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Abstract 

High frequency photoacoustic characterization of single cells. Doctor of Philosophy 2014, 

Eric Strohm, Biomedical Physics, Ryerson University. 

 

 

 This dissertation presents the first photoacoustic study of single cells using ultra-high 

frequencies (UHF, over 100 MHz). At these frequencies, unique features occur in the 

photoacoustic signal spectrum which depend on the cell size, morphology and structure. A 

finite element model (FEM) was developed to simulate the photoacoustic signals from ideal 

spherical droplets containing a perfluorocarbon liquid and optically absorbing nanoparticles. 

The model was applied to droplets in suspension and on a boundary to examine how the 

photoacoustic spectrum varies with droplet size and configuration, and compared to 

measurements using a 375 MHz transducer. Good agreement in the spectral features between 

the measured values and the FEM and analytical solution were observed. For the droplet on a 

boundary, additional spectral features were observed there were correctly predicted by the 

FEM, but not the analytical solution. The FEM could be applied to situations where the 

analytical model cannot be used, such as the asymmetric shape of red blood cells (RBCs). 

Measurements of single RBCs were then compared to the FEM. The frequency location of 

the spectral minima shifted to higher frequencies as the RBC rotated from a vertical to 

horizontal orientation. The spectral minima shifted to lower frequencies as the RBC swelled 
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from the normal biconcave shape to a spherical morphology. Healthy RBCs were 

differentiated from spherocytes, echinocytes and swollen RBCs using changes in the 

photoacoustic spectrum (p<0.001). These results suggest that the photoacoustic spectrum can 

be used to classify RBCs according to their shape and pathology. Classification of cells using 

the photoacoustic spectral features was applied to measurements of blood cells and 

circulating tumor cells (CTCs) such as melanoma and acute myeloid leukemia (AML) cells. 

Measurements of 89 cells showed that variations in the spectrum and signal amplitude could 

be used to identify and differentiate melanoma and AML cells from RBCs, thus identifying 

foreign cells in the bloodstream. This dissertation investigates how UHF photoacoustics can 

be used to identify and classify cells and particles in a sample using their photoacoustic 

spectra, with the end goal of using these methods to identify cell pathology and detect CTCs 

clinically. 
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1.1 Motivation  
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Chapter 1 

Introduction 

1.1 Motivation  

 In 2012, an estimated 1.64 million new cases of cancer occurred in the United States, 

with 577,000 deaths [1]. Cancer is the second highest cause of death behind heart disease, 

accounting for 23% of all deaths [1]. Cancerous tumors are not typically detected until they 

are large enough to be felt or observed, or cause pain and/or body dysfunction. Detection 

methods include imaging modalities such as ultrasound, x-ray and MRI, minimally invasive 

procedures such as blood tests, and molecular/genetic testing. Early detection and treatment 

are crucial for improving the cancer survival rate. 

 Cancer can directly and indirectly affect the cells in blood. Hematological cancers 

such as leukemia, lymphoma and myeloma account for 9% of all cancers and originate in or 

near the blood [1], while primary tumors originating elsewhere in the body can release 

metastatic cells called circulating tumor cells (CTCs) that travel through the blood stream. 

The formation of metastatic CTCs leads to 90% of all cancer-related deaths [2]. CTCs are 

common in patients with cancer, but not in healthy people [3]; lower CTC concentrations are 
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correlated to a better outcome in cancer patients [4-9]. There is limited information about the 

relation between numbers and heterogeneity of CTCs and types of cancers, and the lack of a 

gold standard for quantifying CTCs remains an issue [10]. 

 A screening tool that accurately detects circulating tumor cells would aid in early 

diagnosis and help decrease mortality rates with early treatment. Current CTC identification 

methods such as flow cytometry require the addition of expensive external agents such as 

fluorescent dyes, antibodies or enzymes to identify tumor cells. A method to rapidly screen a 

sample of blood for CTCs using label-free or inexpensive additives does not exist. 

 Probing single cells using ultrasound or photoacoustic methods requires ultra-high 

frequencies (UHF, over 100 MHz) [11]. At these frequencies, the wavelength is similar to the 

size of the cell, where the resulting signals are dependent on the size, shape and composition 

of the cell. Our goal is to understand how these interactions work on the single cell level, and 

how the signals can be used to identify CTCs.  

 Quantitative UHF ultrasound methods have been used since the 1970’s to extract 

specific information about individual cells; UHF photoacoustic methods are a relatively new 

development, with little published literature, particularly for cellular examination. The 

majority of this dissertation is devoted to exploring quantitative photoacoustic methods using 

frequencies over 100 MHz, and how it can be used to differentiate cells, with the end goal of 

developing a method that can be used to detect tumor cells in a sample such as blood.  
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1.2 Principles of Ultrasound 

 This dissertation focuses primarily on photoacoustic measurements of cells and 

particles. Photoacoustic waves from micron sized objects, such as cells, are pressure waves 

with ultrasonic frequencies; the propagation of photoacoustic waves are governed by the 

physics of ultrasound propagation. This section on ultrasound theory and methods will 

provide an introduction into photoacoustic wave generation and propagation.  

 Ultrasound was first developed as a diagnostic imaging tool in 1942 by Dr. Karl 

Dussik [12], however it wasn’t until the 1960’s that a wide variety of ultrasound devices 

become readily available [13]. Due to technological limitations, these early systems were 

limited to frequencies less than 5 MHz. These days, ultrasound imaging devices using 

frequencies up to 15 MHz are widespread in hospitals and clinics, while research specific 

devices are available with frequencies over 1000 MHz [14].  

 The ultrasound imaging resolution increases with frequency; however this comes at a 

cost of reduced penetration depth. Figure 1.1 shows how the lateral ultrasound resolution 

increases with frequency [11]. Frequencies around 5 MHz typically have resolutions around 

0.5 mm and usually used for fetal sonograms, while frequencies around 40-60 MHz have 

resolutions around 20-30 µm and can be used for small animal imaging, and resolving 

smaller structures near the body surface such as breast tumours. Resolutions up to 1 μm can 

be obtained by increasing the frequency to 1000 MHz which allows for imaging of single 

cells; however the penetration depth at such a high frequency is only a few cells at best and 

cannot be used for clinical purposes. Figure 1.2 shows ultrasound images of a 1.4 mm 
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diameter MCF7 tumor spheroid using 80 MHz. Increased attenuation through the central 

necrotic core is observed, while the backscatter image shows increased backscatter from the 

core. Nutrients and oxygen cannot diffuse into the central core and the cells die, resulting in 

higher attenuation and backscatter from these cells in comparison to the surrounding viable 

region [15]. 

 

 

Figure 1.1: Change in ultrasound resolution with frequency for transducers with different  

f-numbers.  
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Figure 1.2: Ultrasound attenuation (left) and backscatter (right) images of a 1.4 diameter MCF7 

spheroid measured using an 80 MHz transducer. In the attenuation image, the dark areas indicate 

areas of strong attenuation, while in the backscatter image, the light areas indicate areas of strongest 

backscatter. 

 

 Ultrasound has enabled safe and relatively inexpensive visualization of structure 

through opaque materials and tissue with acceptable resolution and contrast. While 

ultrasound is primarily used for imaging, quantitative ultrasound (QUS) methods are 

becoming increasingly popular due to the ability to extract information about the sample non-

invasively and non-destructively. QUS uses various signal processing methods to calculate 

and quantify the ultrasound spectrum that provide information about the frequency dependent 

backscatter signal, which provides information about the scattering sources within tissues. 

Spectral parameters derived include the spectral slope, mid-band fit and y-intercept [16-18]. 

These methods have been used to classify plaque [19, 20], classify scatter size and sound 

speed in tissue [21-23], detect changes in tissue due to apoptosis [24-27], differentiate 
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cancers in mice [28], detect cancer in lymph nodes [29-31], and quantify blood cell 

aggregation [32-34]. Other QUS methods involve measurement of one or more acoustic 

properties such as the sound speed or attenuation, which can be used to differentiate tissue 

[35]. 

 In the same way that clinical/high frequency ultrasound can be used to probe tissue, 

UHF acoustic microscopy can be used to probe single cells. The first acoustic microscope 

with sub-micron resolution was developed in 1973 by Lemons and Quate [36]; numerous 

studies on fixed and live cells have followed (e.g. [37-40]). At a frequency of 375 MHz, the 

lateral and axial resolutions are approximately 4 μm. Figure 1.3 shows a single MCF7 cell 

imaged with 375 and 1000 MHz frequencies; the majority of the ultrasound backscatter 

occurs from the central region of the cell. The nuclear membrane and nucleolus are visible in 

the ultrasound attenuation image. At 1000 MHz, the resolution approaches 1 μm. Fine detail 

of the cell, including the nucleolus, nuclear membrane and organelles around the nuclear 

membrane are visible in the attenuation image (Figure 1.3). The backscatter image shows 

interference fringes that occur due to constructive/destructive interference between the 

signals from the substrate and cell surface. 
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Figure 1.3: Optical (left), ultrasound backscatter (middle) and ultrasound attenuation (right) images of 

a single MCF7 cell using 375 MHz (top) and 1000 MHz (bottom). The scale bar is 15 μm. 

 

 Quantitative information about single cells can also be obtained through acoustic 

microscopy methods. The thickness, acoustic impedance and attenuation of single living cells 

can be inferred from interference fringes resulting from reflections from the cell surface and 

substrate [41-43]. Variations in the signal measured as a function of depth (called a v(z) 

curve) or frequency (called a v(f) curve) can be used to determine several properties of cells 

such as the thickness, sound speed, density, elasticity and attenuation [44-46]. Time resolved 

methods use echoes from the cell surface and substrate separated in time to determine the 
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thickness, sound speed, acoustic impedance and attenuation of a cell [47-50]. All these 

methods require adherent cells, and in some cases, estimation of some cell properties to 

deduce other cell properties. Additionally, the measurements can be time consuming to 

measure a large sample size.  

1.3 Principles of Photoacoustics 

 The photoacoustic effect was first discovered by Alexander Graham Bell in 1880 

[51]. When he irradiated a selenium cell with modulated sunlight, he was able to hear sound 

waves. The requirements for the photoacoustic effect is that the object or material absorb 

optical energy, and the energy source must be modulated. The material rapidly absorbs the 

energy, resulting in an increase in temperature. This increase in temperature causes a rapid 

increase in pressure within the material, resulting in a thermoelastic expansion and the 

emission of a pressure wave. This wave is called a photoacoustic wave due to the optical 

stimulation method in which it was generated. While ultrasound and photoacoustics both 

involve ultrasonic pressure waves, the method of generation is different. In ultrasound, 

pressure waves travelling towards the sample are scattered, and this scattered signal is 

recorded. The scattering depends on the mechanical properties of the sample, or more 

specifically, the acoustic impedance mismatch between the sample and its surroundings. In 

contrast, a photoacoustic wave is generated due to optical absorption of energy; the 

photoacoustic wave amplitude depends on the optical absorption coefficient of the sample 

and the optical intensity, while features of the emitted wave depend on the mechanical 
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properties of the sample. Figure 1.4 illustrates how the ultrasound and photoacoustic waves 

are generated from a single spherical homogeneous particle. An example pressure wave for a 

20 μm spherical homogeneous liquid is shown in Figure 1.5; it has a characteristic “N” shape 

as a function of time [52].  

 

 

Figure 1.4: Illustration of how photoacoustic and ultrasound waves are generated from a single 

spherical particle. In photoacoustics, the particle is irradiated by a laser, absorbs the energy and emits 

a pressure wave with ultrasonic frequencies. In ultrasound, the particle is insonified by incident 

pressure waves, which then reflect from the particle. 
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Figure 1.5: The theoretical photoacoustic time domain signal of a 20 μm diameter liquid sphere with a 

sound speed of 1560 m/s and a density of 1050 kg/m
3
.  

 

 Unlike ultrasound, the emitted photoacoustic wave from an object is inherently 

broadband [53], where the frequencies of the wave depend on the size, shape and sound 

speed of the object. The general equation describing the emission of a photoacoustic pressure 

wave upon irradiation of optical energy H is  
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where p is the pressure, t is time, c is the sound speed, β is the thermal expansion coefficient, 

and Cp is the heat capacity in the absorbing medium [53]. The left hand side of equation 1.1 

is the wave equation, while the right hand side is an additional time-dependent term to 

account for the absorption of optical energy. Analytical solutions of this equation exist for 

simple homogeneous geometries such as spheres, cylinders and infinite planes [52, 54-58], 
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however numerical methods must be used for heterogeneous systems or other geometries. 

Further details on these numerical methods are described in chapters two and three. 

 For efficient generation of photoacoustic waves, two conditions should be satisfied: 

1) Thermal confinement, where the optical energy is entirely absorbed before heat conduction 

occurs, and 2) Stress confinement, where the optical energy is absorbed before propagation of 

the pressure wave occurs. These conditions can be fulfilled if the optical pulse width t is 

shorter than the thermal and stress confinement times,  

 ,
4

,
2



d
t

c

d
t thermalstress   (1-2) 

where d is the characteristic length scale of the object, c is the sound speed and α is the 

thermal diffusivity [59]. When these conditions are not met, heat conduction and propagation 

of the pressure wave occur before the energy is completely absorbed; this results in poor 

photoacoustic signal generation and low amplitude pressure waves. As an example, a 20 μm 

diameter sphere composed of water requires tstress < 13 ns and tthermal < 0.7 ms, while a 1 μm 

diameter liquid sphere made of perfluorohexane requires tstress < 2 ns and tthermal < 8 μs. Solids 

generally have lower confinement times; a 1 μm diameter solid sphere made of polystyrene 

requires tstress < 0.4 ns and tthermal < 4 μs. In most cases, the thermal confinement time is much 

larger than the stress confinement time. 

 Contrast in ultrasound imaging depends on acoustic impedance mismatches within 

the medium; the contrast associated with photoacoustic imaging results from the optical 

absorption properties of the medium. Only components that absorb the optical energy will 
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emit a photoacoustic wave. In photoacoustic imaging, the sample is irradiated by a laser, and 

an ultrasound transducer is positioned to detect the resulting photoacoustic pressure waves. 

Within the human body, only a few structures strongly absorb optical energy throughout the 

visible and near-infrared spectrum. One is blood (from the hemoglobin), and the other is 

melanin (a pigment found in skin and hair cells). photoacoustic imaging methods generate 

high contrast images of the vasculature due to the high optical absorption properties of blood 

relative to the negligible absorption properties of surrounding tissue. Photoacoustic imaging 

has produced high resolution imaging of vasculature in-vivo [60-62], and can detect changes 

in blood flow in functional photoacoustic imaging [63, 64]. Frequencies between 1-60 MHz 

are typically used for photoacoustic imaging. The penetration depth is limited to 

approximately 1-2 cm due to scattering of the incoming photons. Exogenous photoacoustic 

contrast agents such as nanoparticles or dyes can be introduced in-vivo to enhance 

photoacoustic signals from specific targets such as tumors [65, 66].  

 The resolution of ultrasound pulse-echo imaging systems is limited by the frequency 

of the transducer; high resolution imaging requires high frequencies. With photoacoustic 

imaging, standard clinical and high frequency transducers (up to about 60 MHz) have been 

used along with a focused laser to achieve high resolution imaging. This is the basis for 

photoacoustic microscopy (PAM). In these systems, the laser is typically focused to a 

micron-sized spot [64], although resolution near the diffraction limit of 200 nm has been 

achieved [67]. Many different PAM designs exist. The laser can be positioned opposite the 

transducer [68-70], integrated into the transducer [71-73], positioned directly beside the 
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transducer [74-76], with many other configurations possible [60, 77-79]. In most cases, the 

lateral resolution is limited by the laser spot size, which itself is related to the numerical 

aperture (NA) of the optical objective. These microscope systems can provide high resolution 

images of single cells, capillaries and tissue structures with sub-micron resolution [64]. 

