J., Thuesen, L., McClean, D., and Chevalier, B. (2012). 

Circumferential evaluation of the neointima by optical coherence tomography 

after ABSORB bioresorbable vascular scaffold implantation: can the scaffold cap 

the plaque? Atherosclerosis, 221(1), 106-112. 

Cai, X., Zhang, Y. S., Xia, Y., and Wang, L. V. (2013). Photoacoustic microscopy in tissue 

engineering. Materials Today, 16(3), 67-77. 

                     -                               -                        -        

                 , N., Piskin, E., Ziane, O., and Casalegno, R. (2009). Imaging 

the structure of macroporous hydrogels by two-photon fluorescence microscopy. 

Macromolecules, 42(7), 2749-2755. 

Chang, T., Zimmerley, M. S., Quinn, K. P., Lamarre-Jouenne, I., Kaplan, D. L., 

Beaurepaire, E., and Georgakoudi, I. (2013). Non-invasive monitoring of cell 

metabolism and lipid production in 3D engineered human adipose tissues using 

label-free multiphoton microscopy. Biomaterials. 

Chen, C.-W., Betz, M. W., Fisher, J. P., Paek, A., and Chen, Y. (2010). Macroporous 

hydrogel scaffolds and their characterization by optical coherence tomography. 

Tissue Engineering Part C: Methods, 17(1), 101-112. 

Chen, Q. A., Yang, Z. L., Sun, S. J., Huang, H., Sun, X. J., Wang, Z. G., Zhang, Y., and 

Zhang, B. (2010). Adipose-derived stem cells modified genetically in vivo 

promote reconstruction of bone defects. Cytotherapy, 12(6), 831-840. 

Chen, W.-L., Huang, C.-H., Chiou, L.-L., Chen, T.-H., Huang, Y.-Y., Jiang, C.-C., Lee, 

H.-S., and Dong, C.-Y. (2010). Multiphoton imaging and quantitative analysis of 

collagen production by chondrogenic human mesenchymal stem cells cultured in 

chitosan scaffold. Tissue Engineering Part C: Methods, 16(5), 913-920. 



 135 

Chung, E., Nam, S. Y., Ricles, L. M., Emelianov, S. Y., and Suggs, L. J. (2012). 

Evaluation of gold nanotracers to track adipose-derived stem cells in a PEGylated 

fibrin gel for dermal tissue engineering applications. International Journal of 

Nanomedicine, 8, 325-336. 

Chung, E., Ricles, L. M., Stowers, R. S., Nam, S. Y., Emelianov, S. Y., and Suggs, L. J. 

(2012). Multifunctional nanoscale strategies for enhancing and monitoring blood 

vessel regeneration. Nano Today, 7(6), 514-531. 

ClinicalTrials.gov. (2011). Worldwide experimental trials of stem cell-based therapies, 

from www.clinicaltrials.gov 

Cox, B., Laufer, J. G., Arridge, S. R., and Beard, P. C. (2012). Quantitative spectroscopic 

photoacoustic imaging: a review. Journal of biomedical optics, 17(6), 0612021-

06120222. 

Cresce, A. v. W., Dandu, R., Burger, A., Cappello, J., and Ghandehari, H. (2008). 

Characterization and real-time imaging of gene expression of adenovirus 

embedded silk-elastinlike protein polymer hydrogels. Molecular pharmaceutics, 

5(5), 891-897. 

Currie, L. J., Sharpe, J. R., and Martin, R. (2001). The use of fibrin glue in skin grafts and 

tissue-engineered skin replacements: a review. Plastic and reconstructive surgery, 

108(6), 1713-1726. 

Daniel, M. C., and Astruc, D. (2004). Gold nanoparticles: Assembly, supramolecular 

chemistry, quantum-size-related properties, and applications toward biology, 

catalysis, and nanotechnology. Chemical Reviews, 104(1), 293-346. 

De la Zerda, A., Zavaleta, C., Keren, S., Vaithilingam, S., Bodapati, S., Liu, Z., Levi, J., 

Smith, B. R., Ma, T. J., Oralkan, O., Cheng, Z., Chen, X., Dai, H., Khuri-Yakub, 

B. T., and Gambhir, S. S. (2008). Carbon nanotubes as photoacoustic molecular 

imaging agents in living mice. Nature Nanotechnology, 3(9), 557-562. 

Deffieux, T., Montaldo, G., Tanter, M., and Fink, M. (2009). Shear wave spectroscopy for 

in vivo quantification of human soft tissues visco-elasticity. IEEE transactions on 

medical imaging, 28(3), 313-322. 

