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Molecular photoacoustic imaging is an exciting new field that promises to 

visualize molecular indicators of disease. The objective of this dissertation is to progress 

molecular imaging by providing a photoacoustic microscopy platform to better validate 

in vivo molecular photoacoustic imaging, diagnose disease, and study fundamental 

photoacoustic processes. Initially, a custom photoacoustic microscope was developed to 

provide high-sensitivity and high-resolution of both endogenous and exogenous contrast 

agents in thin cell or tissue samples. After characterization, the photoacoustc microscope 

was first used to image the hemoglobin distribution in the spleen and liver. The 

photoacoustic microscope was then used to image nanoparticles in injured and diseased 

cell and tissues samples. These images can be used for in vivo photoacoustic image 

validation or, independently, as a diagnostic tool for disease. To enhance the utility of 

photoacoustic microscopy, a quantitation technique was developed for nanoparticles in 

cells and tissues. Quantitative photoacoustic imaging has the potential to replace mass 

spectrometry and histology for a wide array of molecular imaging and targeting studies. 

Finally, photoacoustic microscopy was used to study the nonlinear dependence of the 

photoacoustic pressure with laser fluence of nanoparticle-loaded cells. New discoveries 

about the nonlinear dependence with nanoparticle concentration and cell type are 
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presented. These new discoveries may provide the framework for a new type of 

photoacoustic imaging with contrast that is cell-type specific. Overall, the work described 

in this dissertation can be used to improve diagnosis and accelerate clinical translation of 

new and emerging molecular imaging techniques. 
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Chapter 1:  Introduction 

Molecular imaging promises to expand existing medical imaging techniques 

beyond the typical anatomical information to incorporate functional and pathological 

information based on contrast agents that include targeting capabilities.
1,2

 Over the past 

decade, the biotechnological developments of highly specific recognition elements and 

the nanotechnological development of contrast agents have opened strategies to 

positively identify diseased tissue before anatomical changes are visible. The goal of 

molecular imaging is to visualize the dynamics of disease development and cellular 

phenotype change, the local inflammatory response, the distribution and activity of drugs, 

and heterogeneities in otherwise anatomically invisible pathological tissue. 

Molecular photoacoustic imaging is a new branch of photoacoustic (PA) imaging 

that derives its contrast from molecularly targeted nanoparticles (NPs) with very high 

absorption at desired visible or near-infrared optical wavelengths. The introduction of a 

stable, inexpensive, and non-ionizing contrast agent with targeting functionality enables 

molecular imaging to provide functional
3
 and pathological

4
 information at high 

resolution. Since NP-augmented PA imaging is a relatively new molecular imaging 

modality, there are a vast number of clinical and preclinical studies currently underway to 

optimize imaging algorithms and procedures, assess the biodistribution of the NP-

absorbers, and determine the efficacy of PA imaging. 

Validations of clinical and preclinical molecular PA imaging studies are typically 

done by either mass spectrometry and/or histology. Although mass spectrometry provides 

accurate quantitation, the spatial distribution of the markers is lost.
5
 Histology is typically 

used to determine the spatial distribution of the NPs in thin slices of the tissue; however, 

the contrast is often poor and there is no way to attain accurate quantitation. Therefore, a 



 2 

reliable tool to relate in vivo molecular images of pathological tissue to spatially-resolved 

quantitative maps of the presence of recognition NP-markers is needed. 

The overall research goal is to develop a PA microscope to validate in vivo 

molecular PA images, to diagnose and prognose unhealthy or diseased tissues, and to 

study PA processes. This dissertation details the build and characterization of a custom 

PA microscope to image thin tissue slices using the typical histology configuration—

samples between a glass microscope slide and coverslip. Photoacoustic microscopy is 

first used to image the distribution of endogenous and exogenous contrast agents for the 

diagnosis and prognosis of unhealthy or diseased tissues, and the validation of in vivo PA 

imaging. Using linear PA, relationships are developed and applied to produce 

quantitative images of NPs in cell cultures and tissue slices for better in vivo PA imaging 

validation. Finally, nonlinear PA is studied and is shown to have the potential improve 

molecular imaging by enhancing cell-specific image contrast. 

This introductory chapter briefly discusses common molecular imaging modalities 

and their associated contrast agents. A more detailed discussion of molecular PA imaging 

and methods to validate in vivo PA imaging are given. The chapter will conclude with an 

overview of the research goals for this dissertation with emphasis in improving medical 

imaging, assessing patient diagnosis, and determining patient prognosis of disease.  
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Table 1.1 Characteristics of available and emerging molecular imaging modalities.
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1.1 MOLECULAR IMAGING 

Molecular imaging is rapidly changing the landscape of medical imaging by 

allowing researchers and clinicians to visualize and investigate complex biochemical 

phenomena. Generally, molecular imaging involves specialized instrumentation, used 

alone or in combination with targeted contrast agents, to visualize tissue characteristics 

and/or biochemical markers.
6
 The information given by molecular imaging can be used to 

understand physiological phenomena, identify pathology, and provide a deeper 

understanding of the mechanisms of disease. Although still in its infancy, molecular 

imaging is showing promise in the areas of diagnostics, theranostics, drug discovery and 

development, personalized medicine, and understanding nanoscale reactions such as 

protein-protein interactions and enzymatic conversion.
6
 Common imaging modalities that 

perform clinical molecular imaging include computed tomography (CT),
7
 magnetic 

resonance imaging (MRI),
8
 positron emission tomography (PET) and single-photon 

emission computed tomography (SPECT),
9,10

 optical imaging,
11

 and ultrasound (US) 

imaging.
12,13

 Characteristics of these and molecular PA imaging are summarized in 

Table 1.1.  

1.1.1 CT 

Computed tomography is an imaging technique that utilizes differential 

attenuation of X-rays in the body to produce anatomical images. Molecular imaging with 

CT is an emerging field of study that uses targeted NPs to provide image contrast of 

physiology. Iodinated NPs have been used for cellular imaging of macrophage infiltration 

in atherosclerotic plaques.
14

 Molecularly targeted gold NPs have also been used for 

molecular CT imaging of cancers at the cellular and molecular level.
15,16

 Due to the 

limited availability of contrast agents and the need for large injection doses, the primary 

use of CT in molecular imaging is for an anatomical reference. 
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1.1.2 MRI 

Magnetic resonance imaging is a highly versatile imaging modality
17

 that uses a 

powerful static magnetic field and radiofrequency electromagnetic radiation to visualize 

morphology. Molecular imaging can be done with MRI without the use of exogenous 

contrast agents. Functional MRI (fMRI) can detect brain activity by detecting associate 

changes in blood flow. Magnetic resonance spectroscopy (MRS) operates similarly to 

conventional MRI, but utilizes longer T2 echo times to spectrally separate important 

molecular markers including choline, creatine, lactate, glutamate and glutamine, lipids, 

and alanine. The presence or absence of these molecules is used to identify disease. For 

instance, levels of choline (a marker of membrane phospholipid metabolism) and choline-

containing metabolites are notably high in nearly all types of cancer.
18

  

Molecular imaging using MRS can provide spatial distributions of many 

molecules indicative of disease without the introduction of exogenous contrast agents; 

however, to visualize other molecular markers or biochemical events, exogenous contrast 

agents must be used. Molecularly-targeted gadolinium-complexes or super-paramagnetic 

iron-oxide (SPIO) NPs are commonly used to image more complex molecules. Targeted 

MRI agents used for molecular imaging include: SPIO NPs to detect early atherosclerotic 

events,
19

 SPIO NPs targeted to matrix metalloproteinase-2 for glioma imaging,
20

 and 

gadolinium loaded liposome NPs to image the αvβ3 integrin.
21

 With the co-registration of 

traditional MRI imaging, molecular information can be shown with an anatomical 

perspective. 

1.1.3 PET and SPECT 

PET and SPECT are radionuclide molecular imaging techniques that utilize 

gamma-ray emission for the evaluation of biochemical changes and molecular marker 

levels. Common radionuclides used in PET include 
18

F, 
64

Cu, 
76

Br, 
11

C, and 
15

O.
22
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Clinically, PET is used to image cancer through the use the 
18

F-labeled molecular 

imaging agent [
18

F]-2-fluoro-2-deoxy-glucose ([
18

F]FDG). This contrast agent is an 

analog of glucose and its accumulation is determined by glucose transporter activity 

(hexokinase II).
6
 Since the metabolic requirements of cancer cells are generally different 

from most normal cells, [
18

F]FDG is an effective marker of cancer. 

The principles of SPECT are very different from that of PET, therefore the 

radionuclides used in SPECT also differ. These radionuclides (
99m

Tc, 
123

I, and 
111

In) are 

used to label small molecules for the detection of specific molecular events. Clinical 

SPECT contrast agents include [
99m

Tc]TRODAT-1 for dopamine transporter imaging,
23

 

peptide [
111

In]-DPTA-octreotide for the imaging of somatostatin receptors that are 

associated with small cell lung cancers,
24

 and [
99m

Tc]-Annexin V for apoptosis imaging.
25

 

Both PET and SPECT are almost exclusively used for molecular imaging and are often 

combined with CT to provide anatomical positioning of the molecular information. 

1.1.4 Optical Imaging 

Since the construction of the first light microscope by Antoni van Leeuwenhoek 

in 1674, optical imaging has been instrumental in medicine.
26

 Traditional optical 

microscopy techniques including bright-field, dark-field, and phase-contrast have been 

used for molecular imaging. Using targeted gold NPs, the molecular expression of 

cancer-specific biomarkers can be identified using dark-field microscopy.
27,28

 Targeted 

exogenous contrast agents can be tailored to have unique spectral signatures that differ 

from endogenous sources of contrast. Optical imaging techniques, such as hyperspectral 

imaging, can be used to spectrally identify the position of a contrast agent, thus 

visualizing the molecular distribution in tissues.  
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Over the past two decades molecular optical imaging has been revolutionized 

with the introduction of fluorescence imaging. Genetically encoded fluorescent or 

fluorescently-labeled markers are typically used to provide contrast in fluorescent 

microscopy. Common examples of these markers include near-infrared Cy 5.5, the Alexa 

dyes, indocyanine green, fluorescein, calcein, quantum dots, and a variety of fluorescent 

proteins such as green fluorescent protein (GFP).
6
 Molecular imaging applications of 

fluorescent imaging include the study of matrix metalloproteinase activity using 

activatable imaging agents,
29,30

 detection of human epidermal growth factor receptor 2 

(HER2/neu)-tumors in animal models using antibody conjugated rodamine green,
31

 

monitoring tumor growth and metastases using GFP expressing tumors,
32

 and near-

infrared fluorescent contrast agents for imaging Alzheimer’s disease that only activates 

when bound to the amyloid-beta protein.
33

 Two-photon microscopy is a new fluorescent 

technique that uses two-photon absorption to enhance fluorescence in biological 

molecules and exogenous contrast agents. Using two-photon microscopy, targeted gold 

nanoparticles have been used to image epidermal growth factor receptor (EGFR) 

expression from A431 skin cancer cells.
34

 

Bioluminescence is a molecular imaging technique that hinges on the production 

of light from the enzymatic oxidation reaction of luciferase with its substrates. Unlike 

fluorescent imaging, bioluminescence doesn’t require an external light source. The most 

common bioluminescence marker is firefly luciferase (FLuc) and has been used for early 

cancer detection by studying the interactions between the CXCR4 molecule (chemokine 

receptor that modulates tumor growth and metastasis) and β-arrestin molecules.
35

 Other 

common luciferases used in molecular imaging include the sea pansy luciferase (RLuc) 

and the marine cope pod luciferase (GLuc). Luciferases have been used for drug 

screening by evaluating kinase inhibitors by measuring their phosphorylation efficiency
36
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and for studying brain inflammation by examining the cell trafficking of luciferase-

expressing bone marrow cells.
37

 Both bioluminescence and fluorescence imaging can be 

implemented as a microscopic technique to study molecular processes on a cellular level, 

or they can be used to image deeper structures using techniques such as diffuse optical 

tomography. 

1.1.5 Ultrasound Imaging 

Medical ultrasound (US) imaging is a modality that indicates mechanical 

properties and the behavior of high-frequency pressure waves in tissues. Like MRI and 

CT, US imaging historically has been used as a morphological imaging modality. 

Molecular US imaging is a relatively new field of study that uses lipid or biopolymer 

coated gas microbubbles to achieve imaging contrast. The microbubbles can be surface-

conjugated with peptides, antibodies, or other targeting moieties to target specific 

biochemical processes.
38-40

 Because of their relatively large size, microbubbles are unable 

to extravasate from the vasculature, thereby limiting molecular US imaging to 

intravascular markers. These markers include antigens such as endothelial cell receptors, 

blood cell markers, or the blood protein fibrin.
41

 

Molecularly targeted microbubbles are currently being used in preclinical 

investigations of both inflammation and angiogenesis. Microbubbles functionalized with 

endothelial cell adhesion molecules have been used to image P-selectin to study 

molecular aspects of inflammation.
42

 Using monoclonal antibodies to target αv integrins 

and vascular endothelial growth factor receptor-2 (VEGFR2), angiogenesis can be 

identified.
43,44

 The markers for angiogenesis are typically upregulated by endothelial cells 

located in the tumor vasculature. Therefore, molecular US imaging can be used for the 

early detection of cancers. 
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1.1.6 Summary of Molecular Imaging Modalities 

Most of the major clinical imaging modalities have developed some form of 

molecular imaging capabilities. However, there are obvious limitations associated with 

the current molecular imaging techniques. In CT, large injection doses of exogenous 

agents are required that may cause toxicity. Ionizing radiation is required for CT, PET, 

and SPECT and the systems are not portable. There are very high associated costs with 

MRI and the system is also not portable. With US imaging nonionizing, portability, and 

low associated costs are achieved, but molecular imaging is limited to the vasculature. 

The benefits of US imaging can also be found with optical imaging techniques; however, 

imaging of deep structures is not possible. On the other hand, PA imaging is a relatively 

new molecular imaging modality that does not have many of the deficiencies that are 

associated with the current clinical modalities. 

1.2 PHOTOACOUSTIC IMAGING 

The photoacoustic effect was discovered by Alexander Graham Bell and is 

described in his paper that was presented to the National Academy of Sciences in 1881.
45

 

In this paper, Bell describes his observations of the emission of sound from substances 

that are exposed to the action of a “rapidly-interrupted” beam of light. His device, a 

photophone, used a rotating disk to pulse the light (much like a modern optical chopper) 

in a chamber filled with the test substance connected to a listening port. Although some 

of Bell’s conclusions were incorrect, his discovery has led to a new medical imaging 

modality that is nonionizing, portable, cost effective, high resolution, and deeply 

penetrating. 

For a simple interpretation of photoacoustics, consider a pulse of light traveling 

through a medium. When the light encounters an optically absorbing object, the light 

energy is converted to heat energy. The heat diffuses into the surrounding medium and 
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induces a volumetric change in the heated region. If the light pulse is sufficiently short 

then the volume change will be very abrupt. This transient results in the generation of a 

propagating pressure wave (acoustic wave), which is the signal used in PA imaging. The 

amplitude of the PA pressure wave, p, is: 

Fp a  (1.1) 

where μa is the optical absorption coefficient of the object and F is the fluence of the light 

irradiation. The Grüneisen parameter, Γ, is a dimensionless parameter defined as: 

pc

c 2

  (1.2) 

where β is the thermal coefficient of volume expansion, c is the speed of sound, and cp is 

the specific heat capacity at constant pressure. The frequency of the PA pressure wave is 

controlled by the duration of the light pulse, and for medical PA imaging the light pulse 

duration is typically 2-10 ns. This results in acoustic waves that can be captured using a 

standard medical ultrasound transducer. 

1.2.1 Photoacoustic Contrast Agents 

Photoacoustic imaging can be used to image without the need of exogenous 

contrast agents. Hemoglobin is a prevalent endogenous PA contrast source and can be 

imaged to obtain both vascular anatomy and relative oxygenation.
46-49

 Lipids have also 

been imaged to detect atherosclerotic plaques.
50-52

 The optical absorption spectra of 

several common endogenous absorbers are shown in Figure 1.1. 
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Figure 1.1 Optical spectra of the primary endogenous absorbers used in PA imaging.
53

  

Exogenous PA contrast agents are commonly used to provide information about 

the anatomy, physiology, or pathology of tissues. Iron-oxide NPs,
54

 carbon 

nanotubes,
55,56

 and dyes
57

 have been used as contrast agents for PA imaging. The most 

common exogenous PA contrast agents are plasmonic NPs because of their high optical 

absorption and their spectral tunability.
58-60

 Plasmonic NPs have been used extensively in 

the detection of injured or diseased tissues.
61-67

 The optical properties of plasmonic NPs 

are very different from those of bulk materials because of the dielectric confinement 

effects that occur when particle sizes are in the nanometer range. In the case of metals, 

when particle size is reduced, the plasmon peak of the bulk, usually in the deep 

ultraviolet region, gets reduced in energy to the visible or near ultraviolet region.
68

 This 

leads to the formation of a surface plasmon resonance band, which is a collective mode of 

oscillations of free electrons in the conduction band. Although the dipole approximation 

to plasmon resonance is independent of the particle size, it has been found that the 

absorption peak position and width depends on a combination of size, shape, and 

environment.
69

 Examples of the effects of gold NP shape on the absorption spectra are 
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shown in Figure 1.2. By customizing the geometry so that its spectrum is different from 

that of endogenous absorbers, spectroscopic PA imaging can be used to separate the 

plasmonic NPs from the endogenous signals.
70

 

 

Figure 1.2 Extinction spectra of gold NPs:  (a) 23-nm diameter spheres, (b) 70-nm 

diameter spheres, (c) hexagons, (d) cubes, and (e) rods with 

aspect ratio ≈ 4.4, (f) rods with aspect ratio ≈ 16. 
71

 

When two or more plasmonic NPs are in close proximity, the optical density (OD) 

can increase and the plasmon resonance frequency can change. Plasmon coupling has 

been illustrated using dimers of gold nanodisks fabricated in micron-sized arrays by 

electron beam lithography (Figure 1.3). As the interparticle distances decrease, a slight 

enhancement and a red shift in the optical spectrum is observed. When NPs are 

introduced into the body and are endocytosed by cells, the NPs in the endosomes can 

number up to 52,000.
72,73

 Therefore, the resulting optical spectrum will be broad and can 

extend out into the near infrared because of the variations in the interparticle distances. 