Alternatively, high resolution photoacoustic imaging can also be performed using a weakly 

focused laser and high frequency transducers; in this case, the resolution is limited by the 

focal spot of the receiving transducer [80]. Example photoacoustic images of a single 

melanoma cell (containing melanin pigment) imaged with a 532 nm laser focused to a 5 μm 

spot and imaged with successively higher frequencies is shown in Figure 1.6. The laser spot 

size remained the same for all images, and increased detail is observed as the transducer 

frequency is increased from 200 MHz (Figure 1.6B, 8 μm transducer resolution) to 1200 

MHz (Figure 1.6D, 1 μm transducer resolution). The main advantages to using high 

frequency transducers are 1) axial resolution that approaches 1 μm at 1000 MHz, and 2) the 

wide bandwidth that can be used for a quantitative analysis of the photoacoustic signals that 

cannot be achieved with lower frequency photoacoustic microscopes.  
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Figure 1.6: Photoacoustic images of a fixed B16-F1 melanoma cell imaged with progressively higher 

transducer frequencies. The laser spot size remained the same at approximately 5 μm; therefore the 

imaging resolution is a function of the transducer, not the laser spot. (A) Optical image with 

fluorescence inset, (B) Photoacoustic image using 200 MHz, (C) 375 MHz and (D) 1200 MHz. The 

scale bar is 30 μm. (Figure adapted from [80]) 

 

 Quantitative photoacoustic methods (QPA) are a recent development that can give 

information about the sample examined. The method is similar to QUS discussed in section 

1.2, where features of the power spectrum are examined and correlated to specific sample 

properties. Micron-sized samples such as cells or thin tissue slices typically examined in a 

PAM have photoacoustic waves with significant spectral features over 100 MHz [55, 81], 

which are outside of the bandwidth of the transducers normally used in most photoacoustic 

systems developed. In order to perform a quantitative analysis of the photoacoustic signals 

from small samples such as cells, transducers with center frequencies over 100 MHz and 

bandwidths in the hundreds of MHz must be used. In these cases, the signals measured from 

ideal spheres no longer have the classic “N” shape; the signal is distorted due to the limited 

bandwidth of the transducer. Figure 1.7 shows the time domain signal of a 20 μm diameter 



1.4 Probing single cells with ultrasound and photoacoustics  

 15 

liquid sphere from Figure 1.5 when measured using a limited bandwidth of 100-500 MHz, 

simulated using a bandpass filter. Limited bandwidth ultimately reduces the signal amplitude 

as the lower frequency content containing most of the wave energy is not detected. 

 

Figure 1.7: The theoretical photoacoustic signal of the 20 μm spherical particle shown in Figure 1.5 

(black) when filtered with a 100-500 MHz bandpass filter (red), simulating the limited bandwidth of a 

typical UHF transducer.  

 

1.4 Probing single cells with ultrasound and photoacoustics 

 Cells are the building blocks of life. They are typically 5-30 µm in diameter, 

enclosing a cytoskeleton and various organelles such as a nucleus, mitochondria, lysosomes 

and vacuoles. Complex processes occur within the cell on a micro and molecular level, 

particularly in response to stimuli or changes in the chemical environment. The composition 

of each type of cell can be different, and various biological processes can alter the chemical 

and structural balance of the cells [82-85]. Ultrasound has been used to non-invasively 

classify tissue types according to differences in the measured sound speed or attenuation 
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[35]. Changes in the cell properties enable identification of these biological processes in bulk 

tissue such as apoptosis using clinical and high frequency ultrasound [25, 86-89].  

 Many tools exist for probing cell properties at the single cell level, which include 

microrheology [90, 93], micropipette aspiration [94, 95], optical and magnetic tweezers [96, 

97] atomic force microscopy [98-105] and ultrasound/acoustic microscopy [11, 47, 50, 106]. 

Changes in the cell properties can be used to differentiate cell types, and also detect 

malignancy. For example, changes in the elasticity has been observed between benign and 

malignant breast cancer cell lines [93, 103, 107]. Acoustic microscopy has been used to 

probe the properties of single adherent cells, however the cell properties can be dependent on 

the substrate the cell is grown on, and the pressure exerted by neighbouring cells. A method 

to examine single cells in suspension non-invasively, whether cells that are naturally in 

suspension such as blood cells, or adherent cells that have been detached from the substrate, 

does not exist. Examining cells in suspension provides advantages to those grown on 

substrates, as external stresses that can alter the cellular properties are removed from the 

system.  

 Clinical to high-frequency (<100 MHz) photoacoustic and ultrasound imaging and 

quantitative methods cannot resolve individual cells. When the ultrasound wavelength is 

much larger than the cell, as it is in the 1-20 MHz regime, Rayleigh scattering occurs. The 

measured ultrasound signal is a superposition of signals resulting from scattering from many 

sub-resolution objects within the interrogating region. As described in the previous sections, 

achieving imaging resolution in the micron-range for single cells requires near-GHz range 
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frequencies for ultrasound and photoacoustics. For QPA and QUS analysis of single cells, the 

wavelength should be similar to the size of the cell. The ultrasound wavelength is 

approximately 15 µm at 100 MHz and 3 µm at 500 MHz, whereas cells can range from 5-30 

µm, depending on the cell type. When probing spherical cells, the resulting ultrasound and 

photoacoustic power spectrum have periodically varying minima and maxima where the 

location and spacing between minima and maxima depend strongly on the size, shape and 

sound speed of the cell. Aside from the nucleus, most organelles are sub-micron and 

distributed throughout the cytoplasm. Studies have shown that the nucleus has a slightly 

different sound speed [108] and attenuation [106] than the surrounding cytoplasm, and it may 

affect how the ultrasound scatters from the cell.  

 Photoacoustics requires that the cell absorbs optical energy. Aside from cells with 

endogenous optical absorbers such RBCs (hemoglogin) and melanocytes (melanin), 

exogenous optical absorbers such as nanoparticles or dyes must be added to cells to facilitate 

photoacoustic wave generation. The DNA/RNA in cells can also be used as an endogenous 

absorbing agent, provided they are irradiated at their peak absorption of 266 nm [73]. 

Melanoctyes contain an abundance of melanin particles distributed throughout the cytoplasm, 

but not within the nucleus. Nanoparticles also tend to accumulate throughout the cytoplasm, 

avoiding the nuclear area [109]. Generally nuclear penetration is difficult even for the 

smallest nanoparticles; dyes provide better flexibility with selectively staining the cell. 

Membrane-permeable dyes such as Hoechst (which targets the nucleus) and neutral red 

(targets many components, particularly lysosomes) can be used for live-cell analysis. Non-
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membrane permeable dyes such as Trypan blue can only be used with dead cells that have 

lost membrane integrity. Alternatively, cells can be temporarily permeabilized with the 

addition of a detergent such as Triton X-100 [110, 112]. This allows molecules to pass 

through the cell membrane that would normally be too large. By using specific optical 

absorbing agents, specific regions of the cell can be targeted. Also, optical spectroscopy 

methods can be used to target different chromophores. By varying the irradiating wavelength, 

the different types of chromophores will generate photoacoustic waves, thus selectively 

targeting specific components of a sample [113-117].  

1.5 Signal normalization 

 The ultrasound and photoacoustic signals as recorded include the signal from the 

sample plus effects due to attenuation in the medium, the transducer transfer function, and 

other artifacts [118]. For the most part, these effects can be removed by measuring a 

reference spectrum. For ultrasound pulse echo measurements, this is traditionally performed 

by measuring the reflection from a highly reflecting material such as glass or quartz at the 

same distance as the sample. Measurement of a reference for photoacoustics is not so 

straightforward. In photoacoustics, the pulse undergoes one-way travel from the sample to 

the transducer, while ultrasound pulse echo measurements undergo two-way travel; the 

attenuation is less for a photoacoustic wave, which can be substantial at frequencies over 100 

MHz. Also, the photoacoustic wave is influenced by the transducer transfer function once 

(incoming only), as opposed to twice for pulse-echo ultrasound measurements. Finally, the 
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photoacoustic emission from any source is inherently broadband, emitting a broad frequency 

range that depends on the size, sound speed and optical absorption characteristics of the 

sample. An ultrasound transducer is only recording a limited bandwidth of all frequencies 

emitted. In contrast, in ultrasound a sample is irradiated by a limited bandwidth of 

frequencies, where the reflected wave depends on the acoustic properties of the sample. 

Given these factors, the pulse echo reference method should not be used for photoacoustic 

normalization. 

 A method to acquire the photoacoustic reference signal is to measure the 

photoacoustic emission from a sample that has a nearly flat spectrum over a wide frequency 

range. This would require a narrow pulse emission in time, ideally a delta function. The 

material should be flat, highly absorbing and very thin. A 200 nm thick gold film deposited 

onto glass meets these criteria was used as a photoacoustic reference. The theoretical 

spectrum using an infinite plane model [119] from this gold film is shown in Figure 1.8. The 

amplitude change in the spectrum is approximately 1.5 dB from 1 to 500 MHz, and 3 dB 

from 1 to 1000 MHz. While there is a slight decrease in the signal with frequency, the 

spectrum is sufficiently flat with no significant spectral features.  

 The photoacoustic signal measured using this gold film source, along with a 

comparison to an ultrasound pulse echo measured from glass using a 375 MHz center 

frequency transducer is shown in Figure 1.8. The ultrasound -6 dB bandwidth is 44% (285-

450 MHz, ∆f = 165 MHz), while the photoacoustic -6 dB bandwidth is 57% (245-460 MHz, 

∆f = 215 MHz); the photoacoustic bandwidth is wider by 50 MHz. The ultrasound pulse 
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propagates twice the distance as the photoacoustic wave, and therefore undergoes twice the 

attenuation. In practice, the usable bandwidth is slightly wider than the -6 dB bandwidth; 

typically frequency ranges between 200-500 MHz can be detected with the 375 MHz 

transducer. 

 

Figure 1.8: The time domain signal (left) and spectrum (right) of a 375 MHz transducer used for 

photoacoustics (blue) and ultrasound (red), along with the theoretical spectrum for a 200 nm thick 

gold film (black). The -6 dB bandwidth for ultrasound was 165 MHz (285-450 MHz), but the same 

transducer used for photoacoustics had a 215 MHz bandwidth (245-460 MHz). 

 

1.6 Modeling ultrasound and photoacoustic interactions 

 Analytical solutions of the interaction and scattering of ultrasound with particles is 

well established, with publications dating back to the 1950’s [120-122]. These theories have 

been recently validated using frequencies up to about 60 MHz through a comparison of 

measurements of micron-sized polystyrene beads and single cells [108, 118, 123-126]. Good 

agreement between theory and measured were observed. Analytical solutions of optically-
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induced photoacoustic waves was developed in the late 1980’s [55]. These solutions were 

verified on mm-length scales using frequencies up to about 20 MHz, but no measurements 

have been performed on micron-sized particles, which requires frequencies over 100 MHz. 

To date, only two photoacoustic microscopes with capability of using frequencies over 100 

MHz exist in the world [127-129].  

 Spherically symmetric homogeneous particles are assumed for the ultrasound and 

photoacoustic analytical solutions. These solutions can break down for asymmetric particles, 

heterogeneous particles, or for particles near boundaries. In these cases, numerical methods 

must be used. Finite element methods (FEMs) split the problem into small components which 

are then iteratively solved according to initial conditions. As with the ultrasound analytical 

models, several studies have used FEMs to solve ultrasound scattering from micron-sized 

particles such as cells and contrast agents [126, 130-133]. Numerical studies have examined 

the photoacoustic signals generated from tissue [134-137], however these are typically 

complex systems involving photon diffusion, heat transfer and stress equations and require 

extensive computational resources to complete. Few studies, if any have modeled 

photoacoustic wave generation from micron-sized particles. 

1.7 Goals and specific aims 

 Ultrasound scattering theory is well developed; QUS analyses of cells and particles 

have been studied using UHF ultrasound since the mid-1970’s. In contrast, there have been 

limited quantitative analyses of photoacoustic systems. Photoacoustic imaging has been used 
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to image tissue and cells, but quantitative photoacoustic methods have never been used for 

single cells. The goal of this dissertation is to develop a better understanding of UHF 

photoacoustic waves, their interactions with cells and how this can be used at a clinical level 

to help detect and diagnose disease such as CTCs.  

Hypothesis: 

The signal amplitude and spectral features of UHF photoacoustic waves can be used to 

characterize and differentiate cell types, and pathological states of cells. 

Specific aims: 

1) Develop numerical methods of UHF photoacoustic wave generation from particles in the 

micron-size range.  

2) Validate numerical methods using experimentally measured photoacoustic signals. 

3) Demonstrate that photoacoustic methods can identify morphological and pathological 

changes in RBCs. 

4) Differentiate cell types in blood using photoacoustic signals.  

1.8 Overview of dissertation 

 The research presented in this dissertation is the first reported use of photoacoustic 

frequencies over 100 MHz on single cells. An analysis of measured signals from single cells 

and particles, as well as a thorough comparison to theoretical models are discussed in 

chapters 2-4. In chapter 5, photoacoustic measurements are used for specific cell 
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identification. 

 Chapter 2 develops the analytical and numerical methods of photoacoustic wave 

emission from micron-sized perfluorocarbon (PFC) emulsions containing gold nanoparticles 

(AuNPs). The NPs facilitate photoacoustic emission, as the PFC liquid has negligible 

absorption in the visible and infrared wavelengths. The thermoelastic expansion model used 

to describe the photoacoustic signals generated from single emulsions is compared to 

measured signals. The analytical solution to the thermoelastic expansion model gave valid 

solutions for symmetric and homogeneous particles such as the emulsions, however it breaks 

down in other situations such as particles with inhomogeneities or near boundaries. A finite 

element model (FEM) was developed to simulate the photoacoustic signals emitted from 

particles in these cases and obtain the frequency content. The numerical simulations were 

compared to measurements for model validation.  

 In Chapter 3, the photoacoustic spectral features of PFC emulsions were compared to 

theoretical models to extract the particle size. The emulsions are an ideal particle to verify the 

quantitative photoacoustic methods, as they are spherically symmetric and homogeneous 

with known physical properties. The sizes determined through photoacoustic methods were 

compared to ultrasound and optical methods to validate the methodology. 

 Chapter 4 investigated photoacoustic signals from RBCs. RBCs have a unique bi-

concave shape that is traditionally difficult to model due to its asymmetry; most simulations 

approximate the RBC shape as a sphere or oblate ellipsoid. The FEM developed in chapter 2 

was used to examine how photoacoustic signals vary as a function of RBC size, orientation 
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and morphology. 

 Chapter 5 used the photoacoustic signal amplitude and features in the power spectrum 

to classify cell types. The location of the spectral features are dependent on the ratio of the 

size to sound speed, while the photoacoustic amplitude is related to the absorption coefficient 

of the cell. Cells that have inherent optical absorption (such as RBCs and melanoma cells) 

can be easily differentiated by these measurements; other cells such as AML must be dyed 

prior to investigation. 

 Chapter 6 summarizes the results, clinical significance and future work. Appendix A 

summarizes the literary contributions resulting from research performed during my PhD 

studies that both directly and indirectly contributed to this dissertation. 
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Chapter 2 

A Photoacoustic finite element model to 

describe spectral features of micron-sized 

particles 

2.1 Abstract 

 The photoacoustic signal generated from micron-sized particles is determined by 

physical attributes of the particle such as size and sound speed. The frequency content of 

these signals can be used to obtain the physical attributes, however the wave generation and 

propagation can be altered by nearby structures. To determine the frequency content of the 

photoacoustic signals generated, and assess the change in the photoacoustic signals from 

particles near structures, a finite element model (FEM) was developed to model the 

photoacoustic wave propagation from particles in various configurations: a particle in 

suspension surrounded by water, a particle on a reflecting boundary (which could be a vessel 

or other rigid structure), and a particle with an absorbing shell and non-absorbing core. 

Physical aspects normally important to photoacoustic FEMs such as photon transport, heat 
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transfer and stress/strain equations were neglected to reduce complexity and improve 

computational time, as the goal was to obtain the frequency content of the wave.  