Dobrucki, L. W., and Sinusas, A. J. (2010). PET and SPECT in cardiovascular molecular 

imaging. Nature Reviews Cardiology, 7(1), 38-47. 



 136 

Dvir, T., Timko, B. P., Kohane, D. S., and Langer, R. (2010). Nanotechnological 

strategies for engineering complex tissues. Nature Nanotechnology, 6(1), 13-22. 

Egerev, S. V., and Oraevsky, A. A. (2008). Optothermoacoustic phenomena in highly 

diluted suspensions of gold nanoparticles. International Journal of Thermophysics, 

29(6), 2116-2125. 

El-Sayed, I. H., Huang, X., and El-Sayed, M. A. (2005). Surface plasmon resonance 

scattering and absorption of anti-EGFR antibody conjugated gold nanoparticles in 

cancer diagnostics: applications in oral cancer. Nano Letters, 5(5), 829-834. 

Emelianov, S. Y., Aglyamov, S. R., Karpiouk, A. B., Mallidi, S., Park, S., Sethuraman, S., 

Sbah, J., Smalling, R. W., Rubin, J. M., and Scott, W. G. (2006). Synergy and 

Applications of Combined Ultrasound, Elasticity, and Photoacoustic Imaging. 

2006 Ieee Ultrasonics Symposium, Vols 1-5, Proceedings, 405-415. 

Emelianov, S. Y., Li, P.-        O’            (2009)  P  t  c   t c          c     

imaging and therapy. Physics Today, 62(8), 34. 

Farini, A., Villa, C., Manescu, A., Fiori, F., Giuliani, A., Razini, P., Sitzia, C., Del Fraro, 

G., Belicchi, M., and Meregalli, M. (2012). Novel insight into stem cell 

trafficking in dystrophic muscles. International Journal of Nanomedicine, 7, 3059. 

Fischer, L. J., McIlhenny, S., Tulenko, T., Golesorkhi, N., Zhang, P., Larson, R., 

Lombardi, J., Shapiro, I., and DiMuzio, P. J. (2009). Endothelial differentiation of 

adipose-derived stem cells: effects of endothelial cell growth supplement and 

shear force. The Journal of surgical research, 152(1), 157-166. 

Fleischmann, D., and Boas, F. E. (2011). Computed tomography—old ideas and new 

technology. European radiology, 21(3), 510-517. 

Frens, G. (1973). Controlled nucleation for the regulation of the particle size in 

monodisperse gold suspensions. Nature Physical Science, 241, 20-22. 

Fu, X., Fang, L., Li, H., Li, X., Cheng, B., and Sheng, Z. (2007). Adipose tissue extract 

enhances skin wound healing. Wound Repair Regen, 15(4), 540-548. 

Garra, B. S. (2007). Imaging and estimation of tissue elasticity by ultrasound. Ultrasound 

quarterly, 23(4), 255-268. 



 137 

Geuze, R. E., Prins, H.-J., Ö ner, F. C., van der Helm, Y. J., Schuijff, L. S., Martens, A. C., 

Kruyt, M. C., Alblas, J., and Dhert, W. J. (2010). Luciferase labeling for 

multipotent stromal cell tracking in spinal fusion versus ectopic bone tissue 

engineering in mice and rats. Tissue Engineering Part A, 16(11), 3343-3351. 

Gimble, J. M., Katz, A. J., and Bunnell, B. A. (2007). Adipose-derived stem cells for 

regenerative medicine. Circulation research, 100(9), 1249-1260. 

Giuliani, A., Moroncini, F., Mazzoni, S., Belicchi, M. L., Villa, C., Erratico, S., Colombo, 

E., Calcaterra, F., Brambilla, L., Torrente, Y., Albertini, G., and Bella, S. D. (2013). 

Polyglycolic Acid-Polylactic Acid Scaffold Response to Different Progenitor Cell 

In Vitro Cultures: A Demonstrative and Comparative X-Ray Synchrotron 

Radiation Phase-Contrast Microtomography Study. Tissue engineering. Part C, 

Methods. 

Gomez-Lara, J., Brugaletta, S., Diletti, R., Garg, S., Onuma, Y., Gogas, B. D., van Geuns, 

R. J., Dorange, C., Veldhof, S., and Rapoza, R. (2011). A comparative assessment 

by optical coherence tomography of the performance of the first and second 

generation of the everolimus-eluting bioresorbable vascular scaffolds. European 

heart journal, 32(3), 294-304. 

Govorov, A. O., Zhang, W., Skeini, T., Richardson, H., Lee, J., and Kotov, N. A. (2006). 

Gold nanoparticle ensembles as heaters and actuators: melting and collective 

plasmon resonances. Nanoscale Research Letters, 1(1), 84-90. 