By bioconjugating gold NPs with cancer specific targeting ligands, plasmon coupling in 

the body can be confined to cancers because only cancer cells will internalize the NPs. 
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Using spectroscopic PA imaging, plasmon coupled particles can be differentiated from 

dispersed NPs to provide additional specificity in the detection of cancers.
4
 

 

Figure 1.3 (a) Lithographically-fabricated array of 88-nm diameter gold nanodiscs with 

controlled inter-particle separation. Extinction spectra for (b) polarization 

parallel to the inter-particle axis and (c) polarization perpendicular to the 

inter-particle axis. Reprinted from reference 72 with permission from 

Elsevier. Copyright 2010.
74

 

1.2.2 Validation of Photoacoustic Imaging 

As with any emerging medical imaging modality, preclinical PA imaging studies 

must first be validated before clinical translation. Typically, PA imaging is validated by 

histology to determine the presence and distribution of endogenous and exogenous 

absorbers. For example, hemoglobin is one of the major endogenous absorbers in the 

body and is usually validated with eosin stain. Silver stain is typically used for gold NPs 

and relies on the nucleation of silver ions on the NP surface to enhance optical image 

contrast. Prussian blue stain is used to visualize iron-oxide NPs using a chemical reaction 

that changes ferric iron to Prussian blue. Problems with all of these staining techniques 

are that small variations in environmental conditions or staining times can greatly alter 

the contrast. None of the stains are specific to hemoglobin, gold, or iron-oxide and can 

stain other structures located in the body.
75

 In addition, histology does not directly 

correlate with the PA signals, as in the case of plasmon coupling. Therefore, a better 

technique is needed to validate PA imaging. 
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In recent years, PA microscopy has been used to provide high resolution images 

of both endogenous and exogenous contrast agents.
47,76-79

 If thin tissue samples are used, 

high resolution PA images can be produced because they are not significantly affected by 

the optical scattering problems associated with PA imaging of thick samples. Since the 

signal is PA, the microscopy images can be used for easy validation of macroscopic PA 

imaging. The PA signal strength, distribution, and phenomena like plasmon coupling can 

be visualized and compared. In addition, diagnosis and prognosis of disease can be 

independently determined by examining the PA microscopy of biopsied tissues. Since the 

samples are the same as the ones used in histology, PA microscopy can be used in 

conjunction with optical imaging to provide additional information. 

1.3 LINEAR PHOTOACOUSTICS OF NANOPARTICLES 

To successfully compare targeting strategies or to determine NP toxicity by 

assessing the biodistribution, NPs have to be quantified. The most common method to 

quantify NPs in cells and tissues is mass spectrometry. Samples are prepared by first 

dissolving the cells or tissues in highly concentrated nitric acid. The samples are then 

ionized and the ions are quantified. Mass spectrometry is generally very accurate in 

determining NP concentration, as long as there are no competing endogenous ions. The 

quantification of iron-oxide NPs or carbon nanotubes is often quite challenging because 

there is an abundance of iron and carbon in the body. Another problem with mass 

spectrometry is that all spatial knowledge is lost because of how the samples have to be 

prepared. A better quantification method is needed to accurately provide both quantity 

and retain the spatial distribution of the NPs. 

 If the PA signal is linear with the NP quantity and fluence, then PA imaging has 

the potential for the quantification of NPs. Quantifying NPs in thick samples using PA 
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imaging will be very challenging because optical scattering will cause the local fluence to 

be unknown.
80

 Other issues include: compensating for acoustic attenuation, acoustic 

interference, and the local thermodynamic properties. On the other hand, PA microscopy 

can provide quantitation in thin samples because these challenges do not have to be 

addressed.
81

 One benefit of quantitative PA microscopy is that the sample is not 

destroyed and can be co-registered with traditional histological analysis for a 

combination of NP quantity and anatomical analysis. Spectroscopic PA techniques can be 

employed to quantitatively image NPs in samples with endogenous absorption. The 

comparison of targeting schemes, the extravasation of different NP types or sizes, and the 

validation of in vivo PA imaging are a few of the potential applications of quantitative PA 

microscopy. 

1.4 NONLINEAR PHOTOACOUSTICS OF NANOPARTICLES 

 Recently, it has been observed that the PA signal from NPs can be a nonlinear 

function of fluence.
82

 Mesenchymal stem cells were incubated with citrate-stabilized 

20 nm gold nanospheres and after 24 hours the NP-loaded cells were embedded into a 

gelatin phantom. The phantom was imaged using several fluences less than 20 mJ/cm
2
, 

and the average PA signal in the phantom was plotted versus fluence (Figure 1.4). The 

nonlinearity is dramatic and from this initial finding there remain four unanswered 

questions: 1) what is the cause of the nonlinearity, 2) what numerical model can describe 

the nonlinearity, 3) is this nonlinearity only present in mesenchymal stem cells, and 4) is 

the nonlinearity exclusive to citrate-stabilized 20 nm gold spheres? By answering these 

questions the applicability of nonlinear PA imaging will be determined. For example, if 

the numerical model that describes the nonlinearity differs for different cell types, then 

extremely high levels of image specificity for a particular cell type can be achieved. 
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Nonlinear imaging would have several advantages over spectroscopic PA imaging 

because only one wavelength would be needed to discern NPs from other contrast 

sources. Using one wavelength reduces the complexity of the laser system because it 

would eliminate the need for optical parametric oscillators or lasing mediums. Another 

advantage is that the optical delivery system would be simplified because chromatic 

correction components would be eliminated. In addition, there would be no need to 

account for wavelength dependent scattering in the tissues. Overall, nonlinear PA 

imaging has great potential for improving molecular imaging, and further studies are 

warranted to realize the full potential of nonlinear PA imaging.  
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Figure 1.4 Photoacoustic signal amplitudes from gold NPs internalized in 

mesenchymal stem cells at various fluences.
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1.6 OVERALL RESEARCH GOALS 

 The overall goal of this work is to study photoacoustics on a microscopic level to 

better validate in vivo PA imaging, diagnose disease, determine prognosis, and 

understand PA phenomena in cells and tissues. In Chapter 2, the build and 

characterization of a PA microscope to image cells and thin tissue samples is described. 

In Chapter 3, PA images of tissues with endogenous and exogenous contrast agents are 

shown for in vivo PA image validation, disease diagnosis, and prognosis. The potential 

for PA microscopy to detect individual circulating tumor cells is also explored. In 

Chapter 4, linear photoacoustics is utilized to produce a new method of quantifying NPs 

in cells and tissues, and is applied to a tumor that had an intravenous delivery of NPs. In 

Chapter 5, nonlinear photoacoustics is explored and the potential to produce enhanced 

specificity of cellular endocytosis of NPs is described. Finally, Chapter 6 lists the overall 

conclusions, future directions, and contributions to the field. 
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Chapter 2:  Development and Characterization of a Photoacoustic 

Microscope 

Shortly after Bell’s discovery of the PA effect, Tyndall
1
 and Röntgen

2
 discovered 

that acoustic signals could also be produced from gases. Bell subsequently experimented 

with a variety of solids, liquids, and gases
3
 and his findings generated a brief flurry of 

interest.
4
 However, the photoacoustic effect was eventually regarded as a curious 

phenomenon with no practical value, and was soon forgotten.
4
 Fifty years later, the 

photoacoustic effect in gases was reexamined, and has since become a well-established 

technique for gas analysis.
5
 The photoacoustic effect in solids, however, was ignored for 

90 years until satisfactory theoretical explanations were offered.
4,5

 

The first recorded use of the photoacoustic effect in biological materials was done 

in 1973 by Rosencwaig
6
 at Bell Laboratories. Light from a high-pressure Xe lamp was 

passed through a monochromator and a mechanical chopper to pulse the light. The pulsed 

light illuminated the biological sample (here, experiments were performed on 

cytochrome-c and hemoglobin). The resulting acoustic signals emanated out of the 

aqueous samples, into air, and were captured using a microphone. By scanning the 

samples using different wavelengths of light, Rosencwaig acquired accurate optical 

absorption spectra of cytochrome-c and hemoglobin. 

The use of photoacoustics did not expand from the measurements of optical and 

thermodynamic properties until the 1990’s, when the acoustic acquisition was performed 

using ultrasound transducers. The incorporation of the ultrasound transducer is one of the 

fundamental components that enabled medical PA imaging. From these initial 

experiments, the medical imaging modality has expanded to include anatomical,
7-9

 

functional,
10-12

 and pathological
13-18

 imaging capabilities. 
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Typically, medical PA imaging is implemented with large light illumination 

volumes for deep tissue imaging. The ability to image deep in tissues is one of the 

principle advantages of PA imaging over competing optical techniques. By using an array 

ultrasound transducer, relatively high lateral and axial resolution can be achieved at 

depth. In addition to deep imaging capabilities, PA imaging can easily identify the 

presence and spectral properties of optical absorbers located in the body. Because of this 

property, PA microscopy has been developed to complement the scattering information 

obtained by traditional optical microscopy. 

Although the idea is not new,
19-23

 PA microscopy has expanded into a wide array 

of biological uses including the detection of circulating tumor cells,
24,25

 vascular 

distributions in tissues,
26-28

 the identification of melanoma,
29,30

 and distributions of 

molecularly targeted NPs in cells and tissues.
31,32

 Currently, there are two methods to 

create a PA microscope: ultrasound-resolution and optical-resolution. Ultrasound-

resolution PA microscopes utilize large light illumination volumes to induce PA waves 

and traditionally a high frequency and/or high F# (analogous to numerical aperture in 

optics) ultrasound transducer to acquire the images. The axial resolution is driven by the 

frequency of the transducer and the lateral resolution is driven by the F#. Other renditions 

of ultrasound-resolution PA microscopes use Fabry-Perot interferometers.
33,34

 These 

systems allow for quick acquisition of large volumes; however, they do not offer any 

improvements in resolution. Since the acoustic wavelength in tissues is relatively long, 

ultrasound-resolution PA microscopes are resolution limited to tens of micrometers.
34,35

 

Optical-resolution PA microscopes have become more commonplace because the 

limiting factor in spatial resolution is the optical wavelength, which can achieve 

resolution over an order of magnitude finer than the ultrasound-resolution PA 

microscopes. Optical-resolution PA microscopes operate by focusing the light to produce 
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a small illumination volume; therefore, the spatial resolution is determined by the size of 

the focal spot. Near diffraction-limited resolution (500 nm lateral) has been demonstrated 

with an optical-resolution PA microscope.
31

 

The primary use of PA microscopes is to provide high-resolution images; 

however, in the process of doing so, sensitivity is sacrificed. This dichotomy is better 

realized when the PA equation in (1.1) is expanded to 

  FVCp  , (2.1) 

where σ is the optical absorption of each individual absorber, C is the concentration of the 

absorbers, V is the volume of the illumination volume, and σCV=μa. Here it is easy to see 

that a change in the illuminated volume (resolution) will result in a change in the PA 

signal. Another method to increase the PA signal is to increase the fluence; however, this 

may result in photothermal destruction of the absorbers or samples. This chapter 

describes the build, characterization, and optimization of a custom PA microscope to 

image thin cell and tissue samples while achieving high resolution and high sensitivity. 

2.1 PHOTOACOUSTIC MICROSCOPE DESIGN 

A custom PA microscope was developed to quantify molecular sensing NPs in 

cell and tissue samples. A drawing and schematic diagram of the PA microscope are 

shown in Figure 2.1. The PA excitation is generated by a Q-switched, pulsed Nd:YAG 

laser (Quanta-Ray PRO-290, Spectra-Physics Lasers, Mountain View, CA, USA) 

pumping a tunable optical panametric oscillator (OPO) (Spectra-Physics premiScan/MB, 

GWU-Lasertechnik Vertriebsges, Germany). The laser output, with a wavelength of 

532 nm, has a pulse-width of 5-7 ns and a pulse repetition rate of 10 Hz. The laser energy 

from the oscillator was controlled by an array of neutral density (ND) filters, and a 5 mm 

aperture was used to reject beam irregularity. The laser beam was then split with one 
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beam used for measuring the laser energy with a pyroelectric power meter (Nova II, 

Ophir Ltd., Jerusalem, Israel), and the other beam was focused on the sample using a 

plano-convex lens (LA1401, Thorlabs Inc., Newton, NJ, USA) with a focal length of 

60 mm and a diameter of 50.8 mm. All fluences are compensated for pulse-to-pulse 

fluctuations in the laser energy.  

Water was used as an acoustic coupling medium to reduce the acoustic impedance 

between the sample and the ultrasound receiver. The converging laser beam from the 

plano-convex lens was transmitted through a 1 mm glass microscope slide (optical 

window for the water tank), 5 mm of water, and a 1 mm glass microscope slide before 

focusing on the phantom/cell/tissue sample (dashed box in Figure 2.1a). The induced PA 

pressure wave propagated through the 0.2 mm thick glass coverslip and 25 mm of water 

before measurement by a 1 mm needle hydrophone with 4 dB bandwidth of 0.2-15 MHz 

(Precision Acoustics LTD, Dorchester, UK). The PA signal acquired by the hydrophone 

was amplified by an ultrasound receiver amplifier (5073PR, Olympus NDT Inc., 

Waltham, MA, USA) with a gain of 39 dB. The amplified PA signal was digitized using 

an oscilloscope (CompuScope 12400, Gage Applied Technologies Inc., Lockport, IL, 

USA) with sampling frequency of 200 MHz. 

Triggering of the pulsed laser system, the ultrasound receive electronics, and the 

movement of a two-axis translation stage (T-XY-LSM100A-KT02, Zaber Technologies 

Inc., Vancouver, Canada) to raster-scan the sample while the optical and ultrasound 

systems remained stationary is coordinated by custom software. Four spatially registered 

and energy-compensated PA A-lines from each position of the scan were postprocessed 

using a band-pass filter to remove electronic noise outside of the bandwidth of the 

hydrophone. The four A-lines were then averaged, and the maximum signal was used for 

the PA signal. 
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Figure 2.1 Drawing (a) and schematic diagram (b) of the PA microscope to 

quantitatively image NPs in histology. Adapted with permission from 

reference 32. Copyright 2013 American Chemical Society.  
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2.2 PHOTOACOUSTIC MICROSCOPE CHARACTERIZATION 

2.2.1 Resolution Characterization 

The resolution of the PA microscope is determined by the size of the laser beam 

at the focal spot. The spot size was characterized with a USAF 1951 positive resolution 

target (DA009, Max Levy Autograph, Inc., Philadelphia, PA). The resolution target had a 

transparent glass background and opaque lines of varying thickness. The opaque line, a 

thin-layer deposition of chromium, had high optical absorption and produced adequate 

PA signals, while the transparent background did not produce PA signals. The laser beam 

was focused by adjusting the plano-convex lens to produce the maximum PA signal in 

the resolution target. Using a step size of 2 µm by 2 µm for spatial frequencies varying 

from ~0 to 30 mm
-1

 and laser energy of ~1 µJ, a PA image of the resolution target was 

produced and is shown in Figure 2.2. 

To determine the focal spot size, the modulation transfer function (MTF) was 

calculated for each spatial frequency (the PA signal distribution along each major axis 

shown in Figure 2.2 in red and blue is given in Figure 2.3a and b). The MTF is defined as 

ideal

element

M

M
MTF 

, minmax

minmax

II

II
M






, (2.1) 

where Melement is the modulation of the element, Mideal is the modulation of element 0 and 

the background signal from the background of the slide, Imax is the maximum PA 

intensity, and Imin is the minimum PA intensity. A 0.15 cutoff MTF was calculated in a 

large element of the resolution target. 
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Figure 2.2 PA image of the USAF 1951 positive resolution target using a step size of 

2 µm by 2 µm. 
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Figure 2.3 PA intensity versus distance for spatial frequencies ~0 and 16-28.5 mm
-1

 

along the (a) vertical axis and (b) horizontal axis. These intensity plots 

correspond to the blue and red lines in Figure 2.2. (c) MTF versus spatial 

frequency indicating an elliptical focal spot with axis diameters of 39.4 µm 

(horizontal) by 49.6 µm (vertical). Adapted with permission from reference 

32. Copyright 2013 American Chemical Society.  
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After analyzing the MTF (Figure 2.3c), a focal spot size of 39 µm horizontal by 

50 µm vertical was determined; the elliptic shape most likely results from the anisotropic 

beam divergence from the nonlinear optical crystal in the OPO. The focal spot size was 

confirmed by scanning the step function of one of the large elements in the resolution 

target with a 25% PA signal cutoff. This resolution, while limiting the imaging to small 

cell groups, has the benefit of illuminating a sufficient number of NPs to obtain a 

measurable PA signal while maintaining fluences low enough not to cause excessive 

heating, large background signals, and irreversible changes. 

2.2.2 Sensitivity Characterization 

As a standard, 15-nm Fe3O4 spheres were used to determine the minimum number 

of NPs that could be detected. These NPs were synthesized using a one-pot thermal 

decomposition method.
36

 The NP size was characterized using a Delsa
 
Nano C particle 

analyzer (Beckman Coulter Inc., Indianapolis, IN). The NPs were then stabilized with 

dextran in water by in situ co-precipitation from an iron salt-dextran solution.
37

 The NPs 

were then centrifuged, supernatant removed, suspended in standard histology mounting 

media, and sonicated for one hour. The mounting media used in this and all of the studies 

was Shandon ClearVue Mount (Thermo Scientific LLC, Waltham, MA). 

The optical extinction spectrum of the 15-nm Fe3O4 spheres was characterized 

using a concentration of 3.7×10
15

 NPs/mL in a 1-cm path-length cuvette. The cuvette was 

measured using a UV-3600 spectrophotometer (Shimadzu Corp. Kyoto, Japan) with slit 

width of 5 nm. Since the optical scattering of Fe3O4 NPs at 532 nm is negligible, the 

optical extinction is equivalent to the optical absorption. Since the number of NPs and the 

optical path-length were known, the molar absorption spectrum was determined and is 
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shown in Figure 2.4. The optical absorption a single 15-nm Fe3O4 spheres was measured 

to be 2.95×10
-16

 cm
-1

 at 532 nm. 

 

Figure 2.4 The molar absorption spectrum for 15-nm Fe3O4 spheres. 

To determine the minimum number of NPs that could be detected, phantoms were 

constructed with varying concentrations of NPs. A volume of 25 µL of NP solution was 

placed on a 1-mm thick microscope glass slide. A 25-µm stainless steel spacer 

(McMaster Carr Supply Company, Elmhurst, IL) was placed on the slide to standardize 

the sample thickness. The sample was then covered by a 50-µm glass coverslip and 

remained at room temperature for 6 hours before being sealed with enamel fingernail 

polish. Using the PA microscope at a laser fluence of 360 mJ/cm
2
 and optical wavelength 

of 532 nm, the PA signal dependence with the NP quantity was measured. Due to the PA 

signal having to transmit through glass, the PA signal had a central frequency of 1.2 MHz 

with a 43% fractional bandwidth. For each phantom experiment, 200 laser-induced PA 

signals at 10 different positions were averaged and the resulting dependence of the PA 
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signal with NP quantity is shown in Figure 2.5. The minimum number of 15-nm Fe3O4 

spheres that could be detected was ~20,000. The molar absorption coefficient of the 15-

nm Fe3O4 spheres and other common NPs can be found in Table 1. Since the PA signal is 

directly proportional to the absorption of the NP (recall P ∝ ΓσCVF), the sensitivity of 

the PA microscope for each NP type can be determined (see last column of Table 2.1). 