Perfluorocarbon (PFC) droplets 3-5 μm in diameter containing gold nanoparticles (to 

facilitate optical absorption) were used as they represent particles; they are spherical, 

homogeneous, optically translucent and their physical properties are known. They are also 

being investigated as potential photoacoustic/ultrasound contrast agents and therapeutic 

delivery vehicles (theranostic agents) in-vivo due to their versatility and biological 

compatibility. High-frequency photoacoustic measurements (over 100 MHz) of single 

droplets in suspension and on a glass substrate were compared directly to the FEM and 

analytical models to investigate how the photoacoustic power spectrum features change with 

boundary conditions. Periodically varying minima and maxima occur throughout the 

spectrum; for a 3.1 μm droplet in suspension, the frequency location of the spectral minima 

between the FEM and analytical solution were in good agreement to measured values (3.3 

MHz standard deviation). For a droplet on a reflecting boundary, extra spectral minima were 

observed which were correctly reproduced using the FEM. The average standard deviation of 

the location of the spectral features between measured and the FEM for a droplet on a glass 

substrate was 1.4 MHz (2.8 μm diameter), 6.1 MHz (3.1 μm), 7.6 MHz (3.6 μm) and 8.5 

MHz (3.6 μm). These results demonstrate that the power spectrum changes depending on if a 

droplet is near a boundary, and the analytical model cannot correctly predict the spectral 

features. The FEM could be used in cases where a particle is irregular, near boundaries or has 

heterogeneous optically absorbing areas. 
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2.2 Introduction  

 The photoacoustic effect is the emission of a pressure wave from a structure after 

irradiation by an energy source, typically a laser. For spatial scales of interest in biomedical 

photoacoustic imaging, the frequency of the wave is generally in the ultrasonic range. This 

wave is called a photoacoustic or optoacoustic wave due to the laser-induced method in 

which it was generated. Photoacoustic imaging requires an optical absorbing structure in the 

medium for a wave to be generated. Most tissue has negligible absorption throughout the 

visible and infrared spectrum where photoacoustic imaging is commonly used. The main 

absorbing structure in tissue is the blood and the main chromophore in the blood is 

haemoglobin. This endogenous source of contrast has been exploited in-vivo for the 

detection of vascular tumours [138] photoacoustic tomography [65] with functional imaging 

[139], and imaging the vasculature [114, 140]. Photoacoustic contrast agents such as 

molecular agents or nanoparticles can be introduced into the bloodstream as contrast agents 

to help identify breast and prostate tumors [141-143]. Recently, nanoparticles (NPs) have 

been incorporated into perfluorocarbon emulsions where they can be used as theranostic 

agents [144, 145]. At low laser energies, the emulsions act as photoacoustic contrast agents. 

At higher energies, the PFC liquid vaporizes to a gas state. The conversion to a gas state the 

newly created microbubbles can act as ultrasound contrast agents [146]. Additionally, a 

chemotherapeutic payload can also be incorporated into the droplets for localized drug 

delivery [147]. The optical absorbing nanoparticles are a necessary component for the 

generation of photoacoustic signals, as PFC liquids have negligible absorption in the visible 
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and near-infrared wavelengths [148]. When irradiated with sufficient optical energy, the NP-

loaded micron-sized droplets emit photoacoustic signals. These contrast agents have a unique 

signature signal compared to other photoacoustic sources in tissue, and can be used to 

differentiate and quantify the emulsions present in a region. Since this signature is more 

readily differentiated in the frequency domain representation of the photoacoustic signal, a 

model that can accurately represent the frequency content of the signal is important for agent 

optimization.  

 When a micron sized particle absorbs energy, it undergoes a rapid thermoelastic 

expansion that results in emission of a photoacoustic wave in the ultrasonic frequency range. 

Neglecting viscosity and thermal conduction, the photoacoustic waves generated due to 

absorption of optical energy H (such as a laser) is the solution to the inhomogeneous wave 

equation 
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 (2-1)  

where p is the pressure, t is time, c is the sound speed, β is the thermal expansion coefficient, 

and Cp is the heat capacity [53]. Analytical solutions for the generation of photoacoustic 

waves have been derived for simple geometries just as spheres [55]. Assuming the pressure 

wave and energy source vary with time as exp(-iωt), the solution to equation 2-1 for the 

photoacoustic waves generated from a liquid homogenous spherically symmetric particle is  
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where f is the frequency, a is the particle radius, μa is the optical absorption coefficient, I0 is 

the incident laser intensity, ρ is the density, the subscripts d and f refer to the droplet and 

fluid, respectively, and q = 2πfa/cd [54]. Good agreement has been found between this 

solution and measured photoacoustic signals for liquid homogeneous spheres [55]. The 

analytical solution breaks down for complex configurations such as multi-particle systems, 

particles near boundaries, or particles that have a heterogeneous composition. Tools  such as 

the k-wave toolbox [149], Field II [150, 151], or COMSOL Multiphysics can be used to 

simulate the photoacoustic signal propagation. Some tools use finite element models (FEMs) 

where the system is decomposed into smaller components which are then iteratively solved. 

Recently, photoacoustic FEMs have examined temperature and displacement effects in tissue 

[152, 153], photoacoustic tomography reconstruction [154, 155] and photoacoustic 

propagation in tissue [156]. FEMs probing photoacoustic measurements are typically 

complex, requiring the integration of several different physical phenomena such as photon 

transport/scattering, thermal transport, stress/strain relations and acoustic propagation, which 

increases the computational resources required to solve a problem [157]. 

 A simplified FEM was developed to investigate the frequency content of 

photoacoustic waves generated in cases where the analytical solution cannot be used. This 

model neglects photon diffusion/scattering, thermal transport and stress/strain relations that 
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are commonly used in photoacoustic FEMs. The model initiates immediately after the 

particles are irradiated and absorb the laser energy. Assumptions are that the particle 

uniformly and instantly absorbs the laser energy, resulting in a pressure increase relative to 

the surrounding non-absorbing areas. The FEM then solves for the propagation of the 

acoustic waves due to the pressure differential within the system using the wave equation 

 0
1 2

2

2

2
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 The FEM solution was solved for three different scenarios: 1) a droplet in suspension, 

2) a droplet on a highly reflecting boundary and 3) a droplet in suspension but with non-

homogenous pressure distribution (emulating non-uniform optical absorption within the 

droplet). During optical irradiation, spherically symmetric pressure waves are emitted from 

the droplet. For a droplet in suspension (scenario 1), these waves simply radiate outwards and 

attenuate within the surrounding medium. This solution can be compared directly to the 

analytical solution (equation 2-2). For a droplet near a boundary (scenario 2), waves emitted 

from the droplet will be reflected by the boundary back into the droplet and towards the 

receiving transducer. Scenario 3 simulates a non-homogeneous droplet with a thin ring of 

optical absorbing material surrounding a non-absorbing liquid core. This simulates contrast 

agents where the optical absorbing material is contained in the shell instead of the core [158, 

159]. Scenarios 1 and 2 were compared to experimental photoacoustic measurements of 

micron-sized PFC droplets containing NPs as optical absorbers.  

 This study shows that the FEM gives matching solutions to the analytical equation for 
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ideal cases such as a droplet in suspension, and correctly predicts the extra spectral features 

observed from particles on a boundary where the analytical model cannot be used. The FEM 

can be applied for more complex systems where the analytical solution cannot be used, 

providing insight into how the frequency content of the photoacoustic waves are modified as 

a function of the droplet/boundary characteristics.  

2.3 Methods 

2.3.1 Perfluorocarbon Droplets 

 PbS nanoparticles were synthesized [160], coated with silica [161, 162], then 

fluorinated for miscibilization into PFP (Synquest, USA) [163]. PbS-loaded PFP droplets 

were prepared using 5 mL deionized water, 0.15 mL PFP solution containing PbS 

nanoparticles, and 0.03 mL anionic fluorosurfactant (Zonyl FSP, Sigma-Aldrich, USA) using 

emulsification with 10 μm pore polymer membranes (Whatman, USA), following coarse 

emulsification by vortexing. PbS nanoparticles were imaged using a Hitachi HD-2000 

scanning transmission electron microscope (TEM). The absorption coefficient of PbS-loaded 

PFP was determined using a Cary 6000i UV-vis-NIR spectrophotometer. The droplet 

diameters were measured using a microscope with an optical scale.  

2.3.2 Photoacoustic measurements  

 A SASAM photoacoustic microscope (Kibero GmbH, Germany) was used for all 

measurements and is described in detail in reference [144]. Briefly, a 1064 nm laser was 

focused by a 10x objective (0.30 numerical aperture) onto the sample from below, and a 375 
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MHz transducer (60° aperture, 42% bandwidth) positioned above the sample recorded the 

photoacoustic signals generated by the sample. The laser was operated at a 2 kHz pulse 

repetition frequency with a 700 ps pulse width. This pulse width was less than the stress and 

thermal confinement times of a 1 μm diameter liquid PFC droplet, calculated to be 2 ns and 8 

μs, respectively. The signals were amplified by 40 dB (Miteq, USA) and digitized at an 8 

GHz rate (0.125 samples/ns). All measurements were made at 36°C. The droplet diameter 

was found by comparing a calibrated scale to an optical image recorded using the 10x 

objective. The error associated with this measurement is ±0.5 μm when using a 10x 

objective. 

 The photoacoustic signals from micron-sized nanoparticle-loaded droplets were 

measured in two different configurations; a droplet in suspension surrounded by liquid and a 

droplet on a hard boundary (figure 1). In case #1, a droplet deposited on top of an agar gel 

surrounded by water was used to approximate a droplet in suspension. The agar gel has 

similar properties as water [164] and minimized any reflections that might occur. In case #2, 

the droplet was deposited directly on the glass substrate, a highly reflecting surface for 

ultrasound. All measurements averaged 100 RF-lines to increase the signal to noise ratio 

(SNR). The transducer response was removed from the signal by normalizing the signal as 

described in [118] (see section 1.5), then a Hamming window and 100-500 MHz bandpass 

filter were applied. These processed signals were then compared to the analytical model and 

FEM solution. 
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Figure 2.1: Diagram showing the two droplet configurations measured. The transducer positioned 

above the droplet recorded the photoacoustic signals from the droplet when irradiated by a 1064 nm 

laser from below. The photoacoustic signals from a droplet with a soft boundary (droplet on an agar 

surface, left) and a hard boundary (droplet directly on a glass substrate) were measured.   

 

2.3.3 COMSOL model  

 Finite element models for each scenario were solved using the COMSOL 

Multiphysics software package. A transient acoustics 2D axisymmetric model was used to 

calculate the photoacoustic emission from the droplets using the wave equation (equation 1-

1). For this calculation, the droplet diameter must be known, however the error associated 

with this optical image measurement is ±0.5 μm for droplets <5 μm in diameter. Since the 

exact diameter is not known, simulations were completed with a range of diameters around 

the measured diameter. The simulation with the most accurate photoacoustic spectral 

comparison to the experimental model was compared to the measured signal. Five droplets 

were examined in this study; one droplet in suspension (more droplets in suspension made 
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with gold nanorods instead of PbS are examined in chapter 3), and four droplets on a glass 

substrate. The initial pressure was set to unity inside the droplet, and zero elsewhere. For 

scenario #3, a droplet with an absorbing shell was simulated where the pressure within the 

shell of thickness 250 nm was set to unity, and zero elsewhere including the droplet core. For 

simplicity, these simulations assumed the shell was composed of PFC liquid, the same as the 

droplet core. The laser energy was assumed to be absorbed instantaneously (infinitesimally 

narrow laser pulse) so that the pressure wave did not propagate prior to the start of the 

simulation. The mesh within the droplet was set to 0.01 µm, and 0.05 μm outside the droplet. 

and the outer boundary was set to a 10 μm radius. The photoacoustic signal directly above 

the droplet was recorded as a function of time with a 0.125 ns step size (the same as the 

experimental rate). Diagrams of the three modeling scenarios are depicted in figure 2. The 

FEM simulated a propagation time of 80 ns, which took approximately 3 to 5 hours for 

800,000 degrees of freedom using computational cluster containing six dual-core Opteron 

nodes and 40 GB of memory. The parameters used in the model are listed in table 1, 

including the diameter measured optically and the final diameter determined by a comparison 

between measured and simulated photoacoustic signals. 

 The PFP liquid inside the droplets exists in a superheated state; the boiling point of 

PFP is 29°C, but remains a liquid at 36°C due to an increase in Laplace pressure caused by 

the shell; this increases the boiling point by 40-50ºC [165]. Therefore it is difficult to 

measure the properties of bulk liquid PFP at temperatures higher than 29°C. Studies 

measured the sound speed of PFP to be 468 m/s using 2 MHz at 22°C [166] and 477 m/s 
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using 1 MHz at 25°C [167]. Measurements of several PFC liquids other than PFP showed a 

linear decrease in sound speed with increasing temperature from 25 to 36°C using 10 MHz 

[168]. The change in sound speed was -2.778 m/s/°C for FC-72, the liquid with the closest 

molecular weight and structure to PFP. Assuming the change in sound speed with 

temperature of PFP is similar to the FC-72 even when in a superheated state, the sound 

speeds of 468 m/s (22ºC) and 477 m/s (25ºC) would be 429 m/s and 446 m/s at 36°C, 

respectively. Averaging these values gives 438 m/s, which was used in the FEM and 

analytical simulations. Sound dispersion was neglected as it was found that PFC liquids have 

only a 1.5% increase from 100 to 1000 MHz [169] and considered negligible over the 

frequency range used in this study. 

  

Figure 2.2: COMSOL model geometries used in this study. (A) a 3.1 μm droplet in a water 

suspension, (B) a droplet on glass (diameters ranged from 2.8 to 3.6 μm) and (C) a 3.1 μm droplet in a 

water suspension but with an optically absorbing 250 nm shell surrounding a non-absorbing core. In 

(A) and (B), the pressure inside the droplet was set to unity, and the surround water the pressure was 

set to zero. In (C), the pressure of the ring was set to unity, and the core was set to zero. The signal 

was recorded directly above the droplet.  
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Table 2-1. Modeling parameters used in the finite element method models. 

Parameter Droplet 

#1 

Droplet 

#2 

Droplet 

#3 

Droplet 

#4 

Droplet 

#5 

Droplet 

#6 

Simulation type Suspension Substrate Substrate Substrate Substrate Ring 

Substrate None Glass Glass Glass Glass None 

Optical diameter (μm) 3.4 3.1 4.0 4.2 4.4 – 

Droplet diameter (μm) 3.1 2.8 3.1 3.6 3.6 3.1 

System diameter (μm) 20 20 20 20 20 20 

Droplet mesh (μm) 0.01 0.01 0.01 0.01 0.01 0.01 

Coupling fluid mesh 

(μm) 0.05 0.05 0.05 0.05 0.05 0.05 

Droplet sound speed 

(m/s) 438 438 438 438 438 438 

Droplet density (kg/m
3
) 1620 1620 1620 1620 1620 1620 

 

2.4 Results 

2.4.1 Finite element model validation 

 The FEM solution of two PFP droplets (3.1 μm and 5.0 μm) suspended in water 

(figure 2A) were calculated using COMSOL Multiphysics with the parameters described in 

table 1. The photoacoustic signal was calculated as a function of time at a point on the outer 

system boundary over an 80 ns time length. The FEM solution was compared to the 

analytical solution (equation 2-2) using identical parameters. The signals were normalized to 

maximum amplitude, and no other signal processing methods or filters were applied. Good 

agreement in both the time and frequency domains were observed as shown in Figure 2.3, 



2.4 Results  

 37 

thus validating the FEM methodology. 

2.4.2 Model and experiment comparison 

 The photoacoustic signals of droplets on an agar surface and on a glass substrate were 

measured using the photoacoustic microscope. These two systems approximate a droplet in 

suspension and a droplet near a highly reflecting boundary. The measured signals were 

compared to both the analytical solution (equation 2-2) and the FEM solution. The 

parameters used for modeling the droplet in each case were identical aside from a difference 

in diameter. The theoretical time domain signal and power spectrum for a 3.1 μm droplet 

using the analytical solution and FEM are shown in Figure 2.4. Both scenarios show spectral 

minima at 200, 345, 490 and 635 MHz, however the spectrum from the droplet on glass has 

additional spectral minima located at 275, 405 and 540 MHz. 

 The measured time domain signal for a 3.1 μm droplet on agar (simulating a droplet 

in suspension) and a 3.1 μm droplet on the glass substrate are shown in Figure 2.5A and 

Figure 2.5B, respectively. Despite similar droplet sizes, the signal from the droplet on a glass 

boundary exhibits additional signal information. This is a result of the pressure wave 

rebounding from the glass substrate and towards to transducer, which can alter the frequency 

content. The corresponding power spectrum of these two droplets, along with three other 

droplets measured from a glass substrate are shown in Figure 2.6. In Figure 2.6A (droplet in 

suspension) the frequencies of the spectral minima at 203, 347 and 492 MHz of the FEM and 

analytical solution are in good agreement with the measured signal from the droplet (spectral 

minima located at 205, 348 and 481 MHz. For the droplets on glass, the analytical solution 
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could correctly predict the frequency of some of the spectral minima, but not all. Table 2-2 

lists the frequencies of the spectral minima from the measured signal as well as from the 

analytical and FEM solutions. In all cases, the average standard deviation between the FEM 

and measured values were under 9 MHz. 

 

 

 

Figure 2.3: Theoretical waveform and spectrum 3.1 μm droplet (top) and a 5.0 μm droplet (bottom) 

suspended in water obtained from the analytical solution (equation 2-2, solid black line) and the FEM 

solution (dotted red line). The signals were normalized to maximum amplitude for comparison. Good 

agreement in both the time and frequency domains were observed, verifying the FEM methodology. 
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Figure 2.4: A comparison of the FEM solution of a 3.1 μm droplet on glass (red) and the analytical 

solution of the same droplet in suspension (black). The signals were normalized to maximum 

amplitude for comparison. Small changes in the time domain signal result in extra spectral minima. 