Griffith, L. G., and Naughton, G. (2002). Tissue engineering--current challenges and 

expanding opportunities. Science, 295(5557), 1009-1014. 

Gudur, M., Rao, R. R., Hsiao, Y.-S., Peterson, A. W., Deng, C. X., and Stegemann, J. P. 

(2012). Noninvasive, quantitative, spatiotemporal characterization of 

mineralization in three-dimensional collagen hydrogels using high-resolution 

spectral ultrasound imaging. Tissue Engineering Part C: Methods, 18(12), 935-

946. 

Gusev, V. E., Karabutov, A. A., and Hendzel, K. (1993). Laser optoacoustics: American 

Institute of Physics New York. 

Hu, S., Maslov, K., and Wang, L. H. V. (2009). Noninvasive label-free imaging of 

microhemodynamics by optical-resolution photoacoustic microscopy. Optics 

Express, 17(9), 7688-7693. 



 138 

Iversen, T.-G., Skotland, T., and Sandvig, K. (2011). Endocytosis and intracellular 

transport of nanoparticles: Present knowledge and need for future studies. Nano 

Today, 6(2), 176-185. 

Jain, P. K., Lee, K. S., El-Sayed, I. H., and El-Sayed, M. A. (2006). Calculated absorption 

and scattering properties of gold nanoparticles of different size, shape, and 

composition: Applications in biological imaging and biomedicine. Journal of 

Physical Chemistry B, 110(14), 7238-7248. 

Jana, N. R., Gearheart, L., and Murphy, C. J. (2001). Seed-mediated growth approach for 

shape-controlled synthesis of spheroidal and rod-like gold nanoparticles using a 

surfactant template. Advanced Materials, 13(18), 1389-1393. 

Jun, Y. W., Lee, J. H., and Cheon, J. (2008). Chemical design of nanoparticle probes for 

high-performance magnetic resonance imaging. Angewandte Chemie-

International Edition, 47(28), 5122-5135. 

Kachgal, S., and Putnam, A. J. (2011). Mesenchymal stem cells from adipose and bone 

marrow promote angiogenesis via distinct cytokine and protease expression 

mechanisms. Angiogenesis, 14(1), 47-59. 

Killer, M., Keeley, E. M., Cruise, G. M., Schmitt, A., and McCoy, M. R. (2011). MR 

imaging of hydrogel filament embolic devices loaded with superparamagnetic 

iron oxide or gadolinium. Neuroradiology, 53(6), 449-456. 

Kim, S., Chen, Y.-S., Luke, G. P., and Emelianov, S. Y. (2011). In vivo three-dimensional 

spectroscopic photoacoustic imaging for monitoring nanoparticle delivery. 

Biomedical Optics Express, 2(9), 2540-2550. 

Konig, K. (2000). Multiphoton microscopy in life sciences. J Microsc, 200(Pt 2), 83-104. 

Kraitchman, D. L., Heldman, A. W., Atalar, E., Amado, L. C., Martin, B. J., Pittenger, M. 

F., Hare, J. M., and Bulte, J. W. M. (2003). In vivo magnetic resonance imaging of 

mesenchymal stem cells in myocardial infarction. Circulation, 107(18), 2290-

2293. 

Kreitz, S., Dohmen, G., Hasken, S., Schmitz-Rode, T., Mela, P., and Jockenhoevel, S. 

(2011). Nondestructive method to evaluate the collagen content of fibrin-based 

tissue engineered structures via ultrasound. Tissue Engineering Part C: Methods, 

17(10), 1021-1026. 



 139 

Lalande, C., Miraux, S., Derkaoui, S., Mornet, S., Bareille, R., Fricain, J.-C., Franconi, J.-

M., Le Visage, C., Letourneur, D., and Amédée, J. (2011). Magnetic resonance 

imaging tracking of human adipose derived stromal cells within three-

dimensional scaffolds for bone tissue engineering. European cells & materials, 21, 

341-354. 

Lawrence, B. D., Marchant, J. K., Pindrus, M. A., Omenetto, F. G., and Kaplan, D. L. 

(2009). Silk film biomaterials for cornea tissue engineering. Biomaterials, 30(7), 

1299-1308. 

Lee, I. S., Bourantas, C. V., Muramatsu, T., Gogas, B. D., Heo, J. H., Diletti, R., Farooq, 

V., Zhang, Y., Onuma, Y., and Serruys, P. W. (2013). Assessment of plaque 

evolution in coronary bifurcations located beyond everolimus eluting scaffolds: 

serial intravascular ultrasound virtual histology study. Cardiovascular ultrasound, 

11(1), 25. 