Also included in this table is the optical absorption of individual red blood cells (RBCs) 

at different oxygenation states. The optical absorption of a single oxygenated hemoglobin 

molecule is 1.415×10
-20

 cm
-1

 and 1.309×10
-20

 cm
-1

 for a single deoxygenated hemoglobin 

molecule.
38

 Given that the average number of hemoglobin molecules per RBC is 2.7×10
8
, 

the minimum number of RBCs that the PA microscope can detect is also listed in 

Table 2.1. 

 

Figure 2.5 Dependence of the PA signal with NP quantity. The horizontal line indicates 

the maximum of the system noise and the horizontal line is the linear least 

square regression of the PA signal above the system noise. The intersection 

of these two lines is the approximate minimum number of NPs that can be 

detected.  
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Table 2.1 Optical absorption cross-section of an individual NP (σ) at the indicated 

wavelength of common NPs used in PA imaging. Also included is the 

minimum number of absorbers (individual NP or individual cell) that can be 

detected using the PA microscope. AR is the aspect ratio of the nanorods. 

2.3 CONCLUSIONS 

 Photoacoustic microscopy can provide high resolution maps of optical absorbers 

in cell and tissue samples. The aforementioned PA microscope is able to detect as few as 

20,000 iron-oxide NPs and just over 4000 gold nanospheres. This high sensitivity opens 

the door for a wide array of studies including the validation of in vivo PA imaging, 

diagnosis and prognosis of function and disease, studies of NP targeting strategies, 

molecular expression distributions, biodistribution of contrast agents, and studies of new 

PA phenomena. Overall, the PA microscope is an excellent platform for analyzing and 

imaging thin samples containing both endogenous and exogenous optical absorbers.  
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Chapter 3:  Detection of Nanoparticles in Cells and Tissues 

Since Antonie van Leeuwenhoek saw the first RBCs and protozoan, people have 

found utility in magnifying objects beyond the powers of the naked eye. Anatomy and 

physiological processes are rigorously studied to better understand the fundamentals of 

life. Microscopy is not exclusive to optical imaging, and nearly every imaging modality 

has developed some form of microscopy. Over the past decade, PA microscopy has been 

developed and widely used to reveal anatomical structure and physiological processes 

with cellular and subcellular resolution. Since the PA signal is proportional to the optical 

absorption of the cell or tissue sample, endogenous and/or exogenous contrast sources 

indicative of anatomy or specific physiological events can be imaged. In Chapter 2, the 

development of an optical-resolution PA microscope with high spatial resolution and 

high sensitivity was described. 

In this chapter, PA microscopy is used to explore the distribution of endogenous 

and exogenous contrast agents. Nanoparticle, cell, animal, histology, and imaging 

protocols are first described. High contrast images of tissue samples detailing the 

distribution of hemoglobin in the spleen and liver are shown. In addition, the presence 

and distribution of NPs in various tissues is presented. These images can be used for the 

validation of in vivo PA imaging, as an alternative to macroscopic PA imaging, or as an 

alternative to optical microscopy for the diagnosis and prognosis of injury or disease. 

3.1 MATERIALS AND METHODS 

The PA microscope described in Chapter 2 was used to image cells and tissue 

slices immersed in Shandon ClearVue Mount (Thermo Scientific LLC) mounting media.  
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3.1.1 Nanoparticle Synthesis Protocols 

Before NP synthesis, all glassware was cleaned using aqua regia (3:1 ratio 

mixture of highly concentrated HCl and HNO3). 

20 nm gold nanospheres 

 A mixture of 10 mg chloroauric acid (Sigma-Aldrich Corp., St. Louis, MO, USA) 

and 50 mL of deionized water (diH2O) was poured into a 100 mL glass Erlenmeyer flask, 

put under a reflux column, continuously stirred, and brought to a boil. A volume of 

0.94 mL of 38.8 mM trisodium citrate (Sigma-Aldrich Corp.) was added. The solution 

continued to stir under heat until the solution color changed to red. The NP solution was 

then cooled to room temperature. For cell and animal experiments, the NPs were 

PEGylated by adding 100 μL of 10 μM, 5 kDa thiolated polyethylene glycol to the 

solution (Laysan Bio Inc., Arab, AL, USA). The solution was mixed using a rotator plate 

for 20 minutes. 

40 nm gold nanospheres 

 A mixture of 10 mg chloroauric acid, 100 mL of diH2O, and 2.1 mL of 

hydroxylamine hydrochloride (Sigma-Aldrich Corp.) were combined in a 250 mL 

covered glass Erlenmeyer flask. While vigorously stirring, 6.67 mL of the citrate-

stabilized 20 nm gold nanospheres were added to the solution. After approximately 

5 minutes, a visible color change was observed. The NP solution was then conjugated 

with C225 monoclonal anti-epidermal growth factor receptor antibodies (Sigma-Aldrich 

Corp.) using directional conjugation.
1
  

6 nm gold shell, iron-oxide core nanospheres 

 The following synthesis protocol was modified from preexisting protocols
2,3

 and 

was used to create 6 nm gold shell, iron-oxide core nanospheres. A combination of 0.71 g 
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iron(III) acetylacetonate (Sigma-Aldrich Corp.), 20 mL of phenyl ether (Sigma-Aldrich 

Corp.), 2 mL of oleic acid (Sigma-Aldrich Corp.), 2 mL of 70% oleylamine (Sigma-

Aldrich Corp.), and 2.58 g of 1,2-hexadecanediol (Sigma-Aldrich Corp.) was vigorously 

stirred in an argon atmosphere. The solution was heated to 210°C, refluxed for 2 hours, 

and then cooled to room temperature. The solution contained ~4 nm diameter Fe3O4 

nanospheres. To synthesize the gold shell, 10 mL of the Fe3O4 nanosphere solution was 

combined with 0.83 g gold acetate (Alfa Aesar, Ward Hill, MA, USA), 3.1 g of 1,2-

hexadecanediol, 0.5 mL of oleic acid, 3 mL of 70% oleylamine, and 30 mL of phenyl 

ether. Under an argon atmosphere and vigorous stirring, the reaction solution was heated 

10°C/min to 180-190°C and kept at that temperature for 1.5 hours. After cooling to room 

temperature, ethanol was added to the solution. The precipitant was separated, washed 

with ethanol, and redispersed in hexane in the presence of 75 mM oleic acid and 75 mM 

of oleylamine. The NP solution was then mixed with an equal volume of 5 mM α-

cyclodextrin (Sigma-Aldrich Corp.). After stirring for 20 hours, the top hexane layer 

became colorless and was discarded. The aqueous gold shell, iron-oxide nanospheres 

were then conjugated with C225 monoclonal anti-epidermal growth factor receptor 

antibodies (Sigma-Aldrich Corp.) using directional conjugation.
1
 

Preparation of nanoparticles for cell and animal use 

 At the end of synthesis, the diameter of the NPs was characterized using a 

DelsaNano C (Beckman Coulter Inc., Indianapolis, IN, USA) particle analyzer for NPs 

larger than 10 nm, and a S-5500 scanning-transmission electron microscope (Hitachi 

High Technologies America Inc., Dallas, TX, USA) or a Tecani transmission electron 

microscope (FEI Co., Hillsboro, OR, USA) for NPs smaller than 10 nm. After 

characterization, the NP solutions were concentrated by centrifugation to the desired 
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injection or incubation concentration. The concentrated NP solutions were placed in 

Amicon centrifugal filter tubes with a molecular weight cutoff of 100 kDa (EMD 

Millipore, Billerica, MA, USA) and centrifuged. The supernatant was removed from the 

filter tubes and the NPs were resuspended in diH2O. The tubes were centrifuged again 

and the process was repeated 3 times. The cleaned NPs were then resuspended in cell 

media for incubation with cell cultures or phosphate-buffered saline (PBS) for animal 

injections. 

3.1.2 Cell Preparation 

In vitro murine A431 human epithelial carcinoma cells were cultured using 

phenol-free DMEM/F12 (Life Technologies Corp., Grand Island, NY, USA) cell medium 

supplemented with 10% fetal bovine serum (Phenix Research Products Inc., Candler, NC, 

USA). For the circulating tumor cell experiments, cells were cultured to ~70% 

confluence in a T75 flask. The cells were removed from the flask using trypsin (Life 

Technologies Corp., Grand Island, NY, USA) and ~1×10
5
 cells were placed in a 2 mL 

centrifuge tube. The floating A431 cells were then incubated with ~1×10
12

 gold NPs for 

1 hour. Approximately 1×10
4
 of the NP-loaded cells were placed on a 1 mm glass 

microscope slide and dried for 5 min at 60°C. A 25-μm thick stainless steel marker was 

placed on the slide for PA and optical image registration. The cells were then mounted 

and covered using a glass coverslip. After 6 hours, the edges of the coverslip were sealed 

using enamel fingernail polish. 

Mesenchymal stem cells (MSCs) were harvested from the femurs and tibias of 

12 week old Lewis rats. Briefly, the rats were first euthanized and the hind limbs were 

shaved and sterilized. The bones were surgically excised from the rat and the epiphyses 

of the bones were removed, exposing the bone marrow. The marrow was then removed 
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from the bones and placed into 15 mL centrifuge tubes containing DMEM cell media 

supplemented with 10% fetal bovine serum. The tubes were centrifuged at 250 relative 

centrifugal force (rcf) for 5 minutes at 4°C. The supernatant was removed and the cell 

pellet was dispersed into DMEM media, transferred into a cell culture flask, and 

incubated at 37°C and 5% CO2. The cells were washed every day with PBS and passaged 

seven times before use. 

Adherent MSCs were incubated with ~1×10
12

 of the 20 nm gold NPs per mL for 

24 hours. The cells were then washed with PBS two times and trypsinized to lift the cells 

from the flask. The cells were then centrifuged to remove the trypsin, counted, and then 

dispersed in media at a concentration of 4×10
5
 cells/mL. A PEGylated fibrin gel was 

prepared by solubilizing 40 mg/mL of human fibrinogen (Sigma-Aldrich Corp.) and 

4 mg/mL of 3400 Da difunctional poly(ethylene) glycol succinimidylglutarate (Nektar 

Therapeutics, San Carlos, CA, USA) in PBS, and then combining them in a 1:10 molar 

ratio at room temperature. Equal volumes of MSCs (4×10
5
 cells/mL) and the PEG 

fibrinogen solution were combined. An equivalent volume of 40 mM human thrombin 

(Sigma-Aldrich Corp.) was mixed with the MSC PEG fibrinogen solution. 

3.1.3 Animal Preparation 

All animal handling, procedures, and experiments were performed in compliance 

with the National Institutes of Health, and the animal protocol was approved by the 

University of Texas at Austin Institutional Animal Care and Use Committee 

requirements. 

Mouse Model 

 The spleen and liver from one healthy 8 week old Nu/Nu mouse, and an iron-

oxide NP injected cervical lymph node from another healthy 8 week old Nu/Nu mouse 
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were harvested for imaging using the PA microscope. The mouse was euthanized by 

carbon dioxide asphyxiation followed by cerebral dislocation in compliance with the 

University of Texas at Austin Institutional Animal Care and Use Committee. The spleen 

and liver were immediately harvested and immersed in 10% neutral buffered formalin for 

24 hours for fixation of the tissue. The organs were then transferred into a solution of 

70% ethanol and sent to the University of Texas M.D. Anderson Cancer Center Science 

Park, Department of Molecular Carcinogenesis (Smithville, TX, 78957, USA), for 

histologic preparation. 

Tumor Baring Mouse Model 

 Xenograft A431 human epithelial carcinoma tumors were grown in the flank of a 

Nu/Nu mouse. A431 cell concentrations of 1.2×10
6
 cells per 400 µL PBS were injected 

into the right flanks healthy 8 week old mice at a volume of 200 µL in each mouse. The 

mice were anesthetized with avertin during the A431 cell injection and developed 8-

10 mm diameter tumors at the injection site 2 weeks post-injection. In one mouse, a 

volume of 50 μL of PEGylated 20 nm gold NPs, with a concentration of 1×10
13

 NPs per 

mL of PBS, was directly injected into the tumor. The gold NPs were allowed to circulate 

and redistribute in the animal for 24 hours before euthanasia. 

In another mouse, 100 μL of iron-oxide NPs (synthesis described in Chapter 

2.2.2), with a concentration of 5×10
14

 NPs per mL of PBS, was introduced systemically 

by a tail vein injection. To preferentially accumulate the iron-oxide NPs in the tumor, a 

1 T magnet was placed on the surface of the tumor to attract the NPs from the vasculature 

into the tumor. After 24 hours, the animal was euthanized and the tumor was excised for 

histological preparation. After excision, all tumors were immersed in 10% neutral 

buffered formalin for 24 hours for fixation of the tissue. The tumors were then transferred 
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into a solution of 70% ethanol and sent to the University of Texas M.D. Anderson Cancer 

Center Science Park, Department of Molecular Carcinogenesis for histologic preparation. 

Rat Model 

 Intramuscular injections of NP labeled MSCs embedded in a PEGylated fibrin gel 

were performed in a 12 week old Lewis rat weighing 312 g. A 300 μL solution of the 

PEGylated fibrin gel solution (corresponding to 3×10
5
 MSCs) was injected 

intramuscularly into the lateral gastrocnemius of the rat while the rat was under 

anesthesia. The gold-loaded MSCs were tracked using in vivo PA imaging until the PA 

signal was no longer measurable. The animal was then sacrificed on day 13 and the 

lateral gastrocnemius was isolated. The muscle was immediately washed with PBS and 

then fixed in 10% formalin for 24 hours. After fixation, the muscle was washed with 70% 

ethanol and stored at 4°C until cryosectioning.  

3.1.4 Tissue Sample Preparation 

Fixed rat gastrocnemius muscles were first treated serially with increasing 

concentrations of 5% to 20% sucrose over the course of 2 hours, and then incubated 

overnight with 20% sucrose at 4°C. The sucrose treated muscles were placed into 

HistoPrep molds (Fisher Scientific Company LLC, Pittsburgh, PA, USA) and the mold 

was filled with a 2:1 ratio of 20% sucrose and HistoPrep OCT compound (Fisher 

Scientific Company LLC). The mold was then placed into supercooled isopentane (Fisher 

Scientific Company LLC). The cryofrozen samples were sectioned into 12 μm thick 

sections using a Microm HM 550 Microtome (Thermo Scientific LLC, Waltham, MA), 

and the sections were placed on a glass microscope slide and allowed to warm for 1 hour. 

Other fixed tissues and organs were placed into a Shandon
*\

 Excelsior tissue 

processor (Thermo Scientific LLC) to be dehydrated by increasing the ethanol content 
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from 70% to 100%, cleared with Shandon Xylene Substitute (Thermo Scientific LLC), 

and infiltrated with Paraplast (McCormick Scientific LLC, Richmond, IL, USA). The 

organs were then embedded into a Paraplast mold, sliced to 5 µm thick sections, and 

placed on 1 mm thick glass microscope slides. The tissue slides were then deparaffinized 

by heating to 60°C for 30 min, cooling to room temperature, soaking in xylene substitute 

for 10 minutes, soaking in 100% ethanol for 10 minutes, soaking in 95% ethanol for 10 

minutes, and rinsing with running diH2O for 2 minutes. 

Hematoxylin and Eosin Stain 

Hematoxylin and eosin (H&E) stained slides were processed in a Shandon 

Varistain Gemini Slide Stainer (Thermo Scientific LLC). The tissues were first stained 

with Shandon Gill 2 Hematoxylin (Thermo Scientific LLC) for 2 minutes to stain the cell 

nuclei blue. The samples were then rinsed with diH2O for 1 minute and then stained with 

Shandon Eosin Y (Thermo Scientific LLC) for 1 minute to stain the cell cytoplasm pink-

orange. The stained samples were then rinsed with running diH2O for 2 minutes. 

Silver Stain 

The tissue sample slides were silver stained using the BB International Silver 

Enhancing Kit (Ted Pella Inc., Redding, CA, USA). The initiator and enhancer were 

combined in equal volumes and mixed. The tissue samples were then covered with the 

silver stain mixture and incubated in a black lamp box for 15 minutes. The slides were 

removed from the box and rinsed with running diH2O for 2 minutes. The tissue samples 

were recovered with the silver stain mixture and returned to the black lamp box for an 

additional 15 minutes. The slides were removed and rinsed with running diH2O for 2 

minutes and counterstained using nuclear-fast red (American Master Tech Scientific Inc., 
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Lodi, CA, USA) for 5 min. The stained samples were then rinsed with running diH2O for 

2 minutes. 

Prussian Blue Stain 

To visualize iron-oxide NPs in tissues, a chemical reaction with the ferric iron 

atoms in the NPs was done to yield Prussian blue. This process does not stain normal 

hemoglobin because it contains ferrous iron atoms. Briefly, the tissues were processed by 

deparaffinizing the samples and placing the samples in equal parts 2% potassium 

ferrocyanide (Sigma-Aldrich Corp.) and 2% hydrochloric acid. The solution and sample 

were heated for 20 minutes at 60°C to speed up the reaction. The stained samples were 

rinsed with running diH2O for 2 minutes and counterstained with nuclear-fast red for 5 

minutes. The samples were rinsed again in diH2O and dehydrated. 

Coverslipping 

After the tissues were sliced and placed on a microscope slide, the samples were 

dehydrated using two changes of 100% ethanol at 5 minutes each and cleared using 2 

changes of xylene substitute for 5 minutes each. The tissue slides were coated with the 

mounting media and sealed with 50 µm thick glass coverslips. The mounting media was 

allowed to dry for 6 hours before the edge of the coverslip was sealed using enamel 

fingernail polish. 

3.1.5 Imaging Procedures 

 Before PA imaging, cell samples were dark-field imaged using an optical 

microscope (DMI 3000 B, Leica Microsystems GmbH, Germany) with a 20x objective. 

The 25 μm thick stainless steel fragment served as a marker for dark-field and PA image 

co-registration. The unstained, H&E stained, and Prussian blue stained tissue samples 

were bright-field imaged using the optical microscope with a 1.25x objective. Black 
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marks using a marker (Fisher Scientific Company LLC, Pittsburgh, PA, USA) were 

placed on the coverslip of the unstained histologic sample for image co-registration with 

the PA image, and the slide was reimaged using the 1.25x objective. High-resolution 

images of stained samples were performed using a 40x objective to indicate the presence 

or absence of NPs. 

Photoacoustic images were acquired by raster-scanning the cell and unstained 

tissue samples with a 20 µm by 25 µm step size. At each scan position, four spatially 

registered and energy-compensated PA A-lines were acquired and postprocessed using a 

band-pass filter to remove electronic noise outside of the bandwidth of the hydrophone. 