 

 

A  B    

Figure 2.5: A representative measured photoacoustic signal from (A) 3.1 μm droplet in suspension, 

and (B) a different 3.1 μm droplet on a glass substrate.  
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A  

B  C  

D  E  

Figure 2.6: The photoacoustic spectrum from (A) a 3.1 μm droplet on an agar surface (B-E) a droplet 

on glass with diameters 2.8, 3.1, 3.6 and 3.6 μm in diameter, respectively. The measured signals are 

blue, the analytical solution is black and the FEM solution is red. Good agreement in the location of 

the spectral minima measured and modeled solutions were observed for the droplet on an agar 

surface. For the droplet on a glass substrate, good agreement was observed between measured and the 
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FEM solution only. The spectral region outside the transducer -12 dB bandwidth of approximately 

190-540 MHz is noise and has been shaded to reduce attention to this area.  

 

Droplet 
Analytical 

Model (MHz) 
FEM (MHz) Measured (MHz) 

Standard 

Deviation 

1 203, 347, 492 203, 347, 492 205, 348, 481 3.3 MHz 

2 218, 385, 544 219, 295, 377, 457, 533 217, 295, 379, 457,527 1.4 MHz 

3 202, 347, 491 201, 277, 346, 406, 490 
215, 279, 346, 422, 484, 

527 
6.1 MHz 

4 
173, 299, 422, 

545 
170, 230, 297, 347, 416 

197, 228, 309, 350, 426, 

467 
7.6 MHz 

5 
173, 299, 422, 

545 
170, 230, 297, 347, 416 

166, 246, 289, 371, 424, 

500 
8.5 MHz 

Table 2-2: Spectral minima frequencies of the five droplets in Figure 2.6. The spectral minima 

associated with the glass substrate and not observed using the analytical model are coloured red. The 

last column is the average standard deviation between the frequency minima of the FEM and 

measured spectrum. 

 

2.4.3 Droplet surrounded by an absorbing ring 

 The case of an optical absorbing ring surrounding a non-absorbing liquid core as 

shown in Figure 2.7 was examined. No analytical solution exists for this configuration. 

Contrast agents with this configuration have been developed and may be of interest to 

researchers, such as PLGA particles [170, 171], liposomes [172], porphysomes [158, 159] 

and similar structures. In the FEM, the pressure in the ring was set to unity, with the core and 

surrounding fluid pressure set to zero. All other parameters were the same as scenario #1 (see 

table 1). The location of the spectra minima and maxima shifted as compared to the 

analytical solution that assumes a homogeneous uniformly absorbing sphere (figure 6). The 
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distance between the spectral minima increased slightly with increasing frequency, while the 

distance was constant for the analytical solution. The shift in the location of the spectral 

peaks may be sufficient to differentiate an absorbing particle vs. an absorbing shell, however, 

it is unlikely the shell thickness could be estimated using this procedure. 

 

Figure 2.7: The theoretical photoacoustic spectrum from a 3.1 μm droplet in suspension with an 

optically absorbing ring 250 nm thick surrounded a non-absorbing center (dotted blue line) compared 

to the analytical solution of a homogeneously absorbing liquid sphere in black. 

 

2.4.4 Visualization of the propagating signal 

 Videos generated from the FEM simulation show the pressure wave expansion from a 

droplet in the three scenarios: a droplet in suspension, a droplet on a glass substrate and a 

droplet in suspension with a shell (see supplementary data). These videos enable 

visualization of the acoustic wave propagation through different materials. In all three 

scenarios, a positive pressure wave is shown propagating away from the droplet surface, with 
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a negative pressure wave traveling toward the center. The low pressure wave then travels 

outward away from the droplet. This is responsible for the characteristic “N” shape typically 

observed in photoacoustic measurements, which is analogous to the pressure distribution 

observed during a bursting balloon [173]. For the droplet on the glass substrate, the acoustic 

wave travels faster through the glass than the coupling fluid, due to the difference in sound 

speed (5600 m/s in glass compared to 1520 m/s in water). In the case of the absorbing ring 

(scenario 3), a narrow high pressure acoustic wave is observed travelling away from the 

droplet, with a narrow low pressure wave following a short time after. 

2.4.5 Discussion 

 This study shows that spectral features calculated using the FEM simulation results 

are in good agreement with the analytical model for simple geometries such as a homogenous 

droplet in suspension (Figure 2.3), and gives accurate solutions where the analytical model 

breaks down, such as a droplet positioned on a hard reflecting boundary (Figure 2.7). For 

droplets on glass, the substrate reflects the pressure waves back through the droplet which are 

then recorded by the transducer. These additional waves result in additional spectral minima 

not observed from droplets in suspension. Table 2-2 summarizes the frequency of the spectral 

minima for all droplets, where the average standard deviation of the frequency of the spectral 

minima between the FEM and measured was less than 9 MHz.  

 Other photoacoustic FEMs take into account photon diffusion, heat transfer and 

stress/strain relations to calculate the pressure generated within an absorbing target after 

optical irradiation. Our primary interest was the frequency content of the photoacoustic 
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waves; we have shown that simplifying the FEM by initiating the object at a pressure larger 

than the surroundings and using the wave equation to calculate the acoustic wave 

propagation is sufficient to calculate the signal generated and capture the frequency-

dependent spectral features. This simplified system decreases the model complexity and 

allows for faster computation and model development. The FEM could be applied to various 

scenarios where the analytical solution cannot be used, such as the generation of 

photoacoustic waves from multiple sources, heterogeneous absorbance and from asymmetric 

shapes such as the bi-concave shape of red blood cells where the photoacoustic spectral 

features are known to depend on RBC morphology [174]. 

 The amplitude parameters in equation 2-2 can be adjusted to optimize the 

photoacoustic signal generation from these droplets to a limited extent. Increasing the laser 

intensity I0 is not necessarily feasible as there are limits on the intensities that can be used. 

The sound speed, thermal expansion coefficient and heat capacity are inherent to the PFC 

liquid used with small variation between PFC liquids. The easiest way to increase the 

photoacoustic signal is to increase the absorption coefficient inside the droplet (by increasing  

the number of nanoparticles or their absorption coefficient), or increase the droplet size. This 

would increase the total absorption coefficient of the droplet, ultimately increasing the signal 

amplitude. Moreover, the larger droplets offer opportunities to carry a larger therapeutic 

payload to be activated at directly at a tumor site. 

 High frequencies were used in this study, as the materials studied had unique spectral 

features over the wide ultrasound bandwidth used (100-500 MHz). These spectral features 
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can be used to extract specific information about the particle, such as their size and sound 

speed which can then be used for particle identification [175]. These high frequencies cannot 

be used in-vivo due to high attenuation of ultrasound, but could be used to identify cells 

and/or particles in a samples using the photoacoustic spectrum. Understanding how the 

photoacoustic signal is generated by these particles and propagates in a medium assists in 

development and optimization of these particles for eventual use in-vivo using clinical 

ultrasound and photoacoustic instruments.  

2.5 Conclusion 

 Photoacoustic FEMs that incorporate photon transport, heat transfer, stress/strain 

relations and acoustic propagation into the solution are computationally complex. A 

simplified FEM using only the size and acoustic propagation parameters (sound speed and 

density) and an initial starting pressure within the object can be used to calculate the 

photoacoustic pressure waves emitted from an object during optical irradiation. This method 

simplifies the FEM complexity and reduces computational time, and generates the spectral 

features that are unique to the properties of the particles examined. The FEM can be applied 

towards complex configurations such as a droplet near a boundary or inhomogeneous 

particles to determine the particle-dependent spectral features. The FEM can easily be 

adapted to other complex systems such as multi-particles, asymmetric particles such as 

RBCs, heterogeneous absorption properties and boundary conditions where the analytical 

solution cannot be used.  
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Chapter 3 

Acoustic and photoacoustic characterization 

of micron-sized perfluorocarbon emulsions 
1
 

3.1 Abstract 

 Perfluorocarbon droplets containing nanoparticles (NPs) have recently been 

investigated as theranostic and dual-mode contrast agents. These droplets can be vaporized 

via laser irradiation or used as photoacoustic contrast agents below the vaporization 

threshold. This study investigates the photoacoustic mechanism of NP-loaded droplets using 

photoacoustic frequencies between 100 and 1000 MHz, where distinct spectral features are 

observed that are related to the droplet composition. The measured photoacoustic spectrum 

from NP-loaded perfluorocarbon droplets was compared to a theoretical model that assumes 

a homogenous liquid. Good agreement in the location of the spectral features were observed, 

which suggests the NPs act primarily as optical absorbers to induce thermal expansion of the 

                                                 
1
 This chapter is based on an original article published as: E. M. Strohm, I. Gorelikov, N. Matsuura, and M. C. 

Kolios, “Acoustic and photoacoustic characterization of micron-sized perfluorocarbon emulsions,” Journal of 

Biomedical Optics, vol. 17, no. 9, pp. 096016–1–9, Sep. 2012. 
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droplet as a single homogenous object. The NP size and composition do not affect the 

photoacoustic spectrum; therefore, the photoacoustic signal can be maximized by optimizing 

the NP optical absorbing properties. To confirm the theoretical parameters in the model, 

photoacoustic, ultrasonic and optical methods were used to estimate the droplet diameter. 

Photoacoustic and ultrasonic methods agreed to within 1.4%, while the optical measurement 

was 8.5% higher; this difference decreased with increasing droplet size. The small 

discrepancy may be attributed to the difficulty in observing the small droplets through the 

partially translucent phantom. 

3.2 Introduction 

 For several decades, perfluorocarbon (PFC) liquids have been used in various 

biomedical applications. PFCs are biologically and chemically inert that make them 

appealing for use in medicine [176], and they can be emulsified into nano- or micro-sized 

droplets [177] to overcome their insolubility in water for in vivo infusion. In 2000, it was 

reported that a liquid to gas phase change could be induced in PFC emulsions via ultrasound 

irradiation using a method called acoustic droplet vaporization (ADV) [165, 178]. The 

resulting bubbles could be used as ultrasound contrast agents [165, 179-181] and for cancer 

therapy via vessel occlusion [182] and enhance thermal ablation with high intensity focused 

ultrasound (HIFU) [183]. Furthermore, upon vaporization, chemotherapeutic agents within 

the emulsions can be released to deliver drugs to a target region [147, 184]. Recently, PFC 

emulsions have been developed as photoacoustic agents through the incorporation of 
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optically absorbing nanoparticles (NPs) [144, 145, 148, 185] or dyes [186] into the droplet. 

NP-loaded PFC droplets can be vaporized via light using a method called optical droplet 

vaporization (ODV) [144, 148] with similar applications as in ADV. Alternatively, the 

droplets could be irradiated below their vaporization threshold where they remain as liquid 

particles and used as photoacoustic contrast agents [144, 145]. 

 NPs in the 10-200 nm range have been used as photoacoustic contrast agents in-vivo 

[141, 187, 188] where they circulate within the bloodstream and extravasate into tumors via 

the enhanced permeability and retention effect (EPR) [189]. Using PFC droplets containing 

NPs as photoacoustic contrast agents may provide advantages over using NPs alone. The NPs 

within a droplet are concentrated into a small volume, so fewer NPs may be required to 

create a measurable photoacoustic signal compared to free NPs. The photoacoustic signal 

from NPs is dependent on the environment surrounding the NP [190]. Enclosing the NPs 

within a droplet of known liquid allows for direct optimization of the NPs within the liquid to 

maximize the photoacoustic signal output, whereas the signal from free NPs may differ 

depending on their location (such as blood, interstitial tissue or within single cells). It is also 

possible to functionalize the PFC droplet surface with targeting ligands or imaging agents 

[191]. The droplets can be loaded with therapeutic agents to deliver a targeted payload to a 

region of interest [147, 184]. Finally, the droplet size can be tailored for specific applications, 

ranging from nm-sized (for penetration into interstitial tissue) to micron-sized (restricted to 

the bloodstream). The droplets could be used as photoacoustic contrast agents to determine 

their location, and then vaporized to release a payload and/or the NPs into surrounding tissue. 
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There have been very few studies examining the photoacoustic mechanism from NP-loaded 

droplets. 

 NPs are increasingly being used as photoacoustic contrast agents. This paper 

demonstrates that micron-sized PFH droplets loaded with optical absorbing, silica-coated 

gold NPs act as a single photoacoustic emitter when irradiated with the appropriate 

wavelengths, and can be used as photoacoustic contrast agents. The droplet photoacoustic 

spectral features, from droplets of various sizes, are investigated to show that the droplet 

photoacoustic spectrum features depend on the size and physical properties of the liquid 

within the droplet only. The NPs are only used to initiate the thermal expansion within the 

droplet. These findings indicate the NP-loaded droplets provide advantages over using NPs 

alone. 

3.3 Theory 

 When irradiated by a laser with an appropriate wavelength, optically absorbing 

structures will absorb energy and undergo a rapid thermoelastic expansion, resulting in 

emission of a pressure wave that can be detected with conventional ultrasonic transducers. In 

this study, silica-coated gold NPs were selected as the optical absorbers, due to their strong 

absorption peak at the laser frequency used, and their ability to be loaded within the PFC 

droplets [144]. A well-established theoretical model was used to calculate the photoacoustic 

pressure waves generated from homogeneous optical absorbing liquid spheres [56]. 

Assuming the droplet undergoes a uniform thermal expansion due to the heated NPs, the 
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frequency domain pressure wave generated a distance r from a droplet with radius a when 

irradiated with a laser intensity I0 is 
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where f is the ultrasound frequency, β is the droplet thermal expansion coefficient, Cp is the 

droplet heat capacity, µa is the optical absorption coefficient of the NPs within the droplet, ρ 

is the density, c is the sound speed, the subscripts d and f refer to the droplet and surrounding 

fluid, respectively, and q = 2πfa/cd [56]. In this equation, the variables in the first bracket 

contribute only to the amplitude of the signal and can be represented by a constant A. The 

only variables that contribute significantly to spectral variations (the component to the right 

of the bracket in equation 3.1) are the droplet radius, density and sound speed. This equation 

also assumes that the physical parameters such as sound speed do not change with frequency. 

Although this assumption is valid for liquids where sound dispersion is absent over small 

frequency ranges, in this study a frequency range of 100-1000 MHz was used, where PFC 

liquids have a small but measureable increase in sound speed with frequency [169]. To 

account for this dispersion, equation 3.1 was modified by setting the droplet sound speed as a 

function of frequency, and setting the variables that contribute to the amplitude to a constant 

A, so that the pressure P as a function of frequency is 
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 The droplet radius, density and sound speed all contribute to the frequency content of 

the generated photoacoustic signal. If the PFC liquid type (e.g. perfluorohexane) is kept 

constant, then the droplet radius is the only parameter that affects the photoacoustic spectral 

features. The droplet diameter can be calculated by adjusting the radius in the model until a 

best fit between the model and measured photoacoustic spectrum is found. To confirm the 

accuracy of the diameter parameter in the model, the diameter can also be determined using 

photoacoustic and ultrasonic pulse echo methods based on the time of flight of the 

photoacoustic signals or reflected echoes from the droplet surfaces. A characteristic “N-

shape” wave in the time domain is generated composed of a positive pressure followed by a 

negative pressure [55]. If the sound speed cd in the droplet is known, the droplet diameter can 

be found from the arrival time of the pressures wave using 

 )( 12 ttcd d  , (3-3) 

where t1 is time of flight of the positive pressure peak and t2 is the time of flight of negative 

pressure peak. Similarly, when a droplet is probed with pulsed ultrasound, echoes will occur 

from the top and bottom of the droplet due to the acoustic impedance mismatch between the 

droplet and surrounding fluid. The diameter of the droplet can be found using  

 , (3-4) 

where t1 is the echo from the top of the droplet and t2 is the echo from the bottom of the 

droplet [11]. In total, four independent methods were used to determine the PFC droplet 
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diameters in this study. 

 In equation 3.2, it is essential to know how the sound speed varies as a function of 

frequency (known as sound dispersion). Previous work measuring the sound speed and 

attenuation of PFC liquids determined that the sound speed and ultrasound attenuation of 

perfluorohexane (PFH) increases with frequency [169]. The increase in attenuation α(f) with 

frequency is generally described using a power law fit, such as α(f) = α0f
 n

, where the 

attenuation coefficient α0 and the power law exponent n describe how the attenuation 

changes with frequency [192]. A direct relationship between sound dispersion and ultrasonic 

attenuation can be accurately described using the Kramers-Kronig relation [193]  
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where α0 = α(f)/f n is the attenuation coefficient (with units Nepers, converted to dB by 

multiplying by 8.686), and f0 is the frequency where cd was measured [194]. The change in 

sound speed with frequency can be determined using equation 3.5 if α0 and n are known for a 

specific liquid. 