Li, S. C., Tachiki, L. M. L., Luo, J., Dethlefs, B. A., Chen, Z. P., and Loudon, W. G. 

(2010). A Biological Global Positioning System: Considerations for Tracking 

Stem Cell Behaviors in the Whole Body. Stem Cell Reviews and Reports, 6(2), 

317-333. 

Lin, C.-Y., Chang, Y.-H., Kao, C.-Y., Lu, C.-H., Sung, L.-Y., Yen, T.-C., Lin, K.-J., and 

Hu, Y.-C. (2012). Augmented healing of critical-size calvarial defects by 

baculovirus-engineered MSCs that persistently express growth factors. 

Biomaterials, 33(14), 3682-3692. 

Liu, J., Barradas, A., Fernandes, H., Janssen, F., Papenburg, B., Stamatialis, D., Martens, 

A., van Blitterswijk, C., and de Boer, J. (2009). In vitro and in vivo 

bioluminescent imaging of hypoxia in tissue-engineered grafts. Tissue 

Engineering Part C: Methods, 16(3), 479-485. 

Lloyd, J. (2010). Heart Disease and Stroke Statistics-2010 Update: A Report From the 

American Heart Association (vol 121, pg e46, 2010). Circulation, 121(12), E260-

E260. 

Lou, C., Nie, L., and Xu, D. (2011). Effect of excitation pulse width on thermoacoustic 

signal characteristics and the corresponding algorithm for optimization of imaging 

resolution. Journal of Applied Physics, 110(8), 083101. 

Luke, G. P., Yeager, D., and Emelianov, S. Y. (2012). Biomedical applications of 

photoacoustic imaging with exogenous contrast agents. Annals of biomedical 

engineering, 40(2), 422-437. 



 140 

Luker, G. D., and Luker, K. E. (2008). Optical imaging: Current applications and future 

directions. Journal of Nuclear Medicine, 49(1), 1-4. 

MacNeil, S. (2007). Progress and opportunities for tissue-engineered skin. Nature, 

445(7130), 874-880. 

Mallidi, S., Larson, T., Aaron, J., Sokolov, K., and Emelianov, S. (2007). Molecular 

specific optoacoustic imaging with plasmonic nanoparticles. Optics Express, 

15(11), 6583-6588. 

Mallidi, S., Larson, T., Tam, J., Joshi, P. P., Karpiouk, A., Sokolov, K., and Emelianov, S. 

(2009). Multiwavelength photoacoustic imaging and plasmon resonance coupling 

of gold nanoparticles for selective detection of cancer. Nano Letters, 9(8), 2825-

2831. 

Mason, C., and Manzotti, E. (2010). Regenerative medicine cell therapies: numbers of 

units manufactured and patients treated between 1988 and 2010. Regenerative 

medicine, 5(3), 307-313. 

McAllister, T. N., Maruszewski, M., Garrido, S. A., Wystrychowski, W., Dusserre, N., 

Marini, A., Zagalski, K., Fiorillo, A., Avila, H., and Manglano, X. (2009). 

Effectiveness of haemodialysis access with an autologous tissue-engineered 

vascular graft: a multicentre cohort study. The Lancet, 373(9673), 1440-1446. 

Mertens, M. E., Hermann, A., Bühren, A., Olde-Damink, L., Möckel, D., Gremse, F., 

Ehling, J., Kiessling, F., and Lammers, T. (2013). Iron Oxide-Labeled Collagen 

Scaffolds for Non-Invasive MR Imaging in Tissue Engineering. Advanced 

Functional Materials. 

Mertsching, H., Walles, T., Hofmann, M., Schanz, J., and Knapp, W. H. (2005). 

Engineering of a vascularized scaffold for artificial tissue and organ generation. 

Biomaterials, 26(33), 6610-6617. 

Németh, G., and Palágyi, K. (2011). Topology preserving parallel thinning algorithms. 

International Journal of Imaging Systems and Technology, 21(1), 37-44. 

Nagao, R. J., Ouyang, Y., Keller, R., Lee, C., Suggs, L. J., and Schmidt, C. E. (2013). 

Preservation of capillary-beds in rat lung tissue using optimized chemical 

decellularization. J. Mater. Chem. B, 1(37), 4801-4808. 



 141 

Nam, S. Y., Ricles, L. M., Suggs, L. J., and Emelianov, S. Y. (2012a). In vivo Ultrasound 

and Photoacoustic Monitoring of Mesenchymal Stem Cells Labeled with Gold 

Nanotracers. PLoS ONE, 7(5), e37267. 