The four A-lines were then averaged to increase the signal to noise ratio, and the 

maximum signal was used for the PA signal. The image was then median filtered using a 

40 µm by 50 µm window to further increase the signal to noise. 

3.1 PHOTOACOUSTIC MICROSCOPY OF TISSUES WITH ENDOGENOUS CONTRAST 

The principle absorber in the body at an optical wavelength of 532 nm is 

hemoglobin, and the spectra of oxygenated and deoxygenated hemoglobin were shown in 

Figure 1.1. Two particularly hemoglobin-rich organs are the spleen and the liver. 

Understanding the distribution of hemoglobin, and by association the RBCs, in tissues 

can provide important information about the function of the organ. In vivo PA imaging 

can provide this information non-invasively; however, in vivo PA images need to be 

verified in preclinical studies. The primary PA imaging validation method is to use 

stained histology; particularly eosin stained histology. Good contrast can be achieved for 

RBCs with eosin stain in many tissues and organs, as shown in Figures 3.1c and 3.2c. 

However, eosin stain is not exclusive for RBCs as it also stains cytoplasm, muscle, 

connective tissue, colloid, and decalcified bone matrix.
4
 In addition, large variations in 
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stain contrast can occur with small variations in staining time. These problems can be 

resolved using PA microscopy, as shown in Figures 3.1a and 3.2a, because the PA signals 

will only be generated by the hemoglobin and no additional staining procedures have to 

be performed. 

High PA contrast was observed in the hemoglobin rich areas of the spleen. The 

red pulp of the spleen is typically engorged with blood and is the location where old and 

damaged RBCs, antigens, microorganisms, and NPs are filtered.
5
 In a healthy adult, the 

red pulp occupies approximately 76-79% of the total volume of the spleen.
6
 The areas 

devoid of PA signal correspond to locations of white pulp. The white pulp is responsible 

for active immune response through humoral and cell-mediated pathways. Lymphoid 

leukemia is one splenic disease that is characterized by an enlargement of the white pulp 

and a reduction in the red pulp.
5
 Using PA microscopy, confirmation of in vivo diagnosis 

of this disease can be easily accomplished by measuring the percent volume of the red 

pulp in the spleen. Another thing to note is that air-bubbles present in the histology, 

shown in Figure 3.1b, are detrimental in the optical imaging of the tissue samples; 

however, do not affect the image quality of PA microscopy. 
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Figure 3.1 (a) Photoacoustic and (b) bright-field optical microscopy image of an 

unstained mouse spleen histology. Corresponding (c) H&E stained and (d) 

Prussian blue with nuclear fast red counter-stained spleen histology. (b-d) 

were acquired using a 1.25x objective. The colorbar on the right corresponds 

to the PA image. 
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Figure 3.2 (a) Photoacoustic and (b) bright-field optical microscopy image of an 

unstained mouse liver histology. Corresponding (c) H&E stain and (d) 

Prussian blue with nuclear fast red counter-stained liver histology. (b-d) 

were acquired using a 1.25x objective. The PA image colorbar is shown in 

Figure 3.1. 
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High contrast PA microscopy was also obtained for transverse sections of a 

medial mouse liver lobe. The areas in the liver that produce negligible PA signal 

correspond to regions filled with hepatocytes. These regions, also known as hepatocyte 

plates, are responsible for protein synthesis (serum albumin, fibrinogen, and the 

prothrombin group of clotting factors), protein storage, and the transformation of 

carbohydrates. Hepatocytes are responsible for the synthesis of cholesterol, bile salts, and 

phospholipids. In addition, hepatocytes also detoxify, modify, and excrete both 

exogenous and endogenous substances circulating in the body. The regions of high PA 

signal correspond to liver sinusoidal space where both arterial and venous blood cells are  

exposed to the hepatocytes. Many diseases of the liver are associated with cirrhosis – the 

replacement of the sinusoidal space with scar tissue. Typically, cirrhosis is diagnosed 

using Masson’s trichrome stained histology of a liver biopsy. Photoacoustic microscopy 

can also determine this diagnosis by observing reduced or absent signals indicative of 

liver cirrhosis. Although not performed, the optical wavelength of the PA microscope 

could be changed to 1210 nm or 1720 nm to provide high contrast images of lipid 

deposition in the liver. This can be used to diagnose fatty liver disease, which is a 

precursor to cirrhosis.
7-9

 

Overall, PA microscopy has great utility and can be used for validation of in vivo 

imaging or as an alternative to traditional staining techniques. Although only spleen and 

liver samples were imaged, PA microscopy can be used to determine functionality and 

pathology of many other tissues and organs. In addition to the imaging of hemoglobin, 

the PA microscope can also be used to determine lipid distributions by simply changing 

the wavelength of light. 
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3.2 PHOTOACOUSTIC MICROSCOPY OF TISSUES WITH EXOGENOUS CONTRAST 

Optically absorbing NPs have been used to enhance the image contrast in optical 

imaging,
10,11

 MRI,
12-14

 and PA imaging.
15-19

 In addition to image contrast, optically 

absorbing NPs have been used to enhance the specificity of photothermal therapy
20-22

 and 

as drug delivery vehicles.
23-26

 The NPs can also be functionalized with molecular specific 

ligands to enable molecular imaging. The preclinical research of NP-mediated imaging or 

therapy of pathological tissues often relies on a validation technique to confirm NP 

delivery. Typically, validation is done using stains to enhance the optical contrast of the 

NPs in histology. The most commonly used contrast and therapeutic NP is comprised of 

gold. Gold NPs are rarely visible under a light microscope and researchers often rely on 

silver stain to enhance the optical contrast of the NPs. When gold NP-laden tissues are 

exposed to an acidic solution containing silver ions, the gold NPs serve as nucleation 

sites for the silver ions to accumulate.
27

 As a result, the gold NPs are coated with a thick 

layer of silver to increase the net particle size so that it is visible under a light 

microscope. The major problem with silver stain is the huge variation in contrast with 

small changes in staining times and environmental conditions. This shortcoming can be 

overcome with PA microscopy because gold NPs can provide excellent PA contrast. 

To illustrate the contrast that gold NPs can provide in PA microscopy, five 

different cross-sections of a mouse xenograft A431 tumor were first imaged. These tumor 

cross-sections did not contain NPs, which is apparent in the PA image shown in 

Figure 3.3a. This PA image indicates that there were negligible endogenous absorbers at 

the optical wavelength of 532 nm. Black marks were placed on the surface of the 

coverslip using an ink pen to co-register the PA image with the unstained histology, 

shown in Figure 3.3b. The H&E stain histology image, shown in Figure 3.3c, reveals 

typical tumor morphology with no presence of RBCs. Figure 3.3d is a silver stain 
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histologic image confirming the absence of gold NPs. The absence of PA contrast is 

important because it simplifies the imaging procedure, and it also ensures higher 

confidence in the detection of gold NPs with the monochromatic PA microscope. 

 

Figure 3.3 (a) Photoacoustic and (b) bright-field optical images of an unstained tissue 

slice of an A431 tumor without NPs. The corresponding (c) H&E and (d) 

silver stain histology. The red marks in (a) correspond to the black marks in 

(b). (b-d) were acquired using a 1.25x objective. The PA image colorbar is 

shown in Figure 3.1. 

When gold NPs were injected into the tumor, high contrast was found in the PA 

images, shown in Figure 3.4a. In this case, the black marks were digitally removed 

because image co-registration is apparent from the contrast in the tumors. Figure 3.4d is a 

bright-field image that confirms the presence of gold NPs in the tumor. The PA image 

correlates well with the silver stain histology; however, the sensitivity is not as high. This 

may be attributed to plasmonic shifts in the optical absorption due to plasmonic coupling 

of the gold NPs.
16,28-30

 On the other hand, the dynamic range of the PA image is higher 
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than the silver stain histology, which can be used to give additional information about NP 

concentration variations. Photoacoustic microscopy can provide additional insight in the 

validation of PA imaging or photothermal therapy because the optical absorption is the 

primary mechanism of imaging contrast or heat deposition, respectively. 

 

Figure 3.4 (a) Photoacoustic and (b) bright-field optical images of an unstained tissue 

slice of an A431 tumor injected with 20 nm gold NPs. The corresponding 

(c) H&E and (d) silver stain histology. The red marks in (a) correspond to 

the black marks in (b). (b-d) were acquired using a 1.25x objective. The PA 

image colorbar is shown in Figure 3.1. 

 Gold NPs are not the only exogenous agent that can be detected with PA 

microscopy. Iron-oxide NPs are more commonly associated with MRI imaging; however, 

they have been used for PA imaging
31,32

 and therapeutic heating. A mouse xenograft 

A431 tumor was inoculated with iron-oxide NPs via the tail vein. These particles were 

accumulated in the tumor using an external magnet source. The unstained tumor 

histology, shown in Figure 3.5a, reveals little information about the contents of the 

tumor. However, good PA contrast is demonstrated indicating the presence of NPs, 

shown in Figure 3.5b. This is confirmed by the Prussian blue stained tissue histology 
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shown in Figure 3.5e. The images in Figure 3.5 demonstrate that PA microscopy is 

capable of validating other imaging modalities including in vivo MRI. 

 

Figure 3.5 (a) Bright-field optical and (b) PA images of an unstained tissue slice of an 

A431 tumor injected with 15 nm iron-oxide NPs. (c) The image in (a) and 

(b) were co-registered and overlayed. The corresponding bright-field 

microscopy images of (d) H&E and (e) Prussian blue stained tissue slices. 

(a), (d), and (e) were acquired using a 1.25x objective. (f) 40x magnification 

the Prussian blue image indicating cellular uptake of the NPs. The PA image 

colorbar is shown in Figure 3.1. 
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Iron-oxide NPs were also explored for detection of sentinel lymph nodes. A direct 

injection of iron-oxide NPs into the cervical lymph node was performed on a Nu/Nu 

mouse. The PA image, shown in Figure 3.6b, indicates an irregular distribution of NPs in 

the lymph node with higher sensitivity than the Prussian blue histology shown in Figure 

3.6e. Imaging of the NPs in a sentinel lymph node can provide clinicians with valuable 

information in the diagnosis of metastasis, and numerous studies have been attempted to 

find metastasis in lymph nodes using MRI.
33-35

 

 

 

Figure 3.6 (a) Bright-field optical and (b) PA images of an unstained tissue slice of a 

lymph node loaded with 15 nm iron-oxide NPs. (c) The image in (a) and (b) 

were co-registered and overlayed. The corresponding bright-field 

microscopy images of (d) H&E and (e) Prussian blue stained tissue slices. 

(a), (d), and (e) were acquired using a 1.25x objective. (f) 40x magnification 

of the area indicated by the red arrow in (e). The PA image colorbar is 

shown in Figure 3.1. 
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It has been demonstrated that when ferumoxtran-10 (low-molecular weight 

dextran coated iron-oxide NPs) are introduced into patients intravenously, they will 

accumulate in healthy lymph nodes.
33

 Using PA microscopy, the distribution of the NPs 

in a lymph node can be determined. Any type of irregularity in the NP distribution may 

be attributed to cancer metastasis, shown in Figure 3.7.
33

 This is due to the primary 

function of the lymph node, to filter debris. Healthy areas will accumulate NPs while 

cancerous lesions in the lymph node will have little to no NP interaction. Therefore, any 

negative contrast present in the PA microscopy images may be attributed to metastatic 

regions. Overall, PA microscopy has the potential to be used as a more sensitive 

alternative to Prussian blue histology for the detection of micrometastasis in sentinel 

lymph nodes. 

 

Figure 3.7 Diagnostic criteria of metastatic cancer in lymph nodes after an intravenous 

injection of iron-oxide in PA images. Adapted from reference 33 with 

permission from Elsevier. Copyright 2007.
33
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 Nanoparticle studies are not only limited to cancers, but can be used in the 

burgeoning field of tissue engineering. One area of the field that is widely studied is 

vascular repair in injured muscle tissues using engineered constructs containing MSCs. If 

the MSCs are loaded with gold NPs, then their proliferation, and potentially their 

differentiation, can be tracked non-invasively using PA imaging.
36

 However, there are 

fundamental limits to the sensitivity of in vivo PA imaging systems. A preclinical study 

was recently conducted to track 20 nm gold NP-loaded MSCs injected into a healthy rat 

gastrocnemius.
37

 In vivo PA imaging was used to track the proliferation of the MSCs in 

the muscle until the gold concentrations fell below the detection limit (after day 13). To 

validate the in vivo imaging results, the rat was then euthanized and the gastrocnemius 

was prepared for PA microscopy. Since the gastrocnemius had negligible endogenous PA 

signal, shown in Figure 3.8d and 3.8e, the PA microscopy delivered high contrast images 

indicating the presence and location of the MSCs, shown in Figure 3.8a. Overlaying the 

PA image with the unstained histology revealed the positions of the MSCs in the muscle 

cross-section. 

 Overall, there is great value in PA microscopy in the detection of NPs. These 

high-resolution images can be used to validate in vivo molecular imaging, or for 

independent studies of NP distribution. In this section, all of PA images of exogenous 

NPs were performed on unstained histology. However, PA microscopy can be used to 

image stained histology as long as the optical absorption spectra of the stains and NPs are 

different. By simply imaging the tissue sample with different wavelengths, also known as 

spectroscopic imaging, and using a spectral separation algorithm
19

 the stain and NP 

contribution to the total PA signal can be separated. The NP positions can then be easily 

co-registered with stained histology. 
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Figure 3.8 (a) Overlayed image combining the unstained histology (b) and PA 

microscopy (c) of a gold NP loaded gastrocnemius with registration marks 

digitally removed. (d) Unstained histology and (e) PA microscopy of a 

gastrocnemius without NPs. The PA image colorbar is shown in Figure 3.1. 
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3.3 DETECTION OF CIRCULATING TUMOR CELLS 

 Disseminated tumor cells in the blood have been shown to be associated with 

short survival in patients with metastatic carcinoma.
38

 Numerous efforts have been made 

to reliably detect and quantify circulating tumor cells (CTCs) in peripheral blood, but the 

development of a suitable assay has proven to be difficult.
39

 Given the diversity of cancer 

types, there is not a specific feature that universally distinguishes CTCs from leukocytes. 

Different histological and molecular types of tumors express an array of markers, and 

even marked heterogeneity of molecular expression can exist within one histologically 

distinct tumor.
39

 Another challenge in the detection of CTCs is that their numbers are 

extremely rare, as low as one CTC in 10
6
-10

7
 leukocytes. Therefore, CTCs often remain 

undetected in assays.
40

 

 Since prognosis, and in some cases diagnosis, can be determined by the presence 

of CTCs, their detection is imperative for determining an appropriate treatment. The 

potential for the detection of CTCs was explored using the PA microscope. Since the 

optical absorption spectra of NPs can be controlled to be distinctly different from 

endogenous blood, NP-loaded CTCs can be distinguished and quantified. Truly, scanning 

enough blood using PA microscopy to confidently determine the presence or absence of 

CTCs is a daunting task. Therefore, bioconjugated magnetic iron-oxide core, gold shell 

NPs were used to magnetically separate potential NP-labeled CTCs out of the blood; 

thus, reducing the volume of blood that is required for scanning. 
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Figure 3.9 (a-d) Non-labeled, (e-f) 40 nm gold NP labeled, and (i-l) 6 nm gold shell, 

iron core NP labeled A431 cells. (a-b, e-f, and i-j) Dark-field images of the 

samples indicating the location of the cells. (c-d, g-h, and k-l) Photoacoustic 

images indicate the presence of NPs. The PA image colorbar is shown in 

Figure 3.1. 

 An initial study was performed to test whether enough NP labeling of cancer cells 

could be achieved to provide measurable PA signals. Dark-field images (Figure 3.9) were 

used to determine the locations of dispersed cells. The PA image of non-labeled cells 

produced negligible signals. However, high contrast was found in the 6 nm iron-oxide 

core, gold shell labeled cells, shown in Figure 3.9k-l. Since small gold NPs are typically 
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associated with low PA signals, the 6 nm NP-labeled cells were compared with 40 nm 

gold NP-labeled cells, shown in Figure 3.9g-h. Similar PA intensities were found in both 

NP-loaded cells and demonstrate that the NP uptake is more than adequate for the 

screening of blood for CTC detection. 

3.4 CONCLUSIONS 

Photoacoustic microscopy was shown to have great utility in the detection of both 

endogenous and exogenous contrast agents. Function and health of an organ, as well as 

pathology can be determined by analyzing endogenous PA contrast. In vivo imaging can 

be confirmed using PA microscopy by confirming NP distributions. The PA microscope 

can be used independently to establish NP or NP-loaded cell delivery and distribution in 

target tissues and organs, or it can be used as a replacement or alternative to traditional 

histology. Photoacoustic microscopy also has the potential to replace traditional assays in 

the detection of CTCs because of its high sensitivity and high resolution. Overall, PA 

microscopy may provide future clinicians and researchers with a valuable tool that will 

aid them to advance medical imaging and therapeutics. 
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Chapter 4:  Quantitative Photoacoustic Imaging of Nanoparticles in 

Cells and Tissues 

The goal of molecular imaging is to expand the existing medical imaging 

techniques beyond visualization of anatomical features by incorporating functional and 

pathological information based on targeted contrast agents.
1,2

 Over the past decade, the 

biotechnological development of highly specific recognition elements and the 

nanotechnological development of contrast agents have opened strategies to positively 

identify diseased tissue before anatomical changes are visible. The goal of molecular 

imaging is to visualize the dynamics of disease development and cellular phenotype 

change, the local inflammatory response, the distribution and activity of drugs, and 

heterogeneities in otherwise anatomically invisible pathological tissue. Many medical 

imaging techniques including MRI,
3
 PET,

4
 SPECT,

5
 optical imaging,

6,7
 ultrasound 

imaging,
8,9

 and PA imaging
10

 have developed molecular imaging strategies. These 

techniques have specific molecular contrast agents. When introduced into the body the 

distribution of the molecular-specific contrast agents can be used to provide high contrast 

images indicative of pathology; however, it is often quite difficult to quantitatively assess 

the contrast agent concentration. Clinically, such a quantification process is typically 

performed ex vivo by mass spectrometry. Although mass spectrometry provides accurate 

quantitation, the spatial distribution is lost.
11

 Therefore, a reliable tool to relate in vivo 

molecular images to spatially resolved quantitative maps is highly desirable. 

 Photoacoustic imaging is a relatively new medical imaging modality that 

produces images based on the local optical absorption. Photoacoustic imaging can be 

implemented as a tomographic technique
12-14

 or as a microscopy technique
15-17

 to image 

the distribution of endogenous and exogenous absorbers. Unlike optical microscopy 
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techniques (confocal, bright-field, and dark-field microscopy) where generally both the 

optical absorption and scattering contribute to the signal, the signal in PA microscopy is 

based solely on optical absorption because it is acoustic waves that are being detected. 