3.4 Method 

3.4.1 PFC emulsions 

 Gold NPs were synthesized using a previously published method based on the 

reduction of sodium citrate [195]. Specifically, gold NPs were made by loading 100 mg of 

sodium citrate and 150 mL of de-ionized water into a 250 mL round bottom flask, heating the 
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mixture to boiling, followed by the injection of 1 mL of 25 mM HAuCl4. The temperature of 

the mixture was slowly decreased to 90°C over a 15 minute time period, and 1 mL of 60 mM 

sodium citrate was then injected, followed by the injection of 0.9 mL of 25 mM HAuCl4. 

After 15 minutes, the injections of sodium citrate and HAuCl4 were repeated, resulting in the 

formation of gold NPs. To miscibilize gold NPs into perfluorohexanes (FC-72, Synquest 

Labs, FL, USA), the NPs were coated with silica [196], followed by surface fluorination 

[163, 197]. Specifically, to coat the NPs with silica, a freshly prepared aqueous solution of 3-

aminopropyl trimethoxy silane (APTES, 1.6 mL, 1 mM) was added to 150 mL of the gold 

NPs solution under vigorous magnetic stirring. The APS and gold dispersion were reacted for 

15 minutes to ensure complete complexation of the amine groups with the gold surface. A 

solution of active silica was prepared by lowering the pH of a 0.54 wt% sodium silicate 

solution to 11 by progressive additions of 1.0 M HCl. Nine mL of active silica was then 

added to 150 mL of the surface modified gold NPs, again under vigorous magnetic stirring. 

The resulting dispersion (pH = 8.5) was then allowed to stand for a minimum of 24 hours, to 

permit the active silica to polymerize onto the surface of the gold NPs. For miscibilization of 

gold NPs into PFH, the silica-coated gold NPs were redispersed in 10 mL of methanol [161], 

and the mixture was reacted with 150 μL of 1H,1H,2H,2H-perfluorodecyltriethoxysilane (5 

minutes), and mixed with 50 μL of 30 % ammonia/water and reacted for 24 hours. After 

evaporation of methanol, the NPs were solubilized into 2 mL of PFH. All chemicals for 

silica-coated gold NP synthesis and their miscibilization into PFCs (HAuCl4, sodium citrate, 

APS, sodium silicate and 1H,1H,2H,2H-perfluorodecyltriehthoxysilane) were purchased 
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from Sigma-Aldrich, ON, Canada. The thickness of the silica coating and the size of the gold 

NPs were determined by transmission electron microscopy using a Hitachi S-5200 scanning 

electron microscope (Hitachi Canada Ltd., ON, Canada). For NP characterization in the 

ultraviolet, visible, and near-IR ranges, a Cary-5000 UV-Vis-NIR spectrophotometer 

(Agilent Technologies, CA, USA) was used. Gold NP-incorporated PFH droplets were 

prepared using 5 mL of deionized water (Millipore Milli-Q grade, 18.2 M), 0.175 mL of 

gold NP-FC-72 solution, and 0.025 mL of anionic phosphate fluorosurfactant (Zonyl-FSP, 

Sigma Aldrich, ON, Canada). Droplets were prepared by coarse emulsification by vortexing, 

followed by membrane emulsification using 10 μm pore size polycarbonate membranes 

(Nuclepore Track-Etch Membrane, Whatman, NJ, USA) [144]. 

 PFH (56°C boiling point) was used instead of the more commonly used 

perfluoropentane (PFP, 29°C boiling point) as micron-scale PFH droplets are more stable and 

are less likely to spontaneously vaporize at the temperatures used in these experiments 

compared to PFP droplets [198, 199]. Moreover, the sound speed of bulk PFP could not be 

measured at 36°C as it is over the boiling point of 29°C and it would be difficult to use the 

theoretical photoacoustic equations. The sound speed of bulk PFH has been previously 

measured at the frequencies and temperatures used [169]. 

3.4.2 Photoacoustic microscope  

 All acoustic and photoacoustic measurements were made using the SASAM acoustic 

microscope (Kibero GmbH, Germany). An IX81 inverted optical microscope (Olympus, 

Japan) was modified where a transducer was positioned above the optical objective. The 
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sample is positioned between the optical objective and transducer, allowing for optical 

observation during measurements. Ultrasonic pulse echo measurements were made by 

scanning the sample under the transducer. For photoacoustic measurements, a 532 nm laser 

was collimated through the back port of the inverted microscope and focused onto the sample 

with the same objective used to view the sample. A dichroic mirror (Chroma Technology 

Corp, USA) was used to reflect optical wavelengths between 450-620 nm, but pass all other 

wavelengths to allow for optical viewing and targeting when using the laser (figure 3.1A). 

The transducer was focused above the laser spot under optical guidance, and the sample was 

scanned under the transducer with both the optical objective and transducer remaining 

stationary (figure 3.1B).  

Transducers with center frequencies of 375 MHz (60° aperture, 42% bandwidth) and 750 

MHz (100° aperture, 37% bandwidth) were used for all acoustic and photoacoustic 

measurements. The 750 MHz transducer provided a wider bandwidth for analysis that is not 

possible with the 375 MHz transducer. For acoustic measurements, a 10 Vpp monocycle 

signal was generated at 300 MHz (for the 375 MHz transducer) and at 1000 MHz (for the 

750 MHz transducer) at a pulse repetition frequency (PRF) of up to 500 kHz. 100 signals 

were averaged at 375 MHz, while 1000 signals were averaged at 750 MHz. More averaging 

was used at 750 MHz to increase SNR, as the measured signals are typically lower at higher 

frequencies. For photoacoustic measurements, the laser was focused onto the sample using a 

10x optical objective (0.3 numerical aperture). The laser triggered the data acquisition of the 

signals the transducer recorded. The laser had a pulse width of 330 ps and PRF of 4 kHz. All 
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signals were amplified by a 40 dB amplifier (Miteq, USA) and digitized at 8 GHz. All 

measurements were made at 36°C to simulate human physiological conditions. Further 

details on the system can be found elsewhere [106, 144]. 

 

 

 

Figure 3.1: (A) The acoustic microscope is an inverted optical microscope where the laser has been 

focused through the pack port onto the sample. The mirror reflects 500-650 nm (the laser 

wavelengths) towards the sample, but allows other wavelengths to pass for optical viewing. The 

transducer measures the signals from above the sample. (B) A close-up view of a measurement of a 

single droplet. The laser is focused onto the sample using the optical objective with the transducer 

positioned directly above the droplet. 
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3.4.3 Acoustic and photoacoustic measurements 

 Droplets were embedded into gelatin phantoms to ensure they were immobilized 

during the measurements. Droplets were added to liquid gelatin at a temperature of 37°C, and 

then formaldehyde was added to increase phantom stiffness. Droplets close to the phantom 

surface were measured to minimize the attenuation losses through gelatin. All acoustic and 

photoacoustic measurements at 375 MHz were made with the droplets embedded within the 

gelatin. No signal from embedded droplets was detected at 750 MHz due to attenuation 

through the gelatin, therefore droplets were deposited onto the phantom surface for the 750 

MHz photoacoustic measurements. Subsequent measurements using the 375 MHz transducer 

were not possible, as the droplets would move from the field of view while switching 

transducers. The acoustic properties of gelatin and water are very similar [164], and the 

spectral features only depend on the sound speed and density of the droplet and coupling 

fluid in equation 3.2. Therefore it is unlikely the change in medium between similar liquids 

would significantly affect the spectral shape. 

 To record the acoustic and photoacoustic signals, a droplet was positioned over the 

laser spot and then the transducer was focused above the droplet. The sample stage was 

scanned over a 10x10 μm area using a 0.5 μm step size, and the signal from the center of the 

droplet was used for analysis. The optical objective and transducer remained stationary and 

co-aligned during all scans. The transducer response was removed by normalizing the signal 

as described elsewhere [118]. Briefly, the normalized signal was calculated by dividing the 

measured spectrum of the droplet by the reference spectrum of the transducer. The bandwidth 
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of a transducer is typically found by measuring the reflected echoes from a glass or quartz 

substrate that reflects the ultrasound back to the transducer. We have found that this is not an 

accurate representation of the transducer bandwidth used in photoacoustics since the 

transducer is used in passive mode. The transducers appear to have better sensitivity when 

receiving (photoacoustic) than during transmit and receive (ultrasound). A 200 nm gold layer 

theoretically has a flat photoacoustic spectrum to within 3 dB from 1 to 1000 MHz [57], and 

will give an accurate representation of the transducer spectral response in passive mode; 

therefore, we used the photoacoustic signal from a gold film as a reference. A Hamming 

window was applied to all signals, along with a bandpass filter of 100-500 MHz for the 375 

MHz transducer and 300-1000 MHz for the 750 MHz transducer.  

3.4.4 Droplet diameter measurements 

 The droplet diameter was calculated using three independent methods: 1) the 

photoacoustic time domain signal, 2) the time domain ultrasound signal, and 3) fitting the 

measured photoacoustic spectrum to the model. Only the signals measured using the 375 

MHz transducer were used in the diameter calculations. These calculations were compared to 

images recorded from a CCD camera using an optical microscope with a 10x objective (100x 

total magnification).  

 The photoacoustic method used the time of flight of the positive and negative 

pressure waves from the droplet and equation 3.3 to determine the droplet diameter. The 

pressure wave emitted from a droplet during optical irradiation has two significant features: 

an initial positive sharp pressure peak that gradually decreases to a negative pressure peak. 
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This waveform has a characteristic “N-shape” in the time domain, analogous to pressure 

waves generated from a bursting balloon [173, 200]. The theoretical time domain signal for a 

5 μm PFH droplet is shown in figure 3.2A (black dotted line), where the N-shape waveform 

is clearly visible. However, the finite bandwidth of a transducer can alter the signal. For 

example, the same signal subjected to a Hamming window and a 100-500 MHz bandpass 

filter (to emulate the limited transducer bandwidth) is shown in figure 3.2A (red solid line). 

Instead of an N-shape, two peaks are visible which align with the positive and negative peaks 

of the N-shape waveform. These two peaks can be used to determine the droplet diameter 

using equation 3.3, where t1 is the positive peak on the first signal and t2 is the negative peak 

on the second signal. 

 The ultrasound pulse echo method used the time of flight of the echoes from the top 

and bottom of the droplet (t1 and t2 in figure 3.2B) in equation 3.4 to determine the droplet 

diameter. This approach required that the droplet was sufficiently large so that the two 

echoes were separated in time and could be resolved. This method could not be used for 

droplets smaller than approximately 5 μm, as the signals would overlap.  

 The photoacoustic spectral method was used to calculate the diameter by comparing 

the spectrum from the measured photoacoustic signal to the model (equation 3.2). The model 

was calculated using a constant density of 1650 kg/m
3
, and the sound speed was varied from 

480 to 486 m/s with increasing frequency from 100 to 1000 MHz (equation 3.5). The 

diameter was adjusted until the minima and maxima between experiment and model 

matched. The diameter found from these signal processing methods were then compared to a 
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direct optical measurement from the microscope. 

 

Figure 3.2: (A) The theoretical photoacoustic time domain signal from a 5 μm droplet using equation 

3.2 (black dotted line), and the same signal after applying a Hamming window and 100-500 MHz 

bandpass filter (red solid line). (B) The measured ultrasound echoes from a 7.2 μm PFH droplet 

embedded in gelatin. The signals labeled t1 and t2 were used to determine the droplet diameter using 

equation 3.3 (photoacoustic, left) and equation 3.4 (ultrasound, right). 

 

3.5 Results and discussion 

3.5.1 Droplet configuration 

 Silica-coated gold NPs were used as the optical absorbing NP in this study due to 

their strong optical absorption peak around 540 nm. Transmission electron microscopy 

images demonstrated these NPs were of uniform size, with a 20 nm diameter core and 5 nm 

thick silica shell (figure 3.3A). The optical absorption of the PFH solution containing NPs 

peaked between 530-540 nm (figure 3.3B), an optimum range for the 532 nm pulsed laser 

used in this study. The laser energy for all photoacoustic measurements was 30 nJ/pulse, 
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focused to a spot size approximately 10 μm in diameter, resulting in a laser fluence of 38 

mJ/cm
2
. Although damage to gold NPs has been reported for laser fluences as low as 25 

mJ/cm
2
 at 532 nm [201], damage thresholds can depend on the gold NP surface and coating, 

and other laser parameters such as pulse length. In this study, the photoacoustic signals from 

the NP-loaded droplets (ranging in size from 2 to 15 μm) were stable over repeated 

measurements using laser fluences of 38 mJ/cm
2
, indicating damage to NPs was negligible. 

At higher fluence levels (over 50 mJ/cm
2
), the measured photoacoustic signal decreased 

rapidly over repeated pulses, which could be attributed to NP damage. The vaporization 

threshold for these droplets was between 50-120 mJ/cm
2
, considerably less than 1.5-3 J/cm

2
 

required to vaporize PFH droplets containing lead sulphide NPs reported previously using a 

1064 nm laser. This is likely due to the much higher absorption coefficient of the gold NPs 

(110 cm
-1

 at 532 nm) compared to lead sulphide NPs (4.3 cm
-1

 at 1064 nm). 

 The number of NPs inside the droplets was estimated based on the initial 

concentration of NPs in the PFC liquid (~10
14

 NPs/mL of PFC). Assuming the NPs are 

distributed uniformly within the droplets, there are approximately 6550 NPs in 5 μm droplets 

(6.7x10
-11

 cc) and 52300 NPs in 10 μm droplets (5.7x10
-10

 cc). The approximate distance 

from one NP to its neighbor can be calculated by estimating the volume fraction of spheres 

that can fill a single droplet using a random close packing model [202]. Based on this model, 

the average distance between NPs is ~230 nm. Although some non-uniform distribution of 

NPs within the droplets is possible, as an order of magnitude calculation, the calculated 

values for the NP quantity and NP-spacing seem reasonable. 
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Figure 3.3: Transmission electron microscopy image (A) and optical absorption coefficient (B) of the 

silica coated gold NP PFH solution. The gold NPs were approximately 20 nm in diameter with a 5 nm 

thick silica coating. The peak optical absorption was between 530-540 nm. The scale bar is 20 nm. 

 

3.5.2 Sound dispersion effects 

 Other studies have demonstrated excellent agreement between the photoacoustic 

model (equation 3.1) and experiments of optical absorbing mm-sized spherical droplets at 

photoacoustic frequencies less than 20 MHz, where sound dispersion has been neglected [54-

56]. While PFC liquids have negligible dispersion at 22 MHz [203], a small but measureable 

increase of sound dispersion was found for three PFC liquids up to 1000 MHz [169]. For 

PFH, the liquid used in this study, the sound speed increased from 480 m/s to 486 m/s and 

the ultrasound attenuation increased from 1368 dB/cm to 16840 dB/cm from 200 to 1000 

MHz at 36°C [169]. Using a power law fit, the attenuation as a function of frequency was 

found to be α(f) = 0.352 f
1.56

, as described in reference [169]. Attenuation is linked to 

changes in sound speed via the Kramers-Kronig relations. To obtain a smooth change in 
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sound speed with frequency, the sound speed over the range of 100 to 1000 MHz was 

calculated from the attenuation power law fit of 0.352 f
1.56

 using the Kramers-Kronig 

relations (equation 3.5). 

 

 

Figure 3.4: The effects of dispersion on the photoacoustic model showing the time domain solution 

(A) and frequency domain solution (B) for a 5 μm droplet using equation 3.1 (constant sound speed, 

black solid line) and equation 3.2 (sound speed increasing from 480 to 486 m/s, red dashed line). A 

Hamming window and 300-1400 MHz bandpass filter were used for both solutions. Good agreement 

was found up to 300 MHz, but discrepancies in the location of the spectral minima and maxima were 

observed over 500 MHz. 

 

3.5.3 Droplet diameter measurements 

 The diameters of 18 micron-sized droplets were calculated using the three signal-

based methods (photoacoustic waveform, ultrasound pulse echo and photoacoustic spectrum) 

and compared to optical microscopy measurements. The results are summarized in table 3.1. 
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The diameter was calculated using several methods to verify the photoacoustic spectral fit; in 

equations 3.1 and 3.2, the spectral minima and maxima shift depending on q, which itself 

depends on the droplet radius and sound speed. The same photoacoustic spectrum could be 

obtained by varying the droplet radius and sound speed, provided the ratio remained 

constant. Therefore to ensure the parameters found from the spectral fit were accurate, they 

were compared to other methods. 