Nam, S. Y., Ricles, L. M., Suggs, L. J., and Emelianov, S. Y. (2012b). Nonlinear 

photoacoustic signal increase from endocytosis of gold nanoparticles. Optics 

letters, 37(22), 4708-4710. 

Natesan, S., Zhang, G., Baer, D. G., Walters, T. J., Christy, R. J., and Suggs, L. J. (2011). 

A bilayer construct controls adipose-derived stem cell differentiation into 

endothelial cells and pericytes without growth factor stimulation. Tissue 

engineering. Part A, 17(7-8), 941-953. 

Nie, C., Yang, D., Xu, J., Si, Z., Jin, X., and Zhang, J. (2011). Locally administered 

adipose-derived stem cells accelerate wound healing through differentiation and 

vasculogenesis. Cell transplantation, 20(2), 205-216. 

Nikoobakht, B., and El-Sayed, M. A. (2003). Preparation and growth mechanism of gold 

nanorods (NRs) using seed-mediated growth method. Chemistry of Materials, 

15(10), 1957-1962. 

Ntziachristos, V. (2010). Going deeper than microscopy: the optical imaging frontier in 

biology. Nature methods, 7(8), 603-614. 

O'Neill, K., Lyons, S. K., Gallagher, W. M., Curran, K. M., and Byrne, A. T. (2010). 

Bioluminescent imaging: a critical tool in pre-clinical oncology research. The 

Journal of pathology, 220(3), 317-327. 

Okamura, T., Onuma, Y., García-García, H. M., Regar, E., Wykrzykowska, J. J., Koolen, 

J., Thuesen, L., Windecker, S., Whitbourn, R., and McClean, D. R. (2010). 3-

Dimensional Optical Coherence Tomography Assessment of Jailed Side Branches 

by Bioresorbable Vascular ScaffoldsA Proposal for Classification. JACC: 

Cardiovascular Interventions, 3(8), 836-844. 

Onuma, Y., Serruys, P. W., Perkins, L. E., Okamura, T., Gonzalo, N., García-García, H. 

M., Regar, E., Kamberi, M., Powers, J. C., and Rapoza, R. (2010). Intracoronary 

Optical Coherence Tomography and Histology at 1 Month and 2, 3, and 4 Years 

After Implantation of Everolimus-Eluting Bioresorbable Vascular Scaffolds in a 

Porcine Coronary Artery ModelClinical Perspective An Attempt to Decipher the 

Human Optical Coherence Tomography Images in the ABSORB Trial. Circulation, 

122(22), 2288-2300. 



 142 

Oraevsky, A., and Karabutov, A. (2003). Optoacoustic Tomography. In T. Vo-Dinh (Ed.), 

Biomedical Photonics Handbook (Vol. PM125, pp. 1-34): CRC Press. 

Oshurko, V. B. (2006). Imaging thermal fields in nonlinear photoacoustics. Technical 

Physics Letters, 32(8), 691-693. 

P  á y   K               K         H              ő   y            t            H          

K. (2001). A sequential 3D thinning algorithm and its medical applications. Paper 

presented at the Information Processing in Medical Imaging. 

Palmeri, M. L., Wang, M. H., Dahl, J. J., Frinkley, K. D., and Nightingale, K. R. (2008). 

Quantifying Hepatic Shear Modulus In Vivo Using Acoustic Radiation Force. 

Ultrasound in medicine & biology, 34(4), 546-558. 

Papantoniou, I., Sonnaert, M., Geris, L., Luyten, F. P., Schrooten, J., and Kerckhofs, G. 

(2013). Three-Dimensional Characterization of Tissue-Engineered Constructs by 

Contrast-Enhanced Nanofocus Computed Tomography. Tissue Engineering Part C: 

Methods. 

Park, B. S., Jang, K. A., Sung, J. H., Park, J. S., Kwon, Y. H., Kim, K. J., and Kim, W. S. 

(2008). Adipose-derived stem cells and their secretory factors as a promising 

therapy for skin aging. Dermatologic surgery : official publication for American 

Society for Dermatologic Surgery [et al.], 34(10), 1323-1326. 

Park, S., Karpiouk, A. B., Aglyamov, S. R., and Emelianov, S. Y. (2008). Adaptive 

beamforming for photoacoustic imaging. Optics letters, 33(12), 1291-1293. 

Pickard, M. R., Jenkins, S. I., Koller, C. J., Furness, D. N., and Chari, D. M. (2010). 

Magnetic nanoparticle labeling of astrocytes derived for neural transplantation. 

Tissue Engineering Part C: Methods, 17(1), 89-99. 

Place, E. S., Evans, N. D., and Stevens, M. M. (2009). Complexity in biomaterials for 

tissue engineering. Nature materials, 8(6), 457-470. 