Since optical scattering is typically the dominant mechanism of interaction with cells and 

tissues,
18

 PA images often have higher contrast and specificity than the optical 

techniques.
19

 

Most forms of PA microscopy utilize focused optical illumination for PA signal 

generation and an ultrasound transducer for PA signal acquisition. For optically 

transparent or thin samples, the spatial resolution is determined by the optical focus 

within a penetration depth of one mean free path, while light scattering diminishes the 

resolution for greater depths. Even if the focal spot size does not change significantly, the 

local fluence will be different at the absorber in a scattering medium. Any PA 

microscopy method to quantify the local number of particles will therefore have to be 

independent of the local fluence. 

This chapters details a novel systematic approach for quantitative PA (qPA) 

imaging of NPs in cell and tissue samples. Quantitative PA imaging is based on the 

linearity of the PA signal, Pmax, with the number of NPs, NNP, and the fluence, F. The 

NPs have a wavelength-dependent optical absorption cross-section, σ(λ). This 

relationship is given as: 

FNFPFP NPeff   )(    )(   )( 0max 
 

(4.1) 

where Γeff is the effective Grüneisen coefficient for a given NP in a nonabsorbing solvent 

and P0 is the PA signal from any endogenous absorbers. This relationship holds as long 

as the irradiated volume is small compared to the detected acoustic wavelength, the NP 

absorption cross-section and environment are constant, and particle-to-particle thermal 
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and electromagnetic coupling can be neglected. If P0 is negligible, then Pmax results from 

the NPs only and σ·Γeff is a constant that can be measured independently. This simple 

relationship makes it possible to calibrate the PA signal for a fixed fluence as a function 

of a known NP quantity or for a fixed known NP quantity as a function of fluence. 

Since the optical scattering effects cannot be ignored in tissues, Equation 4.1 was 

modified from being a function of known fluence to a function of the relative change in 

fluence. This eliminates the need for sophisticated models or methods to determine the 

local fluence, and also provides a means to validate, in each qPA imaging sample, the 

necessary linearity needed for quantitation. These benefits make qPA imaging a very 

robust quantitation technique that can be used to better validate molecular imaging and 

study NPs in cells and tissues. 

4.1 MATERIALS AND METHODS 

In vitro murine J774A.1 macrophage cells were cultured using phenol-free 

DMEM/F12 cell medium supplemented with 10% fetal bovine serum. After the cells 

reached ~70% confluence, adherent cells were incubated with the iron-oxide NPs at 

concentrations of 1.9×10
12

 NPs and 3.7×10
12

 NPs per mL of cell culture media, 

respectively. After 22 hours, the cells were rinsed with PBS three times, removed from 

the cell culture flasks, and fixed in 10% formalin. After 2 hours, the cells were 

centrifuged to remove excess formalin and resuspended in diH2O. Aliquots of 20 µL of 

the cell suspension were placed on microscope slides, dried at 60°C, mounted, and sealed 

in a coverslip. These samples had an average of 5×10
5
 cells per slide and were used to 

determine the average number of NPs per cell using the PA microscope. These samples 

included a small 25 µm thick stainless steel marker placed between the microscope slide 
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and coverslip for dark-field optical image co-registration (DMI 3000 B, Leica 

Microsystems GmbH, Germany). 

The molar extinction of cell suspensions in water was analyzed using a 

spectrophotometer (UV-3600, Shimadzu Corp. Kyoto, Japan). Spectra from known 

concentrations of NPs were acquired and used to determine the molar extinction 

coefficient. The number of NPs in cells incubated with 3.7×10
12

 NPs per mL of media 

was quantified using inductively coupled plasma mass spectrometry (ICP-MS), and then 

extinction spectra were acquired. Cells without NPs were used to subtract the 

contribution of the cells to the molar extinction coefficient of the NPs. 

Quantitative PA imaging results were compared to a quadrupole ICP-MS (Agilent 

7500ce, Agilent Technologies Inc., Santa Clara, CA, USA) with H2 as the reaction gas. 

Samples of 1×10
7
 cells incubated with 0, 1.9×10

12
, and 3.7×10

12
 NPs per mL of cell 

culture media were each placed in polyethylene containers, dehydrated at 60°C, dissolved 

in 70% HNO3 for 24 hours at 60°C, and diluted to a final concentration of 2% HNO3. 

Estimating an average of 71,700 iron atoms per NP, the ICP-MS results were converted 

to number of NPs per cell. 

Xenograft A431 human epithelial carcinoma tumors were grown in the flank of a 

Nu/Nu mouse, as described in Chapter 3.1.3. Briefly, A431 cells (2.4×10
6
) were then 

suspended in 400 µL PBS and injected into the right flanks of two mice, 200 µL in each 

mouse. After 2 weeks when the tumors reached 8-10 mm in diameter, approximately 

5×10
13

 NPs were intravenously injected via the tail vein. A magnet was placed on the 

surface of the tumor to preferentially accumulate the NPs. The other mouse served as a 

control for the study. During all injections, the mice were anesthetized with avertin. One 

day after the NP inoculation, both mice were euthanized by carbon dioxide asphyxiation 

followed by cerebral dislocation, and the tumors were harvested for histology. All 
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experimental animal procedures were performed in compliance with the National 

Institutes of Health, and the animal protocol was approved by the University of Texas at 

Austin Institutional Animal Care and Use Committee. 

4.2 RESULTS AND DISCUSSION 

4.2.1 Calibration Factor Measurement 

To quantitatively image NPs in cells and thin tissue slices, a custom PA 

microscope was built and optimized for high sensitivity, while maintaining good spatial 

resolution. Typical PA microscopes are designed to provide high-resolution images; 

however, there is a balance between the spatial resolution and the ability to quantify the 

amount of absorber at any given point in the image, as the signal depends on the number 

of particles within one focal spot. High-resolution PA microscopes can increase their PA 

signal using high fluences (see Equation 4.1), but at the risk of potential damage to the 

cells, tissues, and NPs. We produced a focal spot size (1.5×10
-5

 cm
2
 at a wavelength of 

532 nm) that would allow for sufficient PA signal over a wide range of fluences. To 

demonstrate the principles of qPA imaging, non-plasmonic iron-oxide nanoparticles were 

used to ensure no particle-to-particle electromagnetic coupling effects. Unlike plasmonic 

nanospheres or nanorods that can plasmon couple at high density, iron-oxide NPs have 

linear absorption with fluence. The surrounding media was standard histology mounting 

solution with unknown mechanical and thermal properties. The samples were placed 

between a glass microscope slide and glass coverslip with thicknesses of less than 25 µm 

to achieve optical focus-based resolution in a nonconfocal setting. The onset of a 

measurable background signal from the surrounding medium, which would be fluence 

dependent, was estimated in the mounting media to be greater than 2000 mJ/cm
2
. 

However, visible damage in tissue samples occurred above ~650 mJ/cm
2
. 
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Figure 4.1 The dependence of PA signal with the NP quantity and laser fluence. The 

average PA signal versus (a) NP quantity and (b) laser fluence. The error-

bars indicate one standard deviation for each measure. The diagonal line is a 

linear least squares regression with forced intercept of zero of the data above 

the detection threshold, and the corresponding equation and coefficient of 

determination (R
2
) shown in the upper left corner of the plot. The horizontal 

lines indicate the detection threshold. (c) Normalized optical extinction 

coefficient for NPs in water and NPs in cells versus wavelength. Reprinted 

with permission from reference 21. Copyright 2013 American Chemical 

Society.  

The linear relationship between the PA signal and the number of NPs in the 

illuminated volume, i.e., the image pixel, was verified by a set of 10 histology phantoms 

with varying NP concentration, using a laser fluence of 360 mJ/cm
2
. The sample 
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thickness of 25 µm still allows for an exact conversion of the concentration to the number 

of NPs. The PA intensity demonstrated the expected linear dependence with NP quantity 

once the signal had risen above the system’s detection threshold (Figure 4.1a). The slope, 

together with the fluence used, gives the proportionality factor σ·Γeff from Equation 4.1 as 

3.47×10
-5

. The minimum number of NPs that could be detected at this fluence was 

approximately 2×10
4
 NPs in a volume of 8 fL, or about 4 µM; an increase in fluence 

would only slightly improve this detection threshold, because damage would occur at 

approximately twice this fluence. 

Using a phantom with 2×10
7
 NPs per spot, the linear PA signal dependence with 

laser fluence was also confirmed (Figure 4.1b). In this case the slope of the line was equal 

to σ·Γeff·N, again resulting in a σ·Γeff of 3.47×10
-5

, as expected. Additionally, the 

absorption spectrum of the NPs does not change when the NPs are dispersed in solution 

or aggregated in cells, ensuring that only quantity and laser fluence will impact the PA 

signal (Figure 4.1c). 

4.2.2 Calibration Factor Validation 

The above calibration to determine the proportionality factor σ·Γeff was performed 

immediately before each of the following experiments to avoid setup variations. To 

validate quantitation, qPA images of J774A.1 murine macrophages loaded with NPs were 

compared to ICP-MS. Quantitative PA images were collected for cells incubated with 0, 

1.9×10
12

, and 3.7×10
12

 NPs per mL seeded at low cell density (600 cells per mm
2
). A 

subarea of the overall qPA images is shown in Figure 4.2 along with co-registered dark-

field microscopy images. Although visible in the dark-field microscopy images 

(Figure 4.2g), cells that were not incubated with NPs resulted in baseline level PA signals 

corresponding to no NPs per cell (Figure 4.2d). Cells incubated with NPs showed a clear 
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PA signal indicative of NP uptake (Figure 4.2e and f), and the PA images are co-

registered with their respective dark-field images (Figure 4.2h and i). Quantitative PA 

imaging of ~1000 cells (based on the dark-field image cell counts) measured averages of 

6.29×10
4
 and 1.06×10

5
 NPs per cell for the incubation concentrations of 1.9×10

12
 and 

3.7×10
12

 NPs per mL, respectively. The cell-to-cell standard deviations for each 

respective sample were 2.37×10
4
 and 5.24×10

4
. The blurring between cells in 

Figure 4.2e and f results from the focal spot size being larger than the cells. 

The qPA averages correlate well with the ICP-MS results of 6.32×10
4
 and 

1.08×10
5
 NPs per cell (ICP-MS standard deviations were 0.029×10

4
 and 0.027×10

5
, 

respectively). The averages from both cell samples had negative deviations that were 

likely due to the sensitivity of the PA microscope to iron-oxide NPs:  the minimum 

number of NPs that could be detected was 2×10
4
. To overcome this sensitivity, we 

repeated the qPA experiment with cells seeded at high density (7×10
4
 cells per mm

2
) for 

a total of 5×10
5
 cells. Again, the cells with no incubation of NPs resulted in 0 NPs per 

mL in the qPA images. Quantitative PA analysis measured averages of 6.44×10
4
 and 

1.17×10
5
 NPs per cell, with cell-to-cell standard deviations of 1.12×10

4
 and 0.31×10

5
, 

respectively.  The qPA image analysis therefore leads to an accurate determination of the 

number of NPs per cell with errors well below 10%.  
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Figure 4.2 Quantitative PA imaging results (a-f) and co-registered dark-field 

microscopy (g-i) of J774A.1 cells incubated with and without NPs. 

Quantitative PA images scaled to the number of NPs per focal spot (a-c) and 

number of NPs per cell (d-f) are shown. Images of cells incubated without 

NPs (a, d, and g), with 1.9×10
12

 NPs per mL of cell culture media (b, e, h), 

and with 3.7×10
12

 NPs per mL of cell culture media (c, f, i) are shown. 

Reprinted with permission from reference 21. Copyright 2013 American 

Chemical Society.  
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4.2.3 Quantitative Photoacoustic Imaging of Nanoparticles in Tissues 

While for individual cells direct calibration is sufficient to accurately determine 

the local number of NPs, tissue samples can provide environments where the simple 

linear relationship is no longer fulfilled.
20

 Additionally, in more complex samples the 

local fluence could be lower than the fluence used in calibration due to optical scattering. 

However, the PA signal constant σ·Γeff does not change, as long as conditions for the 

local environment and noninteracting NPs are fulfilled, and can be determined by an 

external calibration against the NP number as before. Then, the local number of NPs for 

any fluence attenuation, α, can be determined by the slope of the PA pressure versus 

fluence with P0 ≈ 0: 

FNFP NPeff        )( max    (4.2) 

and 
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Mapping the PA signal with at least two fluences (F1 and F2 in Equation 4.3) 

above the detection threshold of the system, with an intercept at the origin, allows the 

accurate determination of the local NP quantity by assessing the attenuated changes in the 

PA signal with the changes in attenuated fluence. Therefore, there is no need for 

extraneous approaches to determine the local fluence in turbid media, such as tissue. This 

technique also excludes pixels that do not show a linear dependence due to thermal 

damage or thermal coupling, further adding robustness to the qPA technique. 
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Figure 4.3 Bright-field optical microscopy images at 1.25x of tumor slices with H&E 

stain (a, b) and Prussian blue stain with nuclear fast red counterstain (c, d). 

The tumor from the mouse inoculated with NPs is shown in images (a), (c), 

and (e). The tumor from the mouse with no NP inoculation is shown in (b), 

(d), and (f). The 40x magnification images (e, f) correspond to regions 

marked in (c) and (d), respectively. Reprinted with permission from 

reference 21. Copyright 2013 American Chemical Society.  
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The tumor from the mouse with no NP inoculation (Figure 4.4d) produced only 

system noise level PA signals independent of fluence, indicating the absence of NPs 

(Figure 4.4e). In contrast, the tumor from the mouse inoculated with NPs (Figure 4.4a) 

clearly showed a distribution of PA signal levels (Figure 4.4b). The distribution of the 

NPs in Figure 4.4c is also verified by the Prussian blue stained histology shown in 

Figure 4.3c.  

 

Figure 4.4 (a) Unstained histology, (b) PA microscopy, and (c) an overlay of (a) and 

(b) of an A431 tumor loaded with iron-oxide NPs. (d) Unstained histology 

and (e) PA microscopy of a tumor without NPs. The black mark in (d) is 

used for image co-registration with the red marks in (e). Reprinted with 

permission from reference 21. Copyright 2013 American Chemical Society.  
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The quantitative molecular imaging capability was demonstrated in histological 

slices of a xenograft A431 human epithelial carcinoma with injected NPs. Sections from 

an A431 carcinoma were H&E stained and show typical tumor morphology 

(Figures 4.3a and 4.4b), while Prussian blue staining indicates the presence of iron 

(Figures 4.3c and 4.4d). High-magnification (40x) images of Prussian blue-stained 

samples show cellular uptake of the NPs (Figure 4.3e), in comparison to the NP-free 

control (Figure 4.3f). For the qPA microscopy of tumor slices with and without NPs, 

unstained histology sections directly adjacent to the respective stained slices 

(Figures 4.4a and 4.4d) were used, and the PA maps are shown in Figures 4.4b and 4.4e, 

respectively. Black ink marks on the glass coverslip were used for registration of the PA 

image with the bright-field optical microscopy images because black ink is a high-

contrast source in both imaging techniques. 

To quantify NPs, four fluences were chosen between 50 and 360 mJ/cm
2
, and a 

subsection of the sample (as outlined in Figure 4.4c) was scanned at each fluence. For 

each pixel a line through the origin (no signal at zero fluence) was fitted through the PA 

signals above the noise floor of the system as a function of fluence. The quality of the fit 

(R
2
) for each image pixel as determined from the slope of the fit for regressions above 0.9 

is shown in Figure 4.5b, where pixels that produced only background were left blank. 

Pixels with an R
2
 < 0.97 were not quantified due to a lack of confidence, and in the cases 

where the linear fluence dependence was not strong (R
2
 < 0.97), the high-fluence PA 

signals were not included in the quantification procedure in attempts to eliminate 

nonlinearities corresponding to interacting particles or damaging heat. The resulting map 

is a quantified image of the NP number distribution (Figure 4.5a) that was determined 

with high confidence. 
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Figure 4.5 (a) Quantitative PA image of the white dashed box shown in Figure 4.4c. (b) 

Coefficient of determination map indicating linearity of the PA signal with 

fluence. (c) Quantitative comparison of the unstained and Prussian blue 

stained bright-field images and the qPA images. The values for the graphs 

were generated from a line shown in Figure 4.4a. Reprinted with permission 

from reference 21. Copyright 2013 American Chemical Society.  
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Comparing the quantified map (Figure 4.5a) to the nonquantified PA map 

(Figure 4.4c), most of the pixels with PA signals could be quantified (Figure 4.5b). Some 

low-signal regions were not quantified due to the choice of the four fluences. Areas of 

very high signals and very strong Prussian blue staining, shown in Figure 4.3c, could not 

be quantified because nonlinear effects dominate the high-fluence signals. Additionally, 

the qPA-determined NP quantities in the trusted pixels were very close to those simply 

based on a single-fluence calibration, indicating a very low scattering environment. 

Comparing the qPA image (Figure 4.5a) to Prussian blue histology (Figure 4.3c)., many 

areas positively identified NPs at locations that would not have had a clear staining in 

standard histology, at least at lower magnifications. A more detailed analysis comparing 

the qPA image to the bright-field microscopy images of the unstained and Prussian blue 

stained histology is shown in Figure 4.5c. The gray scale intensities along a line in the 

Prussian blue histology were scaled to match the overall range of the corresponding qPA 

image. Then, the same line in the unstained histology (Figure 4.4a) was scaled using the 

same factor used in the analysis of the Prussian blue image. The comparison of the 

Prussian blue, unstained sample, and qPA curves presented in Figure 4.5c demonstrates 

superior sensitivity and specificity of qPA for the NPs in comparison to both optical 

imaging techniques, as optical scattering dominates the bright-field images. Therefore, 

qPA microscopy has not only higher NP contrast than the typical histology detection, 

which requires an additional labeling step, but also a lower detection limit. Quantitative 

PA microscopy is well suited to validate in vivo PA imaging because it combines both the 

quantitation (typically provided by mass spectrometry) and the NP distribution (typically 

provided by stained histology). 
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4.3 CONCLUSIONS 

A qPA microscope including a method to reliably quantify the number of absorbers, 

such as iron-oxide NPs, delivered to cells and tissues of interest was developed. The 

method is based on the linearity of the PA signal with both local NP quantity and local 

fluence, but it does not depend on the knowledge of the local fluence. Accurate 

quantization was achieved using a qPA microscope with a detection limit of ~2×10
4
 NPs 

per focal spot. The qPA image of the NP-laden, ex vivo tissue slice was in good 

agreement with traditional histopathological analysis, but with higher sensitivity. Overall, 

qPA imaging is an accurate quantitation technique and can be used to determine the 

efficiency and effectiveness of molecular targeting strategies in both in vitro cell studies 

and ex vivo tissue samples. Since the spatial distribution is preserved in the quantitation, 

qPA imaging can also validate in vivo molecular imaging results. 