 The average difference in diameter between the three signal-based methods was 0.12 

± 0.09 μm. The direct optical measurement was an average 0.68 ± 0.39 μm greater than the 

other three methods. While the three calculated methods based on signal measurement were 

very close to each other, the optical measurements were 8.5% higher. The droplet images 

recorded were only 10-20 pixels across, which significantly reduced the measurement 

precision. Poor contrast due to difficulties in observing the droplet through the gelatin 

phantom prevented higher magnification objectives from being used. Due to the number of 

pixels used and the difficulty in observing the droplet through the phantom, the uncertainty in 

the droplet diameters estimated from optical methods was determined to be ± 0.5 μm. The 

larger diameter estimation and uncertainty in the optical method is likely due to the difficulty 

in determining the edges of a small spherical object near the limits of optical resolution, 

compounded by the difficulty in seeing through the partially translucent gelatin phantom. 

The agreement between optical and signal processing methods improved as the droplet 

diameter increased; for example, the optical method was 13 ± 8% greater for diameters 5-7 

μm, and was only  4.8 ± 3.2% for diameters over 10 μm. Therefore, it can be inferred that the 
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diameter determined through optical microscopy would likely improve if larger diameters or 

higher magnifications were used. Since it was difficult to determine the droplet diameter 

visually, using the signal-based measurements were essential to corroborate the diameter as 

predicted by the model (equation 3.2).  

Droplet Droplet Diameter (μm) 

Number Photoacoustic Ultrasound Spectral fit Optical 

1 5.14 ± 0.09 5.21 ± 0.05 5.0 ± 0.1 6.3 ± 0.5 

2 5.38 ± 0.09 5.40 ± 0.05 5.3 ± 0.1 5.7 ± 0.5 

3 5.42 ± 0.09 5.62 ± 0.05 5.4 ± 0.1 6.9 ± 0.5 

4 5.04 ± 0.09 5.16 ± 0.05 5.4 ± 0.1 5.7 ± 0.5 

5 6.00 ± 0.09 5.66 ± 0.05 6.0 ± 0.1 6.9 ± 0.5 

6 6.14 ± 0.09 6.22 ± 0.05 6.1 ± 0.1 6.3 ± 0.5 

7 6.43 ± 0.09 6.46 ± 0.05 6.4 ± 0.1 7.4 ± 0.5 

8 6.86 ± 0.09 6.98 ± 0.05 6.9 ± 0.1 7.4 ± 0.5 

9 7.10 ± 0.09 7.20 ± 0.05 7.0 ± 0.1 7.4 ± 0.5 

10 7.10 ± 0.09 7.06 ± 0.05 7.2 ± 0.1 8.0 ± 0.5 

11 7.44 ± 0.09 7.51 ± 0.05 7.3 ± 0.1 8.0 ± 0.5 

12 8.11 ± 0.09 8.21 ± 0.05 8.1 ± 0.1 9.1 ± 0.5 

13 7.97 ± 0.09 8.06 ± 0.05 8.1 ± 0.1 8.6 ± 0.5 

14 10.3 ± 0.1 10.56 ± 0.06 10.3 ± 0.1 10.9 ± 0.5 

15 10.7 ± 0.1 10.82 ± 0.06 10.7 ± 0.1 10.9 ± 0.5 

16 13.1 ± 0.1 13.25 ± 0.07 13.1 ± 0.1 14.3 ± 0.5 

17 13.2 ± 0.1 13.37 ± 0.07 13.3 ± 0.1 14.3 ± 0.5 

18 13.4 ± 0.1 13.56 ± 0.07 13.3 ± 0.1 13.7 ± 0.5 

 

Table 3-1: The diameters of 18 droplets calculated using the photoacoustic time domain signal 

(equation 3.3), the ultrasound time domain signal (equation 4), spectral comparison between model 

and experiment (equation 3.2) and optical microscopy. The uncertainties in the photoacoustic and 

ultrasound methods were calculated based on the accuracy of determining the locations of the signal 

peaks in figure 1, and the model uncertainty from the diameter variations in fitting the experiment to 

theory. The optical method uncertainty was large due to the difficulty in determining the droplet 

edges, and the limited number of pixels used when acquiring the droplet image. 
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3.5.4 Photoacoustic spectral measurements 

 The model (equation 3.2) calculates the photoacoustic pressure wave emitted from a 

spherical homogeneous liquid undergoing thermoelastic expansion due to absorption of 

optical energy. To determine if the measured photoacoustic spectra from NP-loaded PFH 

droplets were in agreement with the model, the photoacoustic signals for three droplets of 

different sizes were measured; a 5.7 μm droplet measured at 375 MHz, a 2.45 μm droplet 

measured at 750 MHz, and a 6.95 μm droplet measured at 750 MHz (figure 3.5). No 

photoacoustic signal was detected for unloaded PFH droplets. All signals were normalized to 

maximum amplitude, and the droplet diameter was determined by matching the measured 

photoacoustic spectral maxima and minima to the model (equation 3.2). The diameter found 

from the spectral fit agreed well with the time domain photoacoustic and ultrasound methods 

used to calculate the diameter (see table 3.1).  

 The measured spectra agreed well with the model in both the time and frequency 

domains for all three droplets (figure 3.5). The gold NPs act exclusively as the optical 

absorbing material within the droplets, yet the photoacoustic pressure wave emitted is based 

entirely on the PFH liquid properties, and not of the gold NPs. This is consistent with 

previous photoacoustic measurements using lead sulphide NPs inside PFC droplets which 

showed good agreement in the spectral features between the model and experiment [204, 

205]. These results also agree with a study that found the photoacoustic wave is generated 

from the liquid surrounding the NP, and not from the NP itself [190]. This suggests that the 

NP-loaded droplets can be modeled as a single photoacoustic source taking into account only 
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the liquid PFC properties, irrespective of the optical absorbing NPs contained within, 

provided they absorb light sufficiently at the wavelength used. As NP-loaded emulsions gain 

popularity as photoacoustic contrast agents, the photoacoustic signal from droplets can be 

maximized by optimizing the size, shape and type of NPs knowing that the emulsions will 

emit pressure waves as a single photoacoustic source. 
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Figure 3.5: The measured photoacoustic signal (red dashed line) compared to the model (black solid 

line, equation 3.2) for a 5.7 μm droplet measured at 375 MHz (A, B), a 2.45 μm droplet measured at 

750 MHz (C, D) and a 6.95 μm droplet measured at 750 MHz (E, F). A bandpass filter of 100-500 

MHz was used for the 375 MHz measurement, and a bandpass filter of 300-1000 MHz was used for 

the 750 MHz measurements. A Hamming window was applied to all measurements. Good agreement 

between model and experiment were found for the waveforms (A, C, E) and in the location of the 

spectral minima and maxima (B, D, F). 
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3.6 Conclusions 

 The photoacoustic spectra of micron-sized NP-loaded PFH droplets measured from 

100-1000 MHz were in good agreement to a theoretical model that calculates the pressure 

wave emitted from an optical absorbing droplet. Due to the fact that good agreement between 

experiment and theory was achieved using only the PFH liquid physical properties in the 

model, we conclude that the droplets behave as a single photoacoustic source based on the 

liquid properties such as the sound speed, density and diameter, and without regard to the NP 

composition. The NPs and liquids used in emulsions can be chosen to maximize optical 

absorption, knowing that the size and composition of the optical absorbing NPs have a 

negligible effect on the photoacoustic spectrum. In addition, four independent methods were 

used to determine the droplet diameter and corroborate the diameter determined from the 

photoacoustic spectral calculation. The three methods based on the photoacoustic and 

ultrasound signal processing methods agreed to within an average of 0.12 ± 0.09 μm, while 

the direct optical microscopy measurement was 0.68 ± 0.39 μm higher. The large errors 

associated with the optical measurement may be due to limited visibility, poor contrast and 

the difficulty in delineating the borders of micron-sized objects when embedded in a 

translucent gelatin medium. 
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Chapter 4 

Probing red blood cell morphology using high 

frequency photoacoustics 
2
 

4.1 Abstract 

 A method that can rapidly quantify variations in the morphology of single red blood 

cells (RBCs) using light and sound is presented. When irradiated with a laser pulse, a RBC 

absorbs the optical energy and emits an ultrasonic pressure wave called a photoacoustic 

wave. The power spectrum of the resulting photoacoustic wave contains distinctive features 

that can be used to identify the RBC size and morphology. When probing particles 5-10 μm 

in diameter (such as RBCs) with high frequency photoacoustics unique periodically varying 

minima and maxima occur throughout the photoacoustic signal power spectrum above 

frequencies of 100 MHz. The location and distance between spectral minima scale with the 

size and morphology of the RBC; these shifts can be used to quantify small changes in the 

                                                 
2
 This chapter is based on an original article published as: E.M. Strohm, E. Berndl, and M. C. Kolios. “Probing 

Red Blood Cell Morphology Using High Frequency Photoacoustics.” Biophysical Journal 105(1), 2013, pp. 59-

67. 

. 
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morphology of RBCs. Morphological variations from their normal bi-concave shape are 

commonly associated with disease or infection. Using a single wide-bandwidth transducer 

sensitive to frequencies between 100 and 500 MHz, we were able to differentiate healthy 

RBCs from irregularly shaped RBCs (such as echinocytes, spherocytes and swollen RBCs) 

with high confidence using a sample size of just 21 RBCs. As each measurement takes only 

seconds, these methods could eventually be translated to an automated device for rapid 

characterization of RBC morphology, and deployed in a clinical setting to help diagnose 

RBC pathology. 

4.2 Introduction 

 Red blood cells (RBCs) have a flexible biconcave disk-shape that enables efficient 

transport of oxygen to the peripheral cells of the body through the narrow and tortuously 

winding capillary system [206]. Disease, infection, genetic disorders and variations in blood 

chemistry can alter the RBC shape, reducing their ability to bend and deform [207]. 

Abnormal RBC morphologies can impede or even obstruct the circulation, causing tissue 

necrosis in severe cases.  

 Clinical diagnoses of blood disorders use a set of indices to provide information about 

individual RBC physical characteristics. The average RBC is approximately 7.8 μm in 

diameter, 1-2 μm in height and has a 94 μm
3
 volume [208]. Current automated diagnostic 

methods use electrical impedance or light scattering methods to determine the RBC 

concentration and their mean corpuscular volume [209, 210]. The diameter is inferred from 
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the volume as they are directly related for healthy RBCs [211], however this relation may 

break down for abnormally shaped RBCs. These tools cannot determine the dimensions or 

shape directly, and only indicate if a sample is outside of accepted guidelines. Their limited 

capability to diagnose the pathology requires additional testing to identify abnormal RBC 

morphologies such as spherocytes (spherical RBCs) or echinocytes (crenated shape with 

protrusions). Methods to determine the individual RBC shape through blood smears or 

optical interference methods [212] are laborious and time intensive, prohibiting analysis of 

large samples sizes.  

 RBCs contain large amounts of hemoglobin, a molecule capable of binding oxygen. 

Hemoglobin also significantly absorbs visible light, while other tissues do not, thus making 

blood an ideal contrast agent for photoacoustic imaging in vivo [213]. After absorbing 

energy, the particles rapidly increase in temperature and pressure, resulting in a thermoelastic 

expansion and the emission of a photoacoustic wave. These waves can be detected using 

conventional ultrasound transducers with frequency sensitivities typically between 10-40 

MHz [64]. This effect has been used in-vivo for functional imaging [139], photoacoustic 

tomography [65], the detection of tumors [138] and imaging vasculature with mm-scale 

resolution [114, 140]. The photoacoustic effect can be exploited on the micro-scale using 

various photoacoustic microscopes [67, 68]. In this system, conventional ultrasound 

transducers are combined with a highly focused laser to create in-vitro and in-vivo 

micrometer-resolution images of vasculature [60] and even single cells [214]. Current 

photoacoustic microscopes use inexpensive conventional transducers to produce stunning 
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micro-sized images with excellent contrast; however they have a limited photoacoustic 

frequency range of operation. 

 Our photoacoustic microscope uses transducers with frequencies over 100 MHz with 

bandwidths in the hundreds of MHz [215]. Like other photoacoustic microscopes, it can 

image with micrometer resolution [128, 144]. However the distinct advantage of this 

microscope is the broad ultrasound/photoacoustic frequency bandwidth which can be used 

for a quantitative analysis of micron-sized particles [175]. For any particle in the 1-50 μm 

size range (such as RBCs), unique features in the photoacoustic spectrum over 100 MHz are 

observed. These periodically varying spectral minima and maxima depend strongly on the 

size, morphology, orientation and composition of the particle [55]. Quantitative analysis of 

the photoacoustic spectra can be used to help identify these parameters and extract 

information from the particle examined. 

 The size, shape and intrinsic optical absorption properties of RBCs make them ideal 

candidates for high frequency quantitative photoacoustic methods. The photoacoustic signal 

can be used to infer the RBC size and shape, and thus give further insight into the specific 

abnormality observed than current clinical methods. These methods could be translated into 

an automated device capable of measuring a large sample size for a rapid determination of 

RBC morphology and thus pathology. 

4.3 Materials and Method 

 RBCs were extracted from a healthy male volunteer in accordance with the Ryerson 
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Ethics Board (REB #2012-210). A drop of blood was drawn from the finger using a lancet 

and immediately deposited in 1 mL Dulbecco’s Modified Eagle Medium (DMEM) 

containing 10% fetal bovine serum to maintain viability (Sigma Aldrich, USA). All 

measurements were made on 35 mm glass bottom dishes (Mattek Corporation, USA). The 

dishes were coated with a thin layer of 0.5% agar approximately 200 μm thick to reduce 

photoacoustic back reflections from the glass substrate. Approximately 30 μL of the DMEM-

RBC solution was deposited into 2 mL of coupling fluid inside the glass bottom dish to dilute 

the sample.  

 For the orientation and echinocyte measurements, DMEM was used as the coupling 

fluid. For the osmolality measurements, phosphate buffered saline (PBS) was used as the 

coupling fluid. The osmolality of the PBS and DMEM liquids were measured three times 

each using a Vapro 5520 vapor pressure osmometer (Wescor, USA) and were found to be an 

average of 294 and 332 mmol/kg, respectively. The standard deviation of three 

measurements was ±10 mmol/kg. The osmolality of the PBS solutions were adjusted by 

adding water. For the ATP depletion procedure, the extracted blood was stored in PBS. A 

small sample of the PBS-RBC solution was deposited on the glass bottom dish containing 2 

mL DMEM and 21 RBCs were measured. The PBS-RBC solution was stored at 4°C for 24 

hours to induce echinocyte formation, and then a small sample was added to a glass bottom 

dish containing 2 mL PBS. 21 RBCs were then measured. Another PBS-RBC sample was 

then added to a glass bottom dish containing 2 mL DMEM and then 21 RBCs were 

measured. All measurements were performed at 36°C. 
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 All measurements were completed using a photoacoustic microscope developed by 

Kibero GmbH. It is an Olympus IX81 inverted optical microscope fitted with a transducer 

above the sample stage (Figure 4.1A). The sample was positioned between the optical 

objective and transducer. The system optics allows for viewing the sample and aligning the 

transducer; it also focuses the laser onto the sample. A dilute suspension of freshly extracted 

human RBCs was deposited into the liquid in the sample holder. Most RBCs would fall to 

the substrate and align horizontally, but some would initially come to rest in a vertical 

orientation (Figure 4.1B); these would eventually tip over to a horizontal orientation. The 

laser was focused onto single RBCs and the transducer recorded the resulting photoacoustic 

wave (Figure 4.1C). The photoacoustic signals of RBCs were measured in both a vertical and 

horizontal orientation. The diameter was obtained from the optical images for comparison to 

theoretical simulations. A transducer with center frequency 375 MHz and f-number = 1 

(Kibero GmbH, Germany) was used for all measurements. A 532 nm laser (Teem Photonics, 

France) was focused by a 10x optical objective to approximately a 10 μm spot size onto the 

sample, sufficient to irradiate a single RBC. The laser had a pulse width of 330 ps and a pulse 

repetition frequency of 4 kHz. Signals were amplified by a 40 dB amplifier (Miteq, USA), 

digitized 8 GS/s (DC252, Acqiris, USA) and were averaged 100-200 times to increase the 

signal-to-noise ratio. The laser power was measured at the objective using a Nova II power 

meter and PD10 low energy sensor (Ophir, Israel). The laser power was adjusted so that the 

laser fluence was 20-150 mJ/cm
2
 at the sample. For the orientation measurements, 

photoacoustic signals were recorded approximately once a second. For all other 



4.3 Materials and Method 

 

 78 

measurements, the RBC was centered over the laser spot and the photoacoustic signal 

recorded. A Hamming window was applied to the measured signals, then the normalized 

power spectrum P(f) was calculated using 
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where Pm(f) is the Fourier Transform of the measured signal pm(t), and Pn(f) is the Fourier 

transform of pn(t), which is the spectral response of the transducer system and electronics. 