Podoleanu, A. G. (2005). Optical coherence tomography. British journal of radiology, 

78(935), 976-988. 

Rahmim, A., and Zaidi, H. (2008). PET versus SPECT: strengths, limitations and 

challenges. Nuclear Medicine Communications, 29(3), 193-207. 



 143 

Ramaswamy, S., Greco, J. B., Uluer, M. C., Zhang, Z., Zhang, Z., Fishbein, K. W., and 

Spencer, R. G. (2009). Magnetic resonance imaging of chondrocytes labeled with 

superparamagnetic iron oxide nanoparticles in tissue-engineered cartilage. Tissue 

Engineering Part A, 15(12), 3899-3910. 

Rice, M. A., Waters, K. R., and Anseth, K. S. (2009). Ultrasound monitoring of 

cartilaginous matrix evolution in degradable PEG hydrogels. Acta biomaterialia, 

5(1), 152-161. 

Ricles, L. M., Nam, S. Y., Sokolov, K., Emelianov, S. Y., and Suggs, L. J. (2011). 

Function of mesenchymal stem cells following loading of gold nanotracers. 

International Journal of Nanomedicine, 6, 407. 

Saldanha, K. J., Doan, R. P., Ainslie, K. M., Desai, T. A., and Majumdar, S. (2011). 

Micrometer-sized iron oxide particle labeling of mesenchymal stem cells for 

magnetic resonance imaging-based monitoring of cartilage tissue engineering. 

Magnetic resonance imaging, 29(1), 40-49. 

Sanchot, A., Baffou, G., Marty, R., Arbouet, A., Quidant, R., Girard, C., and Dujardin, E. 

(2012). Plasmonic nanoparticle networks for light and heat concentration. ACS 

Nano, 6(4), 3434-3440. 

Sarvazyan, A. P., Rudenko, O. V., Swanson, S. D., Fowlkes, J. B., and Emelianov, S. Y. 

(1998). Shear wave elasticity imaging: a new ultrasonic technology of medical 

diagnostics. Ultrasound in medicine & biology, 24(9), 1419-1435. 

Schroeder, T. (2008). Imaging stem-cell-driven regeneration in mammals. Nature, 

453(7193), 345-351. 

Segers, V. F. M., and Lee, R. T. (2008). Stem-cell therapy for cardiac disease. Nature, 

451(7181), 937-942. 

Shachar, M., Tsur-Gang, O., Dvir, T., Leor, J., and Cohen, S. (2011). The effect of 

immobilized RGD peptide in alginate scaffolds on cardiac tissue engineering. 

Acta biomaterialia, 7(1), 152-162. 

Sheikh, A. Y., and Wu, J. C. (2006). Molecular imaging of cardiac stem cell 

transplantation. Curr Cardiol Rep, 8(2), 147-154. 

Strem, B. M., Hicok, K. C., Zhu, M., Wulur, I., Alfonso, Z., Schreiber, R. E., Fraser, J. K., 

and Hedrick, M. H. (2005). Multipotential differentiation of adipose tissue-

derived stem cells. The Keio journal of medicine, 54(3), 132-141. 



 144 

Su, J. L. S., Wang, B., and Emelianov, S. Y. (2009). Photoacoustic imaging of coronary 

artery stents. Optics Express, 17(22), 19894-19901. 

Sun, J., and Gerstman, B. S. (1999). Photoacoustic generation for a spherical absorber 

with impedance mismatch with the surrounding media. Physical Review E, 59(5), 

5772. 

Sun, Y., Ventura, M., Oosterwijk, E., Jansen, J. A., Walboomers, X. F., and Heerschap, A. 

(2013). Zero Echo Time Magnetic Resonance Imaging of Contrast-Agent-

Enhanced Calcium Phosphate Bone Defect Fillers. Tissue Engineering Part C: 

Methods, 19(4), 281-287. 

Taghavi, S., Duran, J. M., and George, J. C. (2011). Stem cell therapy for peripheral 

arterial disease: a review of clinical trials. Stem Cell Studies, 1(1), e17. 

Talukdar, Y., Avti, P. K., Sun, J., and Sitharaman, B. (2013). Multimodal Ultrasound-

Photoacoustic Imaging of Tissue Engineering Scaffolds and Blood Oxygen 

Saturation In and Around the Scaffolds. Tissue engineering(ja). 

Tanaka, Y., Saijo, Y., Fujihara, Y., Yamaoka, H., Nishizawa, S., Nagata, S., Ogasawara, T., 

Asawa, Y., Takato, T., and Hoshi, K. (2012). Evaluation of the implant type tissue-

engineered cartilage by scanning acoustic microscopy. Journal of bioscience and 

bioengineering, 113(2), 252-257. 