Although iron-oxide NPs were used in this study, other types of NPs that do not 

plasmon couple can be used (including, but not limited to, gadolinium oxide, manganese 

oxide, doped iron oxides, and silica-coated gold NPs). To quantify plasmonic NPs, the 

current approach may need to include spectroscopic PA imaging techniques because of 

the spectral changes in the optical absorption resulting from surface plasmon coupling. 

The detection limit can be significantly improved by signal-to-noise ratio improvements 

in the microscope and by the use of NPs that produce an increased PA signal, such as 

thermally stable and electromagnetically isolated plasmonic NPs. Although the methods 

developed here were applied to the microscopy of samples with negligible endogenous 

absorption, spectroscopic techniques can be employed to uncouple the contributions of 

the NPs from the endogenous absorbers. Overall, qPA imaging can provide essential 

information to progress medical imaging technology. 
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Chapter 5:  Nonlinear Photoacoustics of Aggregated Nanoparticles 

Exogenous PA contrast agents are commonly used to provide information about 

the anatomy, physiology, or pathology of tissues. Iron-oxide NPs,
1
 carbon nanotubes,

2,3
 

gold NPs,
4-7

 and dyes
8
 have been used as contrast agents for PA imaging. By correlating 

spectroscopic PA imaging with the optical absorption spectra, regions of the endogenous 

and exogenous absorbers can be determined.
9-11

 Spectroscopic PA greatly enhances the 

contrast because it can be used to differentiate optical absorbers (hemoglobin, lipids, and 

exogenous absorbers) based on their unique absorption spectra.
10

 Other than unique 

absorption spectra, spectroscopic PA imaging requires the PA pressure to be proportional 

to the amount of energy deposited into the contrast agent. If an absorber has a 

wavelength-dependent optical absorption, for a given fluence spectroscopic PA imaging 

then requires: 

 
 

 
 2

1

2

1









P
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a   (5.1) 

For endogenous contrast sources, Equation 5.1 is valid; however, this notion has recently 

been challenged for exogenous NP contrast agents. 

 Recent findings show that in some situations the dependence of the PA signal 

from NPs is nonlinear with fluence.
12

 In these experiments, mesenchymal stem cells 

(MSCs) were incubated with citrate-stabilized 20 nm gold nanospheres and after 24 hours 

the NP-loaded cells were embedded into a gelatin phantom. The phantom was imaged 

using several fluences less than 20 mJ/cm
2
 at an optical wavelength of 532 nm. The 

average PA signal in the phantom was plotted versus fluence (Figure 5.1). This 

experiment illustrates that there are situations where gold NPs aggregated in cells will 

produce a nonlinear PA signal with fluence. 
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Figure 5.1 Photoacoustic signal amplitudes from gold NPs internalized in MSCs at 

various fluences.
12

 

Although this nonlinearity may be detrimental to spectroscopic PA imaging, there 

is one major advantage of nonlinear PA imaging. Only one wavelength would be required 

to discern NPs from other contrast sources (fluence dependence of endogenous sources 

are linear) in order to perform nonlinear PA imaging. Using one wavelength significantly 

reduces the complexity of the laser system because it would eliminate the need for optical 

parametric oscillators, lasing mediums, and chromatic corrections for the optical 

components. In addition, the wavelength-dependent optical scattering in the tissues that 

affects spectroscopic PA imaging, would not be problematic with nonlinear PA imaging.  

Before nonlinear PA imaging can be applied for medical imaging, there are four 

pressing unanswered questions. (1) Is the nonlinearity reversible? (2) Is the nonlinearity 

dependent on the cell type? (3) Does the nonlinear PA pressure with fluence only exist 

for gold NPs? (4) Does the nonlinear PA pressure with fluence only exist in cells? This 
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chapter describes a series of experiments in attempts to answer these questions. First, the 

PA signal dependence with fluence is measured for citrate-stabilized gold NPs loaded 

into J774A.1 murine macrophage cells to determine if nonlinear PA is exclusive for 

MSCs. Second, the PA signal dependence with fluence is measured for dextran-coated 

iron-oxide NPs loaded into macrophages to determine if the nonlinearity is exclusive to 

gold NPs. Finally, the PA signal dependence with fluence is measured for cells with 

varying amounts of NP loading. Overall, the experimental results shown in this chapter 

provide exciting new insights into the applicability of nonlinear PA imaging of NPs and 

the potential for quantitation in both thin and thick tissues. 

5.1 PLASMONIC NANOPARTICLES IN CELLS 

To address whether the nonlinear dependence of the PA signal with fluence is 

exclusive to MSCs, the following experiments of citrate-stabilized gold NPs in J774A.1 

murine macrophages were performed. First, a monolayer of NP-loaded cells at low 

density was imaged at relatively high fluences using the PA microscope. Second, the 

response of the NP-loaded cells was tested at low fluences. These experiments tested the 

stability of the PA signal and the dependence of the PA signal with fluence.  

5.1.1 Photoacoustic Microscopy of Low Cell Densities 

Materials and Methods 

The procedures to make citrate-stabilized 20 nm and 40 nm gold spheres were 

discussed previously in Chapter 3.1.1. To make citrate-stabilized 5 nm gold spheres, 

101 mL of diH2O was heated to 97°C in an Erlenmeyer flask while covered. While 

stirring, 10 mg of chloroauric acid (Sigma-Aldrich Corp.) was added. After 1 minute, 

1 mL of 38.8 mM trisodium citrate (Sigma-Aldrich Corp.) was added. After 1 minute, 

1 mL of a combination of 0.75 mg sodium borohydride (Sigma-Aldrich Corp.) and 
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38.8 mM trisodium citrate was added to the solution. After 5 minutes of stirring, the 

solution was moved to an ice bath to cool to room temperature. 

To make the cell samples, coverslips were first sterilized by soaking in 30% 

bleach for 30 minutes, triple rinsed with 70% ethanol, triple rinsed with diH2O, and triple 

rinsed with PBS. One coverslip was placed in each well of a BD Falcon 6-well cell 

culture plate (BD Biosciences, San Jose, CA, USA) and each well was then triple rinsed 

with PBS. Each well was seeded with murine J774A.1 macrophage cells and phenol-free 

DMEM/F12 cell medium supplemented with 10% fetal bovine serum. When the cells 

reached ~70% confluence, adherent cells were incubated with the citrate-stabilized 5 nm, 

20 nm, or 40 nm gold NPs at concentrations of 80 μg per mL of cell culture media. The 

total incubation time was 8 hours. 

After 22 hours, the wells were triple rinsed with PBS and fixed in 10% formalin. 

After 2 hours, the formalin was removed and the cells were triple rinsed with diH2O. The 

coverslips were removed from the wells and the underside was cleaned using 70% 

ethanol. Excess water was removed by drying at 60°C for 5 minutes. The coverslips were 

mounted on glass microscope slides and sealed using enamel fingernail polish. Bright-

field, dark-field, and phase-contrast images were acquired before PA imaging using 

exposure times of 1.07 ms, 83.9 ms, and 56.8 ms, respectively. 
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Figure 5.2 Bright-field (left column), dark-field (middle column), and phase contrast 

(right column) microscopy at 20x magnification of (a) J774A.1 cells 

incubated without NPs and J774A.1 cells incubated with (b) 5 nm, (c) 

20 nm, and (d) 40 nm citrate-stabilized gold spheres. The images were 

acquired before pulsed laser exposure. 

In this set of experiments, the laser source in the PA microscope was changed to a 

second harmonic Nd:YAG pulsed laser (Polaris II, New Wave Research Inc., Fremont, 

CA, USA) with a wavelength of 532 nm, pulse duration of 5-7 ns and a pulse repetition 
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frequency of 20 Hz. The benefit of this laser is that its divergence is uniform and the 

beam profile is Gaussian; therefore, the pinhole was removed and potential ‘hot spots’ in 

the beam were not present. Using the methods described in Chapter 2.2.1, the focal spot 

was measured to be circular with a diameter of 10 μm. 

Results and Discussion 

As shown in Figure 5.2b-d, the bright-field image contrast decreases with 

increasing NP size. In addition, scattering from the cell samples increases with NP size, 

shown in the dark-field images. The aggregates and endosomes are also very apparent in 

the phase-contrast images. Photoacoustic microscopy of all three NP-loaded J774A.1 

samples revealed that the PA signal was irreversible at the fluences needed to produce a 

measurable signal. To illustrate this irreversibility, the PA signal was acquired for 5000 

laser pulses at a given fluence for one cell, shown in Figure 5.3. With subsequent laser 

pulses the PA signal decayed for all three NP-loaded cell samples. The samples were 

translated and another cell was exposed to a higher fluence. The decay in the PA signal at 

higher fluences was observed to be more dramatic indicating changes to the NP or the NP 

environment to occur more rapidly. 
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Figure 5.3 Irreversibility of cells loaded with citrate-stabilized (a) 5 nm, (b) 20 nm, and 

(c) 40 nm gold spheres. A different scan position was exposed to a different 

fluence and a total of 5000 laser pulses. The number listed above each laser 

exposure is the corresponding laser fluence in mJ/cm
2
.  

To illustrate the irreversibility of the PA signal with fluence, the cells containing 

20 nm gold spheres were first exposed to 15000 laser pulses at a fluence of 292 mJ/cm
2
, 

shown in Figure 5.4. The PA signal continuously decayed for the first 10000 laser pulses, 

until it levels off. Potential explanations for this slow decay in signal includes 

photofragmentation,
13

 chemical changes, NP fusion, and endosomal rupture. After 

5 minutes of no laser exposure, the sample was exposed to another 15000 laser pulses. 
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The PA signal experienced no change, indicating that no additional laser-induced changes 

would occur at 292 mJ/cm
2
. The sample was then exposed to 15000 pulses at 

364 mJ/cm
2
. Another decrease in the PA signal, however less dramatic, was measured. 

The fluence was decreased to 292 mJ/cm
2
 for another 15000 laser pulses. The PA signal 

was measured to be similar as the previous exposure to 292 mJ/cm
2
, indicating that 

364 mJ/cm
2
 induced minimal changes to the NPs or NP environment. This indicates that 

most of the irreversible changes to the NPs had occurred with the first laser exposure at 

292 mJ/cm
2
. 

 

Figure 5.4 The irreversibility of the PA signal with fluence of cells loaded with citrate-

stabilized 20 nm gold NPs. The first four laser exposures were 15000 pulses 

long, and the last four were 5000 pulses long. The number listed above each 

laser exposure is the corresponding laser fluence in mJ/cm
2
.  

5.1.2 Photoacoustics at Low Fluences 

The benefit of the PA microscope is that it can measure the nonlinearity on a 

cellular level. In doing so, fluences have to be large to provide measurable PA signals. 
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Since the PA signal was found to be irreversible at the fluences needed to perform 

microscopy, a different setup was needed to measure the fluence dependence of the PA 

signal. This setup was used to look for PA nonlinearity from gold NP-loaded J774A.1 

cells and MSCs at fluences that do not cause irreversible changes in the NP or NP 

environment. Optical absorbance spectroscopy and microscopy was used to study the 

effects of media and cellular internalization of the NPs. The PA dependence, 

repeatability, and reversibility with fluence were then measured for dispersed NPs in 

water, NP-loaded J774A.1 cells, and NP-loaded MSCs.  

Materials and Methods 

Samples were prepared by culturing murine J774A.1 macrophage cells in phenol-

free DMEM/F12 cell medium supplemented with 10% fetal bovine serum. When the 

cells reached ~70% confluence, adherent cells were incubated with citrate-stabilized 

5 nm, 20 nm, or 40 nm gold NPs at concentrations of 80 μg per mL of cell culture media 

(NP solutions were concentrated 20x before mixing with media). After 8 hours the cells 

were rinsed with PBS three times, removed from the cell culture flasks by scraping, and 

fixed in 10% formalin. After 2 hours, the cells were centrifuged to remove excess 

formalin and resuspended in diH2O at a concentration of 1.0×10
7
 cells per mL. 

The procedure for incubating MSCs with gold NPs was described in Chapter 3.1. 

Briefly, three gold NP solutions containing 5 nm, 20 nm, and 40 nm diameter spheres 

were concentrated to 200 mg per mL of water. The NPs were then diluted with cell media 

to a concentration of 80 μg gold per mL. The NPs were then incubated with MSCs seeded 

at 5000 cells/cm
2
 in a T175 cell culture flask. After 24 hours of incubation at 37°C and 

5% CO2, the cells were first imaged using optical microscopy and then trypsinized. The 

NP-loaded cells were centrifuged, rinsed with PBS, re-centrifuged, and fixed using 10% 
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formalin. After 2 hours, the cells were centrifuged to remove excess formalin and 

resuspended in diH2O at a concentration of 1.0×10
8
 cells per mL. 

Two opposing sides of a water tank were modified by drilling through-holes and 

gluing rubber caps from a vacutainer into the holes. The rubber caps serve as a water-

tight barrier to insert a 1 mm inner diameter glass tube. An optical window consisting of 

a glass microscope slide was fitted on another side of the container so that the light beam 

would be orthogonal to the glass tube. A small volume of aqueous gold NP-loaded cells 

was placed in the glass tube and pulsed with the frequency-doubled Polaris II laser at 

532 nm. The emanating acoustic wave was captured using the 1 mm needle hydrophone, 

shown in Figure 5.5. A total of 2000 laser-induced PA A-lines were captured for each 

fluence and band-pass filtered to remove electronic noise. 

 

Figure 5.5 Schematic drawing of the PA amplitude measurement system. 

Results and Discussion 

Before incubating the cells with gold NPs, the absorbance spectra of the media 

without the presence of gold NPs were measured and are shown in Figure 5.6a. The 

J774A.1 cells and MSCs required different types of media (DMEM/F12 and DMEM, 

respectively), and when the media was mixed with the NPs, different absorbance changes 
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were observed. An enhancement and red-shift in the absorbance was observed for all NPs 

in the presence of media. These absorbance changes have been previously shown and 

result from the salts in cell culture media inducing the aggregation of citrate-stabilized 

gold NPs.
14

 Interestingly, the 5 nm and 20 nm gold NPs exhibit a dramatic absorbance 

change in the presence of media; however, minimal changes were observed from the 

40 nm gold NPs. This may be due to the hydroxyl-amine providing additional 

stabilization of the 40 nm gold spheres. Another thing to note is that the 5 nm and 20 nm 

NPs aggregated differently in the different media. The absorbance enhancement and red-

shift was found to be greater with the DMEM media.  

 

Figure 5.6 (a) Absorbance spectra of water, DMEM/F12, and DMEM. (b) 5 nm, (c) 

20 nm, and (d) 40 nm gold spheres in the presence of water (blue), 

DMEM/F12 (green), and DMEM (red). Also shown in the plots are optical 

images of cuvettes containing the respective NPs in water (left), 

DMEM/F12 (middle), and DMEM (right). 

After 24 hours of incubation with NPs, the cells were imaged using optical 

microscopy in the flasks in the presence of the NP media to minimize cell death. Due to 
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the size of the cell culture flask, only bright-field and phase contrast images could be 

acquired. Unlike the J774A.1 cells shown in Figure 5.2, only the 20 nm and 40 nm NPs 

could be detected using optical microscopy, as shown in Figure 5.7. The MSCs that 

adhered to the cell culture flask exhibited an asymmetric shape with large extensions. The 

distributions of the NPs in the MSCs were found to be around the core of the cell, and no 

NPs were detected in the cellular extensions. After trypsination, fixing, and plating on 

glass microscope slides, the asymmetric shape was lost, shown in Figure 5.8. At a 

magnification of 40x, all three NPs sizes appear to be compartmentalized in endosomes 

in the MSCs. 

 

Figure 5.7 Phase contrast (top row) and bright-field (bottom row) microscopy at 20x 

magnification of (a) MSCs incubated without NPs and MSCs incubated with 

(b) 5 nm, (c) 20 nm, and (d) 40 nm citrate-stabilized gold spheres. The 

images were acquired with MSCs adhered to a T175 flask in the presence of 

the NP/media solution. 
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Figure 5.8 Bright-field (left column), dark-field (middle column), and phase contrast 

(right column) microscopy at 40x magnification of (a) MSCs without NPs 

and MSCs incubated with (b) 5 nm, (c) 20 nm, and (d) 40 nm citrate-

stabilized gold spheres. The images were acquired on microscope slides and 

the cells were fixed. 
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Figure 5.9 Normalized absorbance spectra of NP-loaded (a) J774A.1 cells and (b) 

MSCs. The absorbance contribution of the cells was removed from each 

spectrum, leaving the spectra from the NPs only. 

Before measuring the dependence of the PA response on fluence, the optical 

absorbance of the cells was measured, shown in Figure 5.9. For both cell types and for all 

NP sizes, the plasmon resonance peak was red-shifted and broadened further than the 

NPs in media alone. This indicates that the cells produce tighter-packed and possibly 

larger NP aggregates than the media does. The plasmon coupling of 5 nm and 20 nm NPs 

was measured to be very similar in both the J774A.1 cells and the MSCs. On the other 

hand, the MSCs seem to package the 40 nm gold NPs differently. The enhanced near-

infrared absorbance indicates that the interparticle distances are much smaller in the 

MSCs than the J774A.1 cells. 

As a control, dispersions of 5 nm, 20 nm, and 40 nm gold NPs in water at a 

concentration of 1.6 μg per mL were first irradiated with 1 mJ/cm
2
 of pulsed laser. After 

2000 laser pulses the light beam was blocked and the fluence was increased to 2 mJ/cm
2
. 

The light beam was unblocked for an additional 2000 laser pulses. This process was 

repeated until the fluence reached 32 mJ/cm
2
 after which the laser fluence was then 

stepped down in the same way. The corresponding PA signal versus laser pulses is shown 

in Figure 5.10a-b for 5 nm and 20 nm gold NP dispersions. The moving average is 

computed for 20 laser pulses, and is used to better visualize the pulse dependence of the 

PA signal at each fluence. These NPs were reversible for all laser fluences because no PA 
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signal degradation was observed for any given fluence (i.e., PA signal at pulse 1 ≈ PA 

signal at pulse 2000). The reversibility of these NP dispersions is further exemplified by 

the -0.36% and -0.31% differences in the linear least squares slopes for 5 nm and 20 nm 

gold NP solutions, respectively shown in Figure 5.10c-d. 

 

Figure 5.10 The PA signal versus laser pulses for (a) 5 nm and (b) 20 nm gold 

dispersions in water. The average PA signal as a function of fluence 

extracted from (a) and (b) are shown in (c) and (d). The signals in green 

indicate an increase in fluence while the signals in red indicate a decrease in 

fluence. 
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Unlike the 5 nm and 20 nm, the 40 nm gold NP dispersion in water was not 

reversible, shown in Figure 5.11. At a fluence of 7.8 mJ/cm
2
 degradation was found, as 

characterized by a negative slope in the least squares regression line shown in 

Figure 5.11b. This signal degradation was found for the subsequent higher fluences, and 

the PA signal decrease was measured for the entire 2000 laser pulses. This indicates that 

the change in the NP solution is a function of the amount of light energy deposited into 

the solution. The irreversibility of the PA response with fluence (-42.0% difference in the 

linear least squares slopes) shown in Figure 5.11c illustrates that the damage done to the 

40 nm gold NP solution may be permanent.   