This normalization signal is used to remove any artifacts due to the transducer/electronics of 

the system; it is generated by a 200 nm thick gold film which was spectrally flat over the 

transducer bandwidth with variations of less than 3 dB from 100-1000 MHz. The 

normalization signal is typically recorded using pulse-echo ultrasound from an ultrasonically 

flat reflective surface [118], however the transducer bandwidth for photoacoustic 

measurements is larger than pulse echo ultrasound. Pulse-echo ultrasound waves also travel 

twice the distance as photoacoustic waves that are emitted from the sample, and therefore are 

attenuated more strongly than photoacoustic waves. More specific details of the equipment, 

signal processing methods and normalization procedure can be found in [106, 175] and in 

section 1.5. 
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Figure 4.1: The photoacoustic microscope. (a) The SASAM photoacoustic microscope. The sample is 

positioned between the transducer and optical objective. (b) RBCs after deposition into the sample 

holder. Most RBCs align horizontally on the substrate, however a small number align vertically as 

indicated by the arrow. The scale bar is 20 μm. (c) A schematic showing the sample positioning 

relative to the transducer and focused laser. 

 

Figure 4.2: The finite element model. The finite element model developed to describe the 

photoacoustic waves generated by micron sized particles. The RBC was positioned at the center, and 

transducers recorded the emitted photoacoustic wave around the RBC. 
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 A finite element model (FEM) was used to validate the measured results and 

determine how the photoacoustic spectral features vary with different parameters such as the 

diameter and orientation. The FEM was developed in COMSOL Multiphysics. A biconcave 

shape using the equation developed by Fung et al [216] was positioned at the center of a 2D 

axi-symmetric 10 μm radius spherical system (Figure 4.2). A mesh size of 0.05 μm was used. 

A density of 1100 kg/m
3
 [217, 218] and a sound speed of 1650 m/s, similar to the sound 

speed measured in [219, 220] was used as input parameters. The model was initiated with the 

RBC at a pressure higher than the surrounding fluid to simulate the thermoelastic expansion 

that occurs immediately after absorption of energy. A transient acoustics solver was used to 

calculate the ultrasonic pressure wave propagation from the RBC as a function of time. The 

signal was recorded at the system boundary at various angles around the RBC. Further details 

on the development of the model can be found in [81]. 

4.4 Results 

4.4.1 Numerical simulations 

 Numerical simulations were performed using the FEM to compare our measurements 

to theoretical predictions. In these simulations, the shape of the photoacoustic spectrum was 

strongly dependent on the RBC size and orientation. Due to the large aspect ratio of the RBC, 

the photoacoustic wave generated has distinctly different spectral features depending on the 

relative angle of observation (Figure 4.3A). When a 7.82 μm RBC is oriented horizontally 

towards the transducer (denoted 90° in Figure 4.2), the spectrum is essentially featureless 
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from 100-500 MHz, with the first spectral minima occurring at 800 MHz. As the RBC rotates 

to a vertical orientation, the spectral amplitude decreases and the spectral minimum shifts 

from approximately 800 MHz (at 90°, horizontal orientation) to 250 MHz (at 0°, vertical 

orientation). The RBC diameter also affects the location of the spectral minima (Figure 

4.3B). When oriented vertically, the first spectral minimum shifts from 200 MHz (8.80 μm 

diameter) to 270 MHz (6.60 μm diameter).  

4.4.2 Photoacoustic signals vs. RBC orientation 

 Photoacoustic signals were recorded from a single 7.8 µm diameter RBC first in the 

vertical orientation, then in a horizontal orientation after it fell over. The time domain signal 

as recorded in both orientations is shown in Figure 4.4A. Aside from the change in signal 

amplitude, it is difficult to infer any details about the RBC from these signals alone. Figure 

4.4B shows the power spectrum of the signals from Figure 4.4A for the same RBC. In the 

vertical orientation, periodically varying minima and maxima are observed throughout the 

spectrum starting at 200 MHz. In the horizontal orientation, the photoacoustic spectrum is 

nearly flat and featureless over the bandwidth of the transducer (approximately 150-550 

MHz). Good agreement between our measurements and FEM simulations was observed for 

the 7.8 µm RBC oriented vertically and horizontally (Figure 4.4B). To examine how the 

signal varied with angle, an animation showing the photoacoustic time domain signal, power 

spectrum and optical images of a single RBC tipping from a vertical to horizontal orientation 

is provided in the supplementary materials (Movie S1). A gradual increase in the frequency 

and amplitude of the spectral minima and maxima was observed as the RBC rotated from the 
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vertical to horizontal orientation, agreeing with theoretical predictions (Figure 4.3A). 

 

 

 

Figure 4.3: Numerical simulations results using the finite element model. (a) The photoacoustic 

spectrum as the transducer position was varied from 0° (vertical RBC) to 90° (horizontal RBC) for a 

7.82 μm diameter RBC. (b) The photoacoustic spectrum calculated from a vertical RBC as the 

diameter was varied from 6.80 μm to 8.80 μm. 
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Figure 4.4: Photoacoustic measurements of single RBCs. (a) The time domain signal as measured 

from a single 7.8 μm diameter RBC when aligned vertically (blue) and horizontally (red) relative to 

the transducer measured in PBS at isotonic conditions. (b) The photoacoustic power spectrum of the 

RBCs shown in Figure 4.3A when aligned vertically (blue) and horizontally (red) compared to the 

numerical simulations for their respective orientation (dashed black line). (c) The photoacoustic 
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spectrum of a 5.8 μm diameter RBC induced into a spherical shape by immersion in a hypotonic 

solution of 84 mmol/kg (solid red line) compared to numerical simulations of a spherical morphology 

(dashed black line). A schematic of the RBC shape and orientation is shown inset within the figure. 

The transducer bandwidth is from about 150 to 550 MHz as indicated by the dotted arrow. The signal 

amplitude has been normalized to match theory. 

 

4.4.3 Photoacoustic signals vs. RBC morphology 

 RBCs maintain their biconcave shape in isotonic conditions (approximately 300 

mmol/kg). When RBCs are immersed in a hypotonic solution, the RBC swells, with the 

swelling increasing as the osmolality decreases until they eventually form spherocytes [221]. 

The photoacoustic signals from spherical RBCs were investigated by immersing healthy 

RBCs in a hypotonic solution of 84 mmol/kg. The diameter and spherical morphology were 

confirmed optically. Figure 4.4C shows the power spectrum of a 5.8 μm diameter spherical 

RBC compared to theoretical predictions using the FEM. Good agreement in the location of 

the spectral features between measurements and theory was observed, and these results were 

distinctly different than those observed from the biconcave shape in any orientation (Fig. 

4B). The sound speed used also affects the location of the spectral minima. When compared 

to spherical droplets containing perfluorohexane liquid instead of blood (sound speed 480 

m/s vs. 1650 m/s), the spectral minima shift to lower frequencies and more spectral minima 

were observed (see Figure 3.5A, B). 

 We showed in Figure 4.4 that the photoacoustic power spectrum varied depending on 

the RBC orientation and morphology. For a RBC aligned horizontally, the spectrum was 
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fairly flat over the 150-550 MHz bandwidth of the transducer. In this orientation, the signal 

depends on the RBC thickness; for a healthy RBC, the thickness is less than 1 μm at the 

center. As a RBC swells, the thickness increases which affects the photoacoustic signal. 

Figure 4.5A shows the average power spectrum of 21 RBCs in a horizontal orientation 

immersed in PBS ranging from isotonic (294 mmol/kg) to hypotonic conditions (84 

mmol/kg), where the error bars indicate the standard deviation of the averaged 

measurements. As the osmolality decreases, the RBC swells, eventually forming a spherical 

shape below 120 mmol/kg. At frequencies above 300 MHz, the spectral amplitude gradually 

decreases as the osmolality decreases. Below 147 mmol/kg, distinct spectral minima can be 

observed between 300 and 400 MHz, similar to those observed in Figure 4.4C. These 

spectral features indicate the RBCs are becoming spherical (at 147 mmol/kg) or are spherical 

(84 and 118 mmol/kg) which was confirmed through optical imaging. Most of the RBCs at 

each osmolality exhibited similar spectra. All 21 spectra for the 294 mmol/kg (Figure 4.5B) 

and 147 mmol/kg (Figure 4.5C) are shown to demonstrate the consistency between 

measurements. 

 When the adenosine triphosphate (ATP) energy stores of a RBC are depleted, the 

RBCs form irregularly shaped echinocytes that have spiky protrusions called spicules over 

the surface [222, 223]. This process is sometimes reversible depending on how they were 

formed. The photoacoustic signals from echinocytes were compared to normal RBCs. The 

photoacoustic power spectrum of freshly extracted human RBCs was measured in cell culture 

medium to determine the baseline spectrum. The RBCs were then immersed in PBS for 24 
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hours to deplete the ATP to form echinocytes, and then the photoacoustic power spectrum 

measured. Immediately following, the RBCs were added to cell culture medium to replenish 

the depleted ATP and restore the natural RBC shape. After 15 minutes, the photoacoustic 

spectrum was measured. A total of 21 RBCs were measured at each stage. Figure 4.6A shows 

the power spectrum of RBCs in these three states along with representative images. Visually, 

the echinocytes appeared as an irregularly shaped spiculated cell, differing from the 

biconcave shape or induced spheres observed previously. The average echinocyte spectrum 

appears to have a similar spectral shape to swelled RBCs in a hypotonic solution (147 

mmol/kg Figure 4.5C), where both have a minimum around 400 MHz. However several 

features differentiate the swelled RBCs from echinocytes. The decrease in amplitude from 

the spectral maximum (around 200-250 MHz) to the spectral minimum (400 MHz) was about 

half of what was observed, 15 dB for the echinocytes compared to 30 dB for the swelled 

RBCs. The echinocyte measurements also had a higher standard deviation, which can be 

explained by the variations in spectral shape of each individual RBC (Figure 4.6B). 

Furthermore, the second spectral peak that occurs around 500-600 MHz for the swelled 

RBCs is not present for the echinocytes. The spectral variations are likely due to the irregular 

shape of the echinocytes, and can be used to help differentiate the echinocyte from other 

morphologies. After immersion in the cell culture medium for 15 minutes, the RBCs 

rebounded back to their normal biconcave shape. The spectrum was similar to what was 

observed prior to ATP depletion with similar standard deviations as shown in Figure 4.6, 

with minimal variation between the 21 measurements (Figure 4.6C). Optical imaging 
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confirmed that the RBCs had returned to their normal shape (shown inset in Figure 4.6A).  

 

 

Figure 4.5: Photoacoustic spectral variations with RBC morphology. (a) The photoacoustic spectrum 

from an average of 21 RBCs measured in PBS with decreasing osmolality. The error bars indicate the 

standard deviation. As the osmolality decreases, the RBCs swell resulting in a gradual decrease of the 

photoacoustic spectral amplitude. Optical images confirm the change in morphology, however it is 

difficult to quantify the change. The scale bar is 10 µm. (b, c) The photoacoustic spectrum of each 

individual RBC measurement (red), and the average (black) of all 21 measurements at 294 mmol/kg 

(b) and 147 mmol/kg (c). 
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Figure 4.6: Photoacoustic spectrum of healthy RBCs and echinocytes. (a) The photoacoustic spectrum 

of RBCs in DMEM cell culture medium (red), left in PBS for 24 hours resulting in the formation of 

echinocytes (black), then the echinocytes deposited in cell culture medium to restore the normal 

biconcave shape (blue). Images of the RBCs at the three stages are shown inset. The photoacoustic 

spectrum of the echinocytes is very different than the normal RBCs. The spectrum between the RBCs 

in fresh medium (red) and ATP-depleted RBCs in medium (blue) are similar, showing that the 

echinocytes can be restored to their normal biconcave shape. The scale bar is 10 µm. (b, c) The 

photoacoustic spectrum of each individual RBC measurement (red) and the average (black) of all 21 

measurements of echinocytes in PBS (b) and then in medium (c). A much larger variation between 

spectra is observed for the echinocytes compared to normal or swollen RBCs. 
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4.4.4 Quantitative Spectral Analysis 

 In our measurements, the spectral amplitude (dB) and spectral slope (dB/MHz, 

change in signal vs. frequency) within a narrow bandwidth of the spectrum were used to 

quantify changes in the photoacoustic signals. The slope between 275-300 MHz and the 

amplitude at 288 MHz for the spectra in Figure 4.5 (spectrum vs. osmolality) and 6 

(spectrum vs. ATP depletion) are presented in tables 1 and 2 respectively, where the error is 

given by the standard deviation between the 21 measurements. This portion of the spectrum 

was chosen as it occurs before the first significant minimum at 320 MHz, and shows 

variations not observed at lower frequencies. A one-sided t-test was used to test for statistical 

significance between samples. This test uses the mean, standard deviation and number of 

samples to determine if two measurements are similar or statistically significant. A 

statistically significant change in the spectral slope and amplitude was observed between 

each change in osmolality from 294 to 118 mmol/kg (p < 0.001). From 118 to 84 mmol/kg, 

the change in spectral amplitude and spectral slope was not significant (p > 0.05). This was 

likely because the RBCs were spherical or nearly spherical at these two osmolalities [208], 

and reducing the osmolality further had no effect. For the echinocyte data presented in Figure 

4.6, a significant difference (p < 0.001) in the spectral amplitude and slope was observed 

between RBCs that have been ATP depleted in PBS compared to either freshly extracted 

RBCs in medium (prior to ATP depletion) or echinocytes after immersion in medium (to 

restore the ATP). Comparing the differences between the freshly extracted RBCs in medium 

and echinocytes in medium (ATP was restored and the echinocytes regained their normal 
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biconcave shape), the spectral amplitude was not statistically significant (p > 0.05) however 

there was a small but statistically significant difference in the spectral slope (p < 0.01). 

Osmolality 

(mmol/kg) 

288 MHz 

Spectral amplitude 

(dB) 

275-300 MHz 

Spectral slope 

(dB/MHz) 

294 -5.8 ± 0.7 -0.006 ± 0.004 

255 -7.4 ± 0.9 -0.009 ± 0.004 

215 -9.3 ± 1.1 -0.022 ± 0.006 

181 -11.0 ± 1.1 -0.042 ± 0.012 

147 -18.1 ± 2.3 -0.112 ± 0.026 

118 -26.1 ± 3.7 -0.217 ± 0.073 

84 -25.2 ± 5.4 -0.176 ± 0.084 

 

Table 4-1: Quantitative parameters for RBCs in PBS with varying osmolalities. The spectral 

amplitude and spectral slope were calculated between 275-300 MHz in Fig. 5 for the RBCs immersed 

in PBS with osmolalities ranging from 294 to 84 mmol/kg. A statistically significant difference in the 

spectral amplitude and spectral slope was found between each change in osmolality from 294 to 118 

mmol/kg (p < 0.001) but not between 118 and 84 mmol/kg. At these two osmolalities, the RBCs were 

spherical and the spectral shapes are similar.  

 

Red blood cell state 

288 MHz 

Spectral amplitude 

(dB) 

275-300 MHz 

Spectral slope 

(dB/MHz) 

Fresh RBCs in culture medium 

(Normal biconcave shape) 
-7.4 ± 1.3 -0.011 ± 0.004 

ATP-depleted RBCs in PBS 

(Echinocytes) 
-11.7 ± 4.1 -0.078 ± 0.045 

ATP-depleted RBCs in culture medium 

(Restored biconcave shape) 
-6.8 ± 1.3 -0.008 ± 0.003 

 

Table 4-2: Quantitative parameters of healthy and abnormal RBCs. The spectral amplitude and 

spectral slope were calculated between 275-300 MHz in Fig. 6 for fresh RBCs in DMEM, 

echinocytes in PBS, and then the same echinocytes deposited in DMEM. The echinocytes were 
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formed by immersing the fresh RBCs in PBS for 24 hours, which then regained their normal 

biconcave shape after immersion in DMEM. A statistically significant difference in the spectral 

amplitude and slope was observed between fresh RBCs and the echinocytes (p < 0.001). No 

statistically significant difference was observed between fresh RBCs and the depleted RBCs restored 

in DMEM (p < 0.05), however there was a small difference in the spectral slope (p < 0.01). 