Tang, Y. L., Tang, Y., Zhang, Y. C., Qian, K., Shen, L., and Phillips, M. I. (2005). 

Improved graft mesenchymal stem cell survival in ischemic heart with a hypoxia-

regulated heme oxygenase-1 vector. Journal of the American College of 

Cardiology, 46(7), 1339-1350. 

Terreno, E., Delli Castelli, D., Viale, A., and Aime, S. (2010). Challenges for Molecular 

Magnetic Resonance Imaging. Chemical Reviews, 110(5), 3019-3042. 

Thimm, B. W., Hofmann, S., Schneider, P., Carretta, R., and Müller, R. (2011). Imaging 

of Cellular Spread on a Three-Dimensional Scaffold by Means of a Novel Cell-

Labeling Technique for High-Resolution Computed Tomography. Tissue 

Engineering Part C: Methods, 18(3), 167-175. 

Tholpady, S. S., Katz, A. J., and Ogle, R. C. (2003). Mesenchymal stem cells from rat 

visceral fat exhibit multipotential differentiation in vitro. The anatomical record. 

Part A, Discoveries in molecular, cellular, and evolutionary biology, 272(1), 398-

402. 



 145 

Tour, G., Wendel, M., and Tcacencu, I. (2013). Human fibroblast‐derived extracellular 

matrix constructs for bone tissue engineering applications. Journal of Biomedical 

Materials Research Part A. 

van de Watering, F. C. J., Molkenboer-Kuenen, J. D. M., Boerman, O. C., van den 

Beucken, J. J. J. P., and Jansen, J. A. (2012). Differential loading methods for 

BMP-2 within injectable calcium phosphate cement. Journal of Controlled 

Release, 164(3), 283-290. 

van der Zande, M., Sitharaman, B., Walboomers, X. F., Tran, L., Ananta, J. S., Veltien, A., 

Wilson, L. J., Á lava, J. I., Heerschap, A., and Mikos, A. G. (2010). In vivo 

magnetic resonance imaging of the distribution pattern of gadonanotubes released 

from a degrading poly (lactic-co-glycolic acid) scaffold. Tissue Engineering Part 

C: Methods, 17(1), 19-26. 

Vilalta, M., Jorgensen, C., Dégano, I. R., Chernajovsky, Y., Gould, D., Noël, D., 

Andrades, J. A., Becerra, J., Rubio, N., and Blanco, J. (2009). Dual luciferase 

labelling for non-invasive bioluminescence imaging of mesenchymal stromal cell 

chondrogenic differentiation in demineralized bone matrix scaffolds. Biomaterials, 

30(28), 4986-4995. 

Wang, B., König, K., and Halbhuber, K. (2010). Two-photon microscopy of deep 

intravital tissues and its merits in clinical research. Journal of microscopy, 238(1), 

1-20. 

Wang, B., Yantsen, E., Larson, T., Karpiouk, A. B., Sethuraman, S., Su, J. L., Sokolov, K., 

and Emelianov, S. Y. (2008). Plasmonic intravascular photoacoustic imaging for 

detection of macrophages in atherosclerotic plaques. Nano Letters, 9(6), 2212-

2217. 

Wang, B., Yantsen, E., Larson, T., Karpiouk, A. B., Sethuraman, S., Su, J. L., Sokolov, K., 

and Emelianov, S. Y. (2009). Plasmonic Intravascular Photoacoustic Imaging for 

Detection of Macrophages in Atherosclerotic Plaques. Nano Letters, 9(6), 2212-

2217. 

Wang, L. V. (2008). Prospects of photoacoustic tomography. Medical Physics, 35(12), 

5758-5767. 

Wang, L. V. (2009). Photoacoustic imaging and spectroscopy: CRC press. 

Wang, L. V., and Hu, S. (2012). Photoacoustic tomography: in vivo imaging from 

organelles to organs. Science, 335(6075), 1458-1462. 



 146 

Wang, Y., Bella, E., Lee, C. S., Migliaresi, C., Pelcastre, L., Schwartz, Z., Boyan, B. D., 

and Motta, A. (2010). The synergistic effects of 3-D porous silk fibroin matrix 

scaffold properties and hydrodynamic environment in cartilage tissue regeneration. 

Biomaterials, 31(17), 4672-4681. 

Ward, A., Quinn, K. P., Bellas, E., Georgakoudi, I., and Kaplan, D. L. (2013). 

Noninvasive Metabolic Imaging of Engineered 3D Human Adipose Tissue in a 

Perfusion Bioreactor. PLoS ONE, 8(2), e55696. 