 

Figure 5.11 (a) Photoacoustic signal versus laser pulses for the 40 nm gold dispersion in 

water. The arrows indicate fluences where PA signal degradation was 

measured. (b) Plot of the area denoted by the dashed box in (a). The orange 

line is a linear least squares regression of the PA signals for each fluence. 

The numbers above the PA signals indicate the fluence in mJ/cm
2
. (c) Plot 

of the average of the last 1000 laser pulses for each fluence.  
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Figure 5.12 (a) Photoacoustic signal versus laser pulses for 5 nm gold NP-loaded 

J774A.1 cells. The arrows indicate fluences where PA signal degradation 

was measured. (b) Plot of the average of the last 1000 laser pulses at each 

fluence. (c) Plot of the average of the last 1000 and first 200 laser pulses at 

each fluence versus fluence. 

The PA signal for dispersion of 5 nm and 20 nm gold NPs in water were found to 

be reversible for all fluences tested. However, when the particles were internalized into 

J774A.1 cells, the PA signal was found to be irreversible at fluences above 7.8 and 6.0 

mJ/cm
2
 for cells incubated with 5 nm and 20 nm gold NPs, respectively shown in 

Figures 5.12 and 5.13. The linear least squares regression of the reversible PA signals 

indicate high linearity with R
2
 > 0.99 and slopes of 0.56 and 0.66 for the 5 nm and 20 nm 

J774A.1 cells, respectively. Given that the difference in the slopes between the fluence 

increase and decrease was negligible (-1.0% and -1.4% for 5 nm and 20 nm NP-loaded 

J774A.1 cells, respectively), the PA signal with fluence is reversible for this set of 

imaging parameters. The extrapolation of this line out to the higher fluences better 
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illustrate that the PA signal is nonlinear with fluence, shown in Figure 5.12b and 5.13b. 

This nonlinearity is enhanced when just averaging the first 200 pulses, shown in 

Figure 5.12c and 5.13c, illustrating the irreversibility of the PA signal with consecutive 

laser pulses at higher fluences. 

 

Figure 5.13 (a) Photoacoustic signal versus laser pulses for 20 nm gold NP-loaded 

J774A.1 cells. The arrows indicate fluences where PA signal degradation 

was measured. (b) Plot of the average of the last 1000 laser pulses at each 

fluence. (c) Plot of the average of the last 1000 and first 200 laser pulses at 

each fluence versus fluence.  

The 40 nm gold NP-loaded J774A.1 cells were initially measured between 0 and 

11.2 mJ/cm
2
, shown in Figure 5.14a-c. Like the dispersed 40 nm NPs, irreversibility in 

the PA signal with consecutive laser pulse was measured at fluences above 6.0 mJ/cm
2
. 

The slope of the reversible PA signals was found to be 0.63 with a R
2
 > 0.99. Although 

the sample experienced fluences that caused irreversible PA signals with consecutive 

laser pulses, the difference in the slope of the regression line of the increasing fluence PA 
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signals and the decreasing fluence PA signals was only -1.7%; thus, indicating 

reversibility at fluences below 6 mJ/cm
2
. At the conclusion of the last laser exposure of 

1 mJ/cm
2
 shown in Figure 5.14a, the fluence was changed to 21.2 mJ/cm

2
 and stepped 

down to 1 mJ/cm
2
, shown in Figure 5.14d-f. Although irreversibility was found, the 

difference in the slope of the regression lines was only 4.1%. Unlike the 40 nm gold NP 

dispersions in water, the J774A.1 cells seem to enhance the reversibility of the NPs when 

exposed to laser irradiation. 

Similar to the NP-loaded J774A.1 cells, irreversible PA signals at low fluences 

were found for NP-loaded MSCs. The 5 nm and 40 nm gold NP-loaded MSCs were 

irreversible for fluences above 6.0 mJ/cm
2
, shown in Figure 5.15 and 5.17. However, the 

20 nm gold NP-loaded MSCs were irreversible for fluences above 3 mJ/cm
2
, shown in 

Figure 5.16. Although irreversibility at low fluences were found for all three MSC 

samples (Figures 5.15a-c, 5.16a-c, and 5.17a-c), the PA signal resulting from decreasing 

fluence were well within one standard deviation of the PA signals resulting from 

increasing fluence. The difference in the regressed slopes between the increasing fluence 

PA measurement and the decreasing fluence PA measurement were only 0.4%, 8.7%, and 

-9.2% for each respective sample. The positive deviations may indicate reorganization of 

the NPs in the MSCs to provide better PA response at lower fluences. Stepping down 

from 21.2 to 1.0  mJ/cm
2
 showed a low degree of irreversible change to the 5 nm gold 

NP-loaded MSC sample absorptions (9.1%). However, the difference in slope for the 

20 nm gold NP-loaded MSC sample was -49.9%, indicating that the high fluences caused 

irreversible degradation of the absorption of the sample. Unlike all of the previous 

samples, high fluence exposure to the 40 nm gold NP-loaded MSC sample greatly 

enhanced the PA signal response to low fluences (58.9%). This indicates that the high 

fluences reorganized the NPs to a more optimal state. 
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Figure 5.14 (a, d) PA signal versus laser pulses for 40 nm gold NP-loaded J774A.1 cells. 

The signals in green indicate an increase in fluence while the signals in red 

and cyan indicate a decrease in fluence.  (b, e) Plot of the average of the last 

1000 laser pulses at each fluence. (c, f) Plot of the average of the last 1000 

and first 200 laser pulses at each fluence versus fluence.  



 108 

 

Figure 5.15 (a, d) PA signal versus laser pulses for 5 nm gold NP-loaded MSCs. The 

signals in green indicate an increase in fluence while the signals in red and 

cyan indicate a decrease in fluence. (b, e) Plot of the average of the last 1000 

laser pulses at each fluence. (c, f) Plot of the average of the last 1000 and 

first 200 laser pulses at each fluence versus fluence.  
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Figure 5.16 (a, d) PA signal versus laser pulses for 20 nm gold NP-loaded MSCs. The 

signals in green indicate an increase in fluence while the signals in red and 

cyan indicate a decrease in fluence. (b, e) Plot of the average of the last 1000 

laser pulses at each fluence. (c, f) Plot of the average of the last 1000 and 

first 200 laser pulses at each fluence versus fluence.  
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Figure 5.17 (a, d) PA signal versus laser pulses for 40 nm gold NP-loaded MSCs. The 

signals in green indicate an increase in fluence while the signals in red and 

cyan indicate a decrease in fluence. (b, e) Plot of the average of the last 1000 

laser pulses at each fluence. (c, f) Plot of the average of the last 1000 and 

first 200 laser pulses at each fluence versus fluence.  
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As previously discovered
12

 and shown in Figure 5.1, the PA signal with fluence in 

cells can be nonlinear. As shown in this section, the degree of nonlinearity greatly 

depends on experimental parameters such as fluence selection, duration of laser exposure, 

and NP size. Since all of the NP-loaded cell samples were reversible at 5 mJ/cm
2
, it can 

be assumed that the PA response measured in Figure 5.1 was in the linear regime. 

However, none of the NP-loaded cell samples were reversible at fluences above 

7.8 mJ/cm
2
. Therefore, the PA response at 10 and 15 mJ/cm

2
 shown in Figure 5.1 were 

likely measured in an irreversible, nonlinear regime. 

5.1.3 Discussion of Plasmonic Nanoparticle Experiments 

Citrate-stabilized gold NPs in cells were found to have reversible and linear PA 

response at fluences below 7.8 mJ/cm
2
. However, irreversible PA responses were 

measured at fluence above 7.8 mJ/cm
2
. For most of the samples, the decrease in the PA 

signal stopped after ~200-1000 laser pulses at a given fluence above 7.8 mJ/cm
2
. 

Analysis of the average PA response after 1000 laser pulses of NP-loaded cells 

demonstrated reversible PA signals with fluence that demonstrated nonlinearity with 

fluence. Although some PA nonlinearity with fluence is preserved, the irreversibility of 

the PA signal with subsequent laser pulses at a given fluence limits the visibility of the 

true nature of the nonlinearity. For this reason, no mathematical models for the 

nonlinearity were proposed. 

Currently, the source of this nonlinear PA enhancement is unknown; however, NP 

melting is a strong candidate for the source of irreversibility of the PA signal at fluences 

above 7.8 mJ/cm
2
. It was previously found that CTAB-coated gold nanorods melted at 

fluences above 8 mJ/cm
2
, and thus changed their shape.

15
 Similar to CTAB, citrate is a 

small molecule that was used to stabilize the gold NPs. If the citrate is replaced by PEG 
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or silica, then enhanced PA reversibility of the gold NPs in cells may be found. Future 

studies, including TEM imaging of cells, will have to be conducted to determine if 

reorganization, shape change, degradation, or fusion of the NPs induces the nonlinearity. 

5.2 NON-PLASMONIC NANOPARTICLES IN CELLS 

Nonlinearity in the PA signal with laser fluence was found for plasmonic NP-

loaded cells. To determine if the PA nonlinearity is exclusive to gold NPs, the PA signal 

dependence with fluence was measured for cells loaded with non-plasmonic 15 nm Fe3O4 

spheres. The effects of NP-loading were also tested by varying the NP incubation 

concentration. The first experiment utilized high cell densities to enhance the PA signals 

in cells with low NP quantity. For the second experiment, cells were grown on coverslips 

in hopes to maintain typical cell geometries during PA imaging.  

5.2.1 Photoacoustic Microscopy of High Cell Densities 

To determine if non-plasmonic NPs would produce a nonlinear PA amplitude 

dependence with fluence, four NP-loaded cell samples were made with each sample 

having a different quantity of NPs per cells. 

Materials and Methods  

Samples were prepared by first taking in vitro murine J774A.1 macrophage cells 

and culturing them in phenol-free DMEM/F12 cell medium supplemented with 10% fetal 

bovine serum. When the cells reached ~70% confluence, adherent cells were incubated 

with the iron-oxide NPs at concentrations of 1.9×10
12

, 3.7×10
12

, 7.4×10
12

, and 1.9×10
13

 

NPs per mL of cell culture media. Cells incubated with these four concentrations are 

named throughout this section as samples S1, S2, S3, and S4 respectively. After 22 hours, 

the cells were rinsed with PBS three times, removed from the cell culture flasks by 

scraping, and fixed in 10% formalin. After 2 hours, the cells were centrifuged to remove 
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excess formalin and re-suspended in diH2O. Aliquots of 20 µL of the cell suspension 

were placed on microscope slides, dried at 60°C, mounted, and sealed in a coverslip. In 

hopes of producing similar PA signal amplitudes, these aliquots contained a total of 

2.5×10
5
, 2.5×10

5
, 1.0×10

5
, and 1.0×10

5
 cells for samples S1-S4, respectively. 

In this set of experiments, the same laser source described in Chapter 5.1.1 was 

used. The NP-loaded cell samples were raster scanned with a step size of 10 μm by 

10 μm and fluences ranged between 0 and 4412 mJ/cm
2
. At each scan position, a total of 

four PA signals were captured and averaged to reduce the effects of electronic noise. The 

PA images were then median filtered using a 20 μm by 20 μm window for additional 

noise reduction. 

Results and Discussion 

Mass spectrometry was performed on 1.0×10
7
 cells and an average of 0.63×10

5
, 

1.08×10
5
, 3.70×10

5
, and 8.06×10

5
 NPs per cell was measured for samples S1-S4, 

respectively. The four samples were then imaged using the modified PA microscope at 10 

different fluences, shown in Figure 5.18. For each sample, the PA image that had the 

highest contrast (PA images acquired using 3784 mJ/cm
2
 for S1-S2 and 2033 mJ/cm

2
 for 

S3-S4) were used as a mask, and the PA signals in the mask were averaged and plotted 

versus fluence, shown in Figure 5.18a-d. The nonlinearity was apparent above 

~1000 mJ/cm
2
 for S1 and S2, ~650 mJ/cm

2
 for S3, and ~300 mJ/cm

2
 for S4. In the plots 

shown in Figure 5.18a-d, an abrupt change in the PA signal indicates fluences that induce 

laser damage. Fluences above ~ 4000 mJ/cm2 for S1 and S2 and above ~ 2100 mJ/cm
2
 

for S3 and S4 induced damage. The data, not including laser damage, is shown on a log-

log plot in Figure 5.18e. 
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Figure 5.18 PA images of samples S1-S4 with increasing fluence (top). Linear plots of 

the average PA signal of (a) sample 1, (b) sample 2, (c) sample 3, and (d) 

sample 4 versus fluence. (e) Log-log plot of samples S1-S4 with regression 

line. 

As shown in the PA images in Figure 5.18, the distribution of PA absorbers were 

not even. At lower fluences, regions with high cell density gave a measurable PA signal; 

however, regions with low cell density required more fluence to produce measurable PA 

signals. Therefore, more noise level signals are included in the average for lower 

fluences, producing a curvature in the log-log plot at low fluences. At the higher fluences 
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there were no noise level PA signal included in the average, and the log-log plot is linear. 

This linearity on a log-log plot indicates that a power law can be used to characterize the 

data. 

A linear least square regression of the following equation was used to determine 

the exponent: 

   FAP ee loglog   (5.2) 

where loge(P) is the dependent variable, loge(F) is the independent variable, and A is the 

slope to be regressed. The least square regression lines for samples S1-S4 are shown in 

Figure 5.18. Converting this equation from log-space to linear-space results in the 

following equation: 

AFP   (5.3) 

where P is the PA signal and F is the fluence. The A values for the linear regions in the 

log-log plot presented in Figure 5.18 were 1.49, 1.85, 2.06, and 2.03 for samples S1-S4, 

respectively. The corresponding R
2
 values were 0.998, 0.999, 0.997, and 0.997, 

respectively. 

The nonlinearity of the four samples shown in Figure 5.18 represents an average 

of the exponent. The exponent is also suppressed because the average PA signal at low 

fluences in the mask included noise level PA signals – not every cell internalized the 

same number of NPs. Therefore, for a better understanding of the true nonlinearity and 

the variation in nonlinearity with each sample, the exponent was determined at each scan 

position. Super- and sub-linear signals that represent system noise or laser damage were 

not included in the linear least squares regression of Equation 5.2. If the fit had a R
2
 

greater than 0.99, then the exponent was included in the histogram shown in Figure 5.19. 

A broad range of exponents were found for every sample that extends from as low 

as 1 to as high as 3. The variation of the nonlinearity in the PA signal can be attributed to 
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cell to cell variations in NP uptake. The histogram also reveals a trend: cell samples 

incubated with more NPs have higher degrees of nonlinearity in the range of fluences 

used. The most common exponents for samples S1-S4 were 1.65, 1.95, 2.35, and 2.15, 

respectively. For cell cultures of J774A.1 macrophages incubated with 15 nm iron-oxide 

NPs, the nonlinearity seems to saturate for NP concentrations above 3.7×10
5
 NPs per 

cell. One possible explanation for this nonlinearity saturation is that the maximum 

number of NPs that can be packaged into one endosome is achieved with 22 hours of 

incubation of NP concentrations above 7.4×10
12

 NPs per mL of cell culture media. 

 

Figure 5.19 Histogram of exponent occurrence in samples S1-S4. The exponent 

occurrence was acquired from the pixels that produced a measurable PA 

signal at 3784 mJ/cm
2
 for S1-S2 and 2033 mJ/cm

2
 for S3-S4 
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Overall, a nonlinear dependence of the PA signal with fluence was found for non-

plasmonic NPs. At fluence above ~700 mJ/cm
2
, the nonlinearity in the PA signal with 

fluence was apparent for all four NP-loaded cell samples, and for higher NP-loadings and 

lower cell densities the nonlinearity was established at even lower fluences. With varying 

NP-loading (NPs per endosome) the degree of nonlinearity was found to increase, 

indicating that the interparticle distances may play an important role in the presence of 

nonlinear PA signals with fluence. In addition, since the exponent was measured to be 

dependent on the NP concentration in cells, nonlinear PA imaging may be able to be 

developed into a NP quantitation technique in both thin and thick tissues. 

5.2.2 Photoacoustic Microscopy of Low Cell Densities 

The PA microscopy of high cell densities did show that in vitro macrophages with 

different quantities of NPs per cell have different degrees of nonlinearity. However, in 

the process of attempting to maximize the PA signal at low fluences, the cells were in an 

unnatural state. In addition, adhered cells were removed from the cell culture flasks by 

scraping, which changed the cell geometry and may rupture the cell walls and NP-loaded 

endosomes. In hopes to study the nonlinearity in a more natural cell configuration, cells 

were grown on coverslips and then mounted on a microscope slide for PA imaging. 

Materials and Methods 

Coverslip preparation and cell seeding were performed using the same protocol 

described in Chapter 5.1.1. When the cells reached ~70% confluence, adherent cells were 

incubated with the iron-oxide NPs at concentrations of 1.9×10
12

, 3.8×10
12

, 7.8×10
12

, and 

1.9×10
13

 NPs per mL of cell culture media – cells incubated with these four 

concentrations are named throughout this section as samples S1, S2, S3, and S4 

respectively. After 22 hours the wells were triple rinsed with PBS and the cells were 
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fixed in 10% formalin. After 2 hours, the formalin was removed and the cells adhered on 

the coverslips were triple rinsed with diH2O. The coverslips were removed from the wells 

and the underside was cleaned using 70% ethanol. Excess water was removed by drying 

at 60°C for 5 minutes. The coverslips were mounted on glass microscope slides and 

sealed using enamel fingernail polish. 

 

Figure 5.20 Bright-field (left column), dark-field (middle column), and phase contrast 

(right column) microscopy of (a) cells without NPs, (b) sample 1, (c) 

sample 2, (d) sample 3, and (e) sample 4 before pulsed laser exposure.  
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Results and Discussion 

Since mass spectrometry could not be performed on the samples, qualitative 

assessments of the slides were made before PA imaging using the Leica optical 

microscope at 20x magnification. All bright-field, dark-field, and phase-contrast images 

were acquired using an exposure time of 1.07 ms, 83.9 ms, and 56.8 ms, respectively. As 

shown in Figure 5.20, the contrast in the bright-field image increases with the NP 

incubation concentration. In addition, scattering from NP aggregates increase with 

concentration, shown in the dark-field images. The NP aggregates (and maybe the 

endosomes) become more apparent in the phase-contrast images. 