 

4.5 Discussion 

 Blood cells have been studied extensively using ultrasound [224-226], however there 

have been limited studies using the closely related photoacoustics method. These 

experiments demonstrate the first quantitative analysis of any type using photoacoustic 

frequencies above 100 MHz. The photoacoustic microscope is capable of high-resolution 

imaging, similar to that of other photoacoustic microscopes that use lower frequency 

transducers; however unlike other photoacoustic microscopes, it can also be used for a 

broadband signal analysis using frequency bandwidths in the hundreds of MHz. Below 100 

MHz, the photoacoustic power spectrum of cells is generally featureless and the shape or 

orientation of RBCs does not significantly affect the spectral shape or amplitude. As 

demonstrated in Figure 4.3 and Figure 4.4, distinct minima and maxima occur only above 

100 MHz, where shifts of hundreds of MHz with amplitude variations of over 10 dB occur as 

the RBC rotates. This is due to the large aspect ratio of the RBC (see section 4.4.1 for 

details). For RBCs measured vertically, our simulations have shown that the spectral minima 

and maxima shift to lower frequencies as the RBC diameter increases. The diameter can be 

determined from the spectral features if the orientation of the particle is known. Our goal is 
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to translate this new measurement method to an automated flow system capable of measuring 

thousands of cells per second; however there are several obstacles that must be overcome. 

For the sequential scanning of the SASAM  photoacoustic microscope, the RBCs naturally 

align horizontally on the substrate, and the RBC can be viewed during the measurements for 

confirmation of its orientation. When translated to a flow system, RBCs could be made to 

flow in a horizontal or random orientation using standing waves [227] or specific flow 

conditions [228, 229]. The analysis methods could be improved by including a second 

ultrasound transducer positioned at a specific angle from the first transducer. This would 

record the photoacoustic single from the RBC from a second position, which would provide 

more information related to the cell orientation. Pulse-echo ultrasound measurements using 

the same transducers could also be combined with the photoacoustic measurements to help 

identify the cell orientation, as the ultrasound is sensitive to the cell orientation at the 

frequencies used [230].  

 Our technique is highly sensitive to small variations in RBC morphology. A 

statistically significant difference (p < 0.001) in the spectral slope and amplitude was 

observed as the osmolality was decreased gradually from 294 to 118 mmol/kg. As the 

osmolality decreases and the RBC morphology shifts to a spherical shape, the spectral slope 

and amplitude decrease at each step. The spectrum was similar at 118 and 84 mmol/kg, and 

no statistical difference was found in the spectral amplitude or slope. This is not surprising, 

as the RBC is spherical at these osmolalities. This sensitivity to RBC shape variations is 

unequalled to any kind of existing automated method. In flow cytometry analysis of RBCs, 
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light scattering methods could not detect changes in cell morphology until below 170 

mosm/kg, at which point the RBCs have already undergone significant swelling [231]. 

Modern efforts have used light scattering methods to differentiate abnormal RBC 

morphologies from healthy, but require thousands of measurements and cannot differentiate 

abnormalities types [232]. Our photoacoustic method is also capable of distinguishing the 

irregular echinocyte shape from other RBC morphologies. Echinocytes are generally a result 

of dehydration or high pH; when severely deformed they are termed acanthocytes. Usually 

observed in vitro, the prevalence in vivo is associated with various diseases such as liver 

cirrhosis and heart disease, among others [233]. The spectrum has a similar shape to that of 

nearly spherical RBCs with a spectral minimum around 400 MHz (147 mmol/kg in Figure 

4.5B), however the echinocytes can be differentiated through quantitative spectral analysis. 

From 200 to 400 MHz, the echinocyte spectral amplitude decreased only half of that of the 

swelled RBCs, and the standard deviation was higher. Good sensitivity to the morphological 

shape was observed using a sample size of just 21 RBCs. Automating the procedure to 

increase the counts by one or two orders or magnitude could give even better sensitivity, and 

we anticipate we could also differentiate other types of RBC morphological abnormalities 

such as those brought on by malaria infection (irregular swelling), sickle cell disease (cigar-

shaped) and stomatocytes (spherically indented), among others.  

 A significant application of this methodology is for the diagnosis of blood-related 

diseases. Deviations from the regular biconcave shape are a significant indicator of RBC 

pathology, whether genetic, infectious or simply from a chemical imbalance. For example, 
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spherically shaped RBCs impede blood flow, resulting in anemia, fatigue and splenomegaly 

[234]. Aggregated RBCs could also be characterized using this system, as the photoacoustic 

signal changes depending on the type of aggregation [32]. Using a tunable light source would 

allow for optical spectroscopy measurements using photoacoustics. The absorption of RBCs 

varies with optical wavelength, which has been exploited to detect oxygenated/deoxygenated 

blood in vessels [235] and changes in oxygenation due to RBC aggregation [33]. A 

theoretical framework has been recently developed to detect RBCs infected with malaria 

using photoacoustics as a function of wavelength [236]. 

 Another significant application is the characterization of donated blood. Blood can be 

stored up to 42 days after which the blood becomes unsuitable for transfusion. After 7 days 

in storage, 23% of RBCs had abnormal shapes such as echinocytes and stomatocytes; after 

42 days, it increased to 77% [237]. Using older blood results in decreased transport 

efficiency, poor circulation and increasing time spent in hospital. The viability of blood is 

determined by the storage conditions and how it was prepared. Blood is perishable and 

demand is constant. There is extensive research devoted to improving the preservation 

methods by reducing the blood degradation and prolonging the shelf life. A method to 

rapidly characterize the blood morphology and thus determine its viability does not currently 

exist and would be useful for rapidly charactering blood both for research purposes, or 

immediately prior to transfusion [238]. 
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4.6 Conclusions 

 Our experiments demonstrate that it is possible to quantify the morphology of RBCs 

using high-frequency photoacoustic spectral features with a very low sample size. 

Experimental measurements were validated with numerical simulations using a FEM. The 

photoacoustic spectral methods described are a first step towards an automated process for 

the detection of RBC abnormalities via morphological identification with good sensitivity. 

With some refinement, these methods could eventually be used in a clinical setting to help 

diagnose RBC pathology using just a single drop of blood. The methods presented are not 

limited to RBCs; in fact, nearly any micron-sized particle has unique spectral features above 

100 MHz that are strongly dependent on the size, shape and orientation, and these features 

can be used for particle characterization and/or identification. These methods are currently 

being applied to the analysis of other particles such as biological cells and 

ultrasound/photoacoustic contrast agents [144, 175]. 
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Chapter 5 

Circulating tumor cell detection using high 

frequency photoacoustics 

5.1 Abstract 

 A method to detect and differentiate circulating tumor cells (CTCs) from blood cells 

using photoacoustic frequencies over 100 MHz is presented. At these frequencies, the 

photoacoustic wavelength is similar to the cell dimensions, resulting in unique features in the 

photoacoustic signal. Periodically varying minima and maxima occur throughout the 

photoacoustic power spectrum, where the spacing between minima depends on the ratio of 

the size to sound speed of the cell. Using a wide-bandwidth transducer with a 375 MHz 

center frequency and a 532 nm pulsed laser, the photoacoustic signal was measured from 6 

AML cells, 13 melanoma cells and 70 red blood cells (RBCs). The spectral spacing between 

minima was 85±27 MHz for melanoma cells, 176±24 MHz for AML cells, and greater than 

230 MHz for RBCs. The photoacoustic signal amplitude normalized to the incident laser 

energy was 1.1±0.7 mV/nJ from melanoma cells, 0.04±0.01 mV/nJ from AML cells, and 

0.8±0.4 mV/nJ from RBCs. Plotting the normalized signal amplitude vs. spectral spacing 



5.2 Introduction 

 

 98 

gives a visual representation of the cell distribution, and allows for grouping of various cell 

types found in blood to aid in identifying CTCs, particularly melanoma cells which generate 

a strong photoacoustic signal due to their natural endogenous contrast.  

5.2 Introduction 

 Circulating tumor cells (CTCs) are tumor cells that circulate in the bloodstream. They 

can be shed from a primary tumor in the body, implant elsewhere in the body and result in a 

secondary tumor. CTCs are common in patients with cancer, but not in healthy people [3]. 

Tumors can shed cells at early stages of growth prior to detection of the primary tumor [239-

241]. It may be possible to detect CTCs in the bloodstream as a diagnostic screening method 

[242]. Lower concentrations of CTCs in blood are related to a favourable outcome in cancer 

patients [4-9]. Therefore, detection and quantification of CTCs in blood can potentially be 

used as a screening tool and prognosis estimator to improve patient outcome. There is limited 

information about the relation between numbers and heterogeneity of CTCs and types of 

cancers, and the lack of a gold standard for quantifying CTCs remains an issue [10]. 

 Several methods have been developed to detect CTCs from blood samples, including 

flow cytometry [243, 244], polymerase chain reaction techniques [245], optical based 

systems [246, 247], enrichment using immunomagnetic beads [248, 249] and photoacoustic 

detection [250]. Options for in-vivo CTC detection are limited, and include flow cytometry 

[251, 252] and photoacoustic detection [113, 253-255] methods. The photoacoustic detection 

of CTCs relies on laser irradiation with the emission of an acoustic wave that can be detected 
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using an ultrasound transducer. Optical absorption of energy by the cell is required to 

generate a photoacoustic signal; this can be endogenous absorbing materials such as 

hemoglobin (in red blood cells) or melanin (in melanocytes). Detection of circulating 

melanoma cells is ideal for photoacoustic detection due to their endogenous absorption 

properties, and several studies have exploited this fact [250, 254, 256-260]. Alternatively, 

dyes or nanoparticles that are absorbed by specific cells can be added to facilitate 

photoacoustic wave generation [255, 261-267]. All photoacoustic studies have used 

transducers with frequencies less than 60 MHz, which have been primarily used for image 

generation.  

 For cells in the 5-30 μm range, the photoacoustic waves have unique spectral features 

in the 100-500 MHz range that are directly related to the size and sound speed of the cell 

[55]. Periodically varying minima and maxima occur throughout the photoacoustic signal 

power spectrum where the spectral spacing depends directly on the ratio of the cell diameter 

to sound speed (a/c ratio). As the cell diameter increases, the location and spacing between 

minima decreases, and as the sound speed increases, the location and spacing between 

spectral features increases. These spectral features cannot be detected with traditional 

photoacoustic methods using frequencies under 100 MHz. 

 The photoacoustic spectral spacing and location of spectral minima depend strongly 

on the cell diameter and sound speed, while the amplitude depends strongly on the absorption 

properties of the cell; other parameters such as the cell size, sound speed and thermal 

properties have a lesser effect on the signal amplitude. Variations in the spectral spacing and 
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amplitude can be used to aid in identifying and differentiating cells in a sample. In this proof 

of concept study, we show how the signal photoacoustic signal amplitude and features in the 

power spectrum can be used to differentiate types of cells in blood, such as red blood cells, 

CTCs such as melanoma, and hematological malignancies such as acute myeloid leukemia 

(AML) cells. 

5.3 Method 

5.3.1 Cell Preparation 

 RBCs were extracted from a healthy male volunteer in accordance with the Ryerson 

Ethics Board (REB #2012-210). A drop of blood was extracted from the fingertip using a 

lancet and deposited into one mL of Dulbecco’s modified eagle medium (DMEM) for 

preservation. Two cell lines were used for these experiments, AML-OCI-5 (human acute 

myeloid leukemia) and B16-F1 (murine melanoma). Cells were incubated inside cell culture 

flasks with DMEM containing 10% fetal bovine serum (FBS) at 37°C with 5% C02 and 

passed every 2-3 days to maintain confluence. AML cells were permeabilized with 0.05% 

Triton X-100, and then trypan blue was added as a photoacoustic absorbing agent. Trypan 

blue was required as the AML cells have negligible absorption at 532 nm. The melanoma 

cells did not require any treatment as the melanin absorbs visible light. 

5.3.2 Photoacoustic Microscope 

 A SASAM acoustic microscope (Kibero GmbH, Germany) was used for all 

photoacoustic measurements. A transducer was fitted above the sample holder in an IX81 
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inverted optical microscope (Olympus, Japan). The transducer and microscope optics were 

co-aligned. A 532 nm laser (Teem Photonics, France) was focused through a 10x optical 

objective onto the sample holder to an approximately 5 μm diameter spot, and the transducer 

aligned to the laser spot. Cells to be measured were moved to a glass bottom dish (Mattek, 

USA) that was coated with an approximately 200 μm thick layer of 1% agar. The agar was 

required to reduce back-reflections from the glass substrate and simulated a cell floating in 

suspension. The sample holder was moved to align a cell within the target area under optical 

guidance, and photoacoustic measurements made from the cell. The photoacoustic 

microscope is shown in Figure 5.1A, with an operational schematic in Figure 5.1B. A 

transducer with a center frequency of 375 MHz (60° aperture, 42% bandwidth) was used for 

all measurements. Laser pulses were generated at 4 kHz, and the photoacoustic signals 

amplified by a 40 dB amplifier (Miteq, USA), averaged 100 times and digitized at 8 GS/s. 

Aligning a cell to the target area and recording a measurement takes only seconds per cell. 

Signal post processing was done manually. The signals measured from directly above the 

single cells were normalized by removing the transducer response, then a Hamming window 

applied and the spectrum calculated using the Fast Fourier transform. Further details on the 

instrument can be found in reference [106], and details on the signal processing methods 

including normalization can be found in reference [175] or chapter 4.3. 
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A B  

Figure 5.1: The photoacoustic microscope. (A) A picture of the sample holder, with the transducer 

positioned above the sample and the optics to view the sample and focus the laser are positioned 

below the sample. (B) A schematic showing the operation of the photoacoustic microscope. The laser 

is focused onto the cell using an optical objective. The resulting photoacoustic waves are then 

recorded by the transducer.  

 

5.4 Results and discussion 

 A total of 89 cells were measured: 6 AML, 13 melanoma and 70 RBCs. The diameter 

of each cell was determined using a calibrated scale and optical imaging, and was 8.6±1.5 

μm for AML cells, 24.4±6.8 μm for melanoma cells and 7.8 ± 0.5 μm for RBCs. Melanoma 

cells could potentially be differentiated from other blood cells using optical imaging alone. 

While most blood cells are <15 μm in diameter, there are some blood cells that can be over 

20 μm such as monocytes. In addition, non-tumor endothelial cells can also be found in the 

blood. Photoacoustics is the only method that can be used to distinguish melanoma cells from 

all other cells in the bloodstream without the use to external additives such as dyes. 
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 The time domain signals of typical RBCs, melanoma and AML cells are shown in 

Figure 5.2. Figure 5.3 shows the power spectrum for these four cells. Distinct spectral 

features that can differentiate the cells are now evident. The two RBC orientations have 

minor variations throughout the spectra, with the vertically oriented RBC displaying two 

spectral minima around 200 and 500 MHz. In contrast, the melanoma cell has six spectral 

minima spaced 57±2 MHz apart, and the AML cell has three minima spaced 121±15 MHz 

apart. The vertically oriented RBC had a ∆f of 300 MHz, while spectral minima were not 

observed with the horizontal RBCs. The spectral spacing Δf was calculated for 6 AML cells, 

13 melanoma cells and 70 RBCs (the RBCs were in various orientations). Spectral minima 

were absent in horizontally oriented RBCs, therefore ∆f was set to 400 MHz.  

 Another measured property that can be used for cell differentiation is the 

photoacoustic signal amplitude, which is proportional to the absorption coefficient of the cell 

and the laser energy. The signal amplitudes for RBCs were 70-90 mV using a laser energy of 

25 nJ/pulse, melanoma cells 20-50 mV for a laser energy of 25 nJ/pulse and AML cells 5-10 

mV for a laser energy of 220 nJ/pulse. The photoacoustic signal was normalized to the laser 

energy (units of mV/nJ) so all measurements could be directly compared; the normalized 

photoacoustic signal was 0.04±0.01 mV/nJ for AML cells, 1.1±0.7 mV/nJ for melanoma 

cells and 0.8±0.4 mV/nJ for RBCs. The spectral spacing, normalized photoacoustic signal 

amplitude and the optical diameter are summarized in Table 5-1. 

 A plot of the normalized signal amplitude vs. ∆f is shown in Figure 5.4. Each cell 

type can be identified according to its location on the chart. RBCs are located in the upper 



5.4 Results and discussion 

 

 104 

right area, melanoma cells in the upper left and AML cells in the bottom left. The melanoma 

cells and RBCs both have large signal amplitudes, however they can easily be differentiated 

as the melanoma cells have a much smaller ∆f. Unlike the melanoma and RBCs, AML cells 

have no endogenous contrast; dye was added to facilitate the photoacoustic signal emission. 

For these cells, Trypan blue was used after cell membrane permeabilization