Weissleder, R., and Pittet, M. J. (2008). Imaging in the era of molecular oncology. Nature, 

452(7187), 580-589. 

Wells, P. N. T., and Liang, H.-D. (2011). Medical ultrasound: imaging of soft tissue strain 

and elasticity. Journal of the Royal Society Interface, 8(64), 1521-1549. 

Wu, J. C. (2007). Comparison of imaging techniques for tracking cardiac stem cell 

therapy. Journal of Nuclear Medicine, 48(12), 1916-1919. 

Xu, M. H., and Wang, L. H. V. (2006). Photoacoustic imaging in biomedicine. Review of 

Scientific Instruments, 77(4). 

Yang, Q., Peng, J., Guo, Q., Huang, J., Zhang, L., Yao, J., Yang, F., Wang, S., Xu, W., and 

Wang, A. (2008). A cartilage ECM-derived 3-D porous acellular matrix scaffold 

for in vivo cartilage tissue engineering with PKH26-labeled chondrogenic bone 

marrow-derived mesenchymal stem cells. Biomaterials, 29(15), 2378-2387. 

Yoon, S. J., Mallidi, S., Tam, J. M., Tam, J. O., Murthy, A., Johnston, K. P., Sokolov, K. 

V., and Emelianov, S. Y. (2010). Utility of biodegradable plasmonic nanoclusters 

in photoacoustic imaging. Optics letters, 35(22), 3751-3753. 

Zhang, G., Drinnan, C. T., Geuss, L. R., and Suggs, L. J. (2010). Vascular differentiation 

of bone marrow stem cells is directed by a tunable three-dimensional matrix. Acta 

biomaterialia, 6(9), 3395-3403. 

Zhang, G., Hu, Q. S., Braunlin, E. A., Suggs, L. J., and Zhang, J. Y. (2008). Enhancing 

efficacy of stem cell transplantation to the heart with a PEGylated fibrin biomatrix. 

Tissue Engineering Part A, 14(6), 1025-1036. 

Zhang, G., and Suggs, L. J. (2007). Matrices and scaffolds for drug delivery in vascular 

tissue engineering. Advanced Drug Delivery Reviews, 59(4-5), 360-373. 



 147 

Zhang, G., Wang, X. H., Wang, Z. L., Zhang, J. Y., and Suggs, L. (2006). A PEGylated 

fibrin patch for mesenchymal stem cell delivery. Tissue engineering, 12(1), 9-19. 

Zhang, H. F., Maslov, K., Stoica, G., and Wang, L. V. (2006). Functional photoacoustic 

microscopy for high-resolution and noninvasive in vivo imaging. Nat Biotechnol, 

24(7), 848-851. 

Zhao, F., Zhao, Y., Liu, Y., Chang, X., Chen, C., and Zhao, Y. (2011). Cellular uptake, 

intracellular trafficking, and cytotoxicity of nanomaterials. Small, 7(10), 1322-

1337. 

Zhou, J., Lin, H., Fang, T., Li, X., Dai, W., Uemura, T., and Dong, J. (2010). The repair of 

large segmental bone defects in the rabbit with vascularized tissue engineered 

bone. Biomaterials, 31(6), 1171-1179. 

Zhou, R., Acton, P. D., and Ferrari, V. A. (2006). Imaging stem cells implanted in 

infarcted myocardium. J Am Coll Cardiol, 48(10), 2094-2106. 

Zhuo, S., Chen, J., Xie, S., Fan, L., Zheng, L., Zhu, X., and Jiang, X. (2010). Monitoring 

dermal wound healing after mesenchymal stem cell transplantation using 

nonlinear optical microscopy. Tissue Engineering Part C: Methods, 16(5), 1107-

1110. 

 

 

 

  



 148 

 

Vita 

 

Seung Yun Nam received his B.S. in Electrical and Computer Engineering from 

Seoul National University, South Korea, in 2007. He entered The University of Texas at 

Austin for his graduate education in 2007, and joined the Ultrasound Imaging and 

Therapeutics Research Laboratory in 2008. He received his M.S. degree under the 

supervision of Dr. Stanislav Emelianov in Electrical and Computer Engineering 

(Biomedical Engineering track) in 2010. His graduate research has been focused on 

monitoring stem cells and tissue regeneration using molecular contrast agents and 

combined ultrasound and photoacoustic imaging.  

 

 

 

 

Permanent address: 108-2003, Oryukdo SKview Apt.,  

Yongho 2-dong, Nam-gu, 

Busan, Rep. of KOREA 

608-749 

This dissertation was typed by Seung Yun Nam. 

 

 