The same PA microscopy setup as the one described in Chapter 5.2.1 was used in 

this study. The PA signal from sample S1 was below the noise threshold, even for high 

fluences, and was not used in the analysis. For the other samples, the PA image that had 

the highest contrast (PA images acquired using 3511 mJ/cm
2
 for S2, 2436 mJ/cm

2
 for S3, 

and 1867 mJ/cm
2
 for S4) were used as a mask to determine the average PA signal versus 

fluence, shown in Figure 5.21d-f. The A value from Equation 5.3 was 1.45, 1.51, and 1.51 

for samples S2-S4, respectively. The corresponding R
2
 values were 0.994, 0.994, and 

0.995, respectively. 

To assess the reversibility of the PA signal with repeated laser pulses, a position 

was selected in the samples and the PA signal was captured for 5000 consecutive laser 

pulses for each fluence, shown in Figure 5.21g-i. For fluences below the damage 

threshold (F < 3511 mJ/cm
2
 for S2, F < 2058 mJ/cm

2
 for S3, and F < 1867 mJ/cm

2
 for 

S4), the PA signal did not change, indicating that the NPs are stable and the PA 

amplitude dependence with fluence is reversible. However, at the laser damage threshold 

a slow decay in the PA signal was observed indicating irreversibility. At very high 
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fluences, the PA signal drastically changes indicating change in the NP size, chemistry, 

cluster geometry, or vaporization of the surrounding medium. 

 

Figure 5.21 (a-c) PA images of samples S2-S4, respectively. (d-f) Log-log plots with 

regression lines of the average PA signal versus fluence for samples S2-S4, 

respectively. PA signal versus number of laser pulses for sample (g) S2, (h) 

S3, and (i) S4. 
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Figure 5.21 Histogram of exponent occurrence in samples S2-S4. The exponent 

occurrence was acquired from the pixels that produced a measurable PA 

signal at 3511 mJ/cm
2
 for S2, 2436 mJ/cm

2
 for S3, and 1867 mJ/cm

2
 for S4. 

A histogram of the occurrence of the exponent was constructed for each scan 

position. Sub- and super-linear signals that represent system noise or laser damage were 

not included in the linear least squares regression of Equation 5.2. If the fit had a R
2
 

greater than 0.99, then the exponent was included in the histogram shown in Figure 5.21. 

A broad range of exponents were found for every sample that extends from as low as 1 to 

as high as 2.5, similar to Figure 5.19. The trend of cell samples incubated with more NPs 

having higher degrees of nonlinearity is also present, but not as apparent in Figure 5.21 as 

the high cell density study. The most common exponents for samples S2-S4 were 1.35, 

1.55, and 1.55, respectively. The exponent distribution of sample S2 was narrower than 
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samples S3 and S4. This may indicate that the endosomes with high NP densities are not 

present, revealing that higher incubation concentrations are needed to produce NP-loaded 

endosomes that exhibit higher degrees of nonlinearity.  

The images in Figure 5.20 were acquired before pulsed laser exposure and reveal 

that the cell density decreases with incubation concentration, indicating potential cellular 

toxicity at higher concentrations. In addition, the cellular geometry changes from being 

spread with asymmetric extensions to more spherical with more NP loading. Another 

possible reason for the difference in this experiment and the one with high cell densities 

is the difference in the cell culture substrate. This adherence to the glass coverslips may 

have resulted in insufficient NP loading. In any case, measurable and reversible 

nonlinearity was found for NP-loaded macrophages cultured on coverslips. 

5.2.3 Discussion of Non-Plasmonic Nanoparticle Experiments 

Unlike the gold NP-loaded cells, iron-oxide NP-loaded cells are reversible at very 

high fluences. Like the dispersed gold NPs in water, dispersed iron-oxide NPs have a 

linear PA signal with fluence, shown in Chapter 4. However, at higher fluences and when 

the NPs are internalized in cells, the PA signal is nonlinear with fluence. A broad range 

of nonlinearity was found for every sample with exponents that extend from as low as 1 

to as high as 3. For the high density cell samples the degree of nonlinearity increased 

with NP-loading, and saturated for NP-loading above 3.7×10
5
 NPs per cell. Although the 

degree of nonlinearity was measured to be less, nonlinearity was found in the low cell 

density samples. 

The source of the nonlinearity of the PA signal with fluence is not clear so far; 

however, it is clear that such nonlinearity only appears in locations of high densities of 

nano-sized absorbers. Additionally, the degree of nonlinearity (i.e., the exponent of the 
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power law dependence) increases with the density of the absorbers. Speculations as to the 

source of the nonlinearity include nonlinear absorption in aggregated NPs (i.e., an 

increase in the absorption cross-section if the NP is strongly heated), photofragmentation 

of the NPs (i.e., the production of smaller NPs when NP aggregates are exposed to 

nanosecond-pulsed laser irradiation),
13

 photochemical changes (i.e., free radical 

generation changing the absorption properties of the surface coating and/or NP, or 

changing of interparticle distances due to surface coating destruction),
16,17

 and changes in 

the thermodynamic properties with temperature (i.e., changes in the volumetric expansion 

coefficient). Nonlinear absorption in the optical band typically happens with laser power 

much higher than the ones used in PA imaging. Given the stability and repeatability of 

the nonlinearity (Figure 5.21), photofragmentation and photochemical changes of the 

iron-oxide are not likely. 

Thermal interactions in aggregated NPs are interesting and may likely be the 

source in nonlinear PA signals with fluence. For dispersed NPs, the PA pressure has been 

demonstrated
18

 and modeled
19

 as a linear function with fluence. When NPs are clustered 

with small interparticle distances their thermal field can overlap.
20

 The NPs are heated 

with the laser pulse and the thermal coupling of NPs will result elevated NP 

temperatures. Diebold
21

 explored higher order terms in the thermal expansion coefficient. 

If we can consider (T ∝ μaF), then  
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  (5.4) 

where T is the temperature, β1 and β2 are the first and second terms in the power series 

expansion of the thermal expansion coefficient, and β1 >> β2.
22

 At low temperatures, the 

first term will dominate and the PA signal versus fluence will be linear. However at high 
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temperatures, the second order term can significantly contribute to the PA pressure, 

driving the PA signal nonlinear with fluence. Equation 5.4 only explains exponents up to 

two; however, there was a wide array of exponents found between one (linear) and three 

(cubic), as shown in Figure 5.19 and 5.21. More investigations, perhaps with the optical 

illumination limited to one endosome, will have to be performed to find the source of 

higher order exponents. 

5.3 CONCLUSIONS 

 This chapter furthers the knowledge about nonlinear PA signals with changing 

laser fluence. Previously, only nonlinearity was found with citrate-stabilized 20 nm gold 

NPs loaded into MSCs. Here, not only were different sizes of gold shown to induce PA 

nonlinearity, but the PA nonlinearity was found in both J774A.1 macrophage cells and 

MSCs. However, the fluences used in the nonlinear PA regime of gold NP-loaded cells 

caused irreversible damage that limited the visibility of the nonlinearity, although some 

of the nonlinearity is preserved for shorter exposures. 

 In addition to gold, iron-oxide NP-loaded cells were found to have nonlinear PA 

signals with fluence. This illustrates that the PA nonlinearity is not exclusive to gold or 

plasmonic NPs, in general. Unlike the gold NP-loaded cells, the iron-oxide NP-loaded 

cell samples did not exhibit the same irreversible damages at fluences that induced 

nonlinear PA signals. Since the PA signals from the iron-oxide NP-loaded cells were 

reversible with fluence, a power series mathematical model could be applied to 

characterize the nonlinearity. In addition, the exponent in the power series was found to 

change with the density of NPs in cells. 

 Further studies will have to be conducted before the true potential of nonlinear PA 

imaging can be realized. Different surface coatings will have to be explored to determine 
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(1) if the nonlinear PA response to fluence can be reversible and (2) does the surface 

coating effect the PA nonlinearity. Only with reversible NPs in cells can the nonlinearity 

be accurately modeled. Since it was determined that NP density in cells will change the 

power series exponent and different cell types will uptake NPs with different densities, 

nonlinear PA imaging has the potential to differentiate cell types. In addition, since the 

power series exponent was measured to be dependent on the number of NPs in the cell, 

nonlinear PA imaging has the potential to be used as a quantitative technique in vitro, ex 

vivo, and in vivo. Overall, nonlinear PA imaging has the potential to provide clinicians 

with new diagnostic information to better diagnose and prognose disease. 
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Chapter 6:  Conclusions and Future Work 

Photoacoustic microscopy is a very useful tool that can be used for in vivo PA 

imaging validation, disease diagnosis and prognosis, and studying fundamental PA 

phenomena of cells and tissues. In Chapter 2, the development of a PA microscope to 

image thin cell or tissue samples was described. High sensitivity was achieved with 

cellular resolution with detection thresholds of as few as 20,000 iron-oxide NPs, 4000 

gold nanospheres, or less than two RBCs. In Chapter 3, the PA microscope was used to 

provide high resolution images of endogenous and exogenous PA absorbers. In addition 

to validating in vivo PA imaging, the potential of diagnosis using the PA microscope as a 

standalone device was also explored. Splenic red pulp and liver sinusoidal space provided 

excellent image contrast, and the PA images can be used to aid clinicians to determine 

organ function and health of the organs. The PA microscope was also used to image iron-

oxide NPs in a lymph node, illustrating the potential of diagnosing metastasis. Finally, 

the PA microscope’s potential for the detection of circulating tumor cells (CTCs) loaded 

with NPs was demonstrated. 

In Chapter 4, the utility of the PA microscope was expanded with the 

development of qPA imaging. This imaging technique is very powerful because it 

combines an understanding of the spatial distribution of absorbers with its concentration. 

Quantitative PA imaging has the potential to replace combined mass spectroscopy and 

histology as the standard validation of in vivo imaging. In addition, qPA imaging can be 

used for studies of NP extravasation, the effectiveness of a particular molecular targeting 

strategy, and the comparison of different molecular targeting strategies. 

In Chapter 5, PA microscopy was used to study nonlinear PA imaging on a 

cellular level. Nonlinearity was found to occur in both non-plasmonic and plasmonic 
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NPs, indicating that the nonlinearity is not likely an optical absorption phenomena. The 

nonlinearity was found to follow a power law that may be explained by higher order 

terms in the thermal expansion of water. The degree of nonlinearity was found to be 

dependent on the number of NPs internalized in cells. This discovery may be of great 

importance because when NPs are introduced into the body, different cells internalize the 

NPs differently. This difference can potentially be detected by assessing the exponent. 

This will enable unprecedented levels of cell specificity that currently cannot be 

accomplished using molecular targeting. 

Overall, the work presented in this dissertation can be used to improve early 

diagnosis of disease. However, future studies are needed to translate these preclinical 

studies to the clinic. This chapter describes future research directions of PA microscopy 

and nonlinear PA imaging. 

6.1 IMPROVEMENTS IN THE PHOTOACOUSTIC MICROSCOPE 

The primary limitation of PA microscopy is sensitivity. One way to improve the 

sensitivity of the microscope is to change the sample design. Glass has high acoustic 

impedance compared to water, causing ~66% signal loss at each glass-water interface 

(two interfaces = ~10% signal transmission). The amount of transmitted sound can be 

dramatically increased by replacing the glass with transparent plastic. The acoustic 

impedance of polyvinyl chloride is ~3.312×10
7
 kg/m

2
/s versus 1.480×10

7
 kg/m

2
/s for 

water. This results in ~73% transmission of the sound through the coverslip, or a 730% 

enhancement in the transmitted signal. The improved sensitivity will allow for small 

focal regions, improving the resolution of the PA microscope. In addition, lower laser 

fluences can be used allowing for fluence sensitive NPs, such as gold nanorods, to be 

imaged.
1
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A second limitation to the current PA microscope is that optical co-registration is 

very difficult. By incorporating a camera on the hydrophone side of the sample, PA 

images can be easily co-registered with optical microscopy. The inclusion of a camera 

will also simplify the spot size measurement procedure and enable measurements of the 

fluence dependent optical scattering and absorption. 

Another major limitation of the PA microscope is that image acquisition is very 

time consuming. Currently, acquisition times of a 500 by 500 pixel PA image using the 

20 Hz pulse repetition rate laser takes almost 14 hours. This can be improved by 

incorporating a high speed pulsed laser and a galvo mirror to increase the sampling rate. 

High sampling rates are important for the PA microscopy of in vitro cell cultures because 

of cellular movement. Live cell PA imaging can be used in the place of optical 

microscopy for the detection NPs, and mass spectrometry for the quantitation of NP. In 

this case, the water bath will be replaced by either a petri dish or cell culture plate. The 

PA receiver will be placed into the cell culture medium directly; thus eliminating the 

need for any acoustically dampening coverslips. In vitro PA imaging of live cells can be 

used in the place of optical microscopy for the detection and quantitation of NPs. Since 

the light beam only has to pass through the bottom of the cell culture container, 

diffraction limited focal spots are possible. This high resolution can be used to provide 

qPA maps of NPs within the cell. In addition to qPA maps, live cell imaging can provide 

information about the NP-loaded cells reaction (cell vitality, cell motility, NP 

reorganization, or potential NP ejection from the cells) to difference fluences. 

A final addition to the PA microscope to enhance its utility is the incorporation of 

spectroscopic imaging. Using an objective with chromatic aberration correction and a 

tunable laser will provide spectroscopic capabilities. Photoacoustic imaging with multiple 

wavelengths has been shown to differentiate absorbers based on differences in the optical 
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absorption spectra.
2-8

 Spectroscopic PA microscopy combined with qPA imaging can be 

used to accurately assess the biodistribution of NPs, even in tissues with high levels of 

endogenous absorption. In addition, spectroscopic PA microscopy will be vital in the 

identification of NP-loaded CTCs in the presence of RBCs. Overall, all of the 

aforementioned improvements to the PA microscope will enhance its utility for both 

preclinical and clinical medicine. 

6.2 DETECTION OF CIRCULATING TUMOR CELLS 

In Chapter 3, iron-oxide core NPs with a gold shell were loaded into A431 

squamous cell carcinoma cells to serve as a model of NP-loaded CTCs. The CTCs were 

tested with the PA microscope to determine if the cells would internalize enough NPs to 

produce a measurable signal. Although the cells produced large PA signals, any type of 

PA screening for CTCs will have to distinguish the CTCs from RBCs. The PA separation 

of NP-loaded CTCs from RBCs may be done by PA amplitude distinction, spectroscopic 

PA imaging, or nonlinear PA imaging. Initially, the specificity of the PA identification of 

CTCs will have to be done on a glass microscope slide and co-registered with optical 

microscopy. If the PA identification is successful, then larger volume blood screening 

experiments can be performed. 

Since the number of CTCs can be as low as one in 10
6
-10

7
 leukocytes, blood 

prescreening must be performed first to reduce imaging time.
9
 In the endosomes the 

aggregation of the superparamagnetic NPs produces a pseudo-ferromagnetism effect 

because of particle to particle magnetic field coupling. This coupling enables the NPs in 

cells to respond strongly to an external magnetic field. Therefore, NP-labeled CTCs in 

blood can first be separated by an external magnetic field in a microfluidic channel, 

shown in Figure 6.1.  A pulsed laser will be used to generate a PA signal in the CTC trap 
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to identify and count the number of CTCs. Such a screening tool can be used in the early 

diagnosis of metastatic cancers and improve patient survival.
10

 

 

Figure 6.1 Photoacoustic screening of CTC in a microfluidic chamber. 

6.3 QUANTITATIVE PHOTOACOUSTIC IMAGING IN DEEP TISSUES 

Quantitative PA imaging is very desirable because it will enable standardized 

diagnosis that is not affected by patient to patient or tissue to tissue variations in optical 

scattering, optical absorption, and ultrasound attenuation. The quantitation technique 

described in Chapter 4 is only valid when the amount of light energy entering a particular 

imaging voxel is known. Therefore, this technique breaks down for deep tissues where 

the optical scattering is unknown. What is known about the tissues is that there is an 

abundance of blood vessels. Using spectroscopic PA imaging, arteries and veins can be 

differentiated. If the oxy-hemoglobin concentration in all arteries is uniform, then the PA 

signal of a voxel in all arteries must be equivalent. Using this property, the combined 

optical attenuation of light entering the artery and the acoustic attenuation between the 
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artery and the transducer can be determined using spectroscopic PA imaging. If the tissue 

between arteries is homogenous, then an interpolation can be used to produce a PA 

attenuation map. If the PA response of the endogenous or exogenous agent is known for a 

given fluence, then the concentration of the agent can be quantified. 

6.4 NONLINEAR PHOTOACOUSTIC IMAGING 

Nonlinear PA has been found for both plasmonic gold and non-plasmonic iron-

oxide NPs; however, the reason for the nonlinearity is still illusive. To provide a better 

grasp of the physics and the actual cause of nonlinearity, a numerical model is needed. 

Effects of NP type, surface coating, interparticle distance, and cluster geometry on PA 

nonlinearity can be determined. Results from the model may provide a mean to either 

prevent or promote nonlinearity. Additional PA experiments and TEM images of the NP-

loaded cells are also needed to confirm the numerical model and determine the stability 

of the PA signal with successive laser pulses. 

Another variable that cannot be modeled is whether different cell types can cause 

different types of nonlinearity. Currently, only macrophage and MSCs have been studied. 

Indeed, if different cell types have a different fluence dependent PA response, then better 

diagnosis can be made. For example, in the diagnosis of sentinel lymph nodes using NP-

augmented PA imaging, the NPs are internalized in the macrophages better than the 

cancer cells. If the nonlinear response of macrophages and cancer cells are different, then 

they can be separated. The potential of identifying cells by their unique PA nonlinearity 

is very exciting because it will provide image specificities that are not possible with 

current molecular imaging techniques. 
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6.5 CONCLUSIONS 

Several contributions to the field of medical imaging research have been 

demonstrated in this dissertation. The current understanding of nonlinear fluence 

dependence of PA was expanded. Nonlinear PA signals were found in non-plasmonic 

NPs and plasmonic NPs internalized in macrophage cells. For the first time, a 

mathematical model was used to explain the degree of nonlinearity and studies suggest 

that this degree may be dependent on the amount of NPs that the cells internalized. 

Another contribution to the medical field is the development of a PA microscope 

to specifically image thin cell and tissue slices in a typical histology configuration. The 

ability to co-register PA images and optical images of the splenic red pulp and the 

sinusoidal spaces in the liver may aid future researchers and clinicians in the diagnosis of 

disease without the use of contrast agents. In addition, a new imaging technique was also 

developed to provide spatially resolved quantitative maps of NPs in tissues. This 

technique is very robust because it is completely unaffected by optical scattering. 

Quantitative PA imaging may replace the standard practice of performing stained 

histology and mass spectrometry because of its accuracy, its ease of implementation, and 

its ability to be co-registered with traditional histological analysis. Using qPA imaging, 

future researchers can study biodistribution to assess the targeting success and toxicity of 

their contrast agents. In addition, qPA imaging can be used to study contrast agent 

extravasation and compare different targeting strategies. Although future work is 

required, the work presented in this dissertation is a significant step toward improving 

diagnosis of injury or disease. 
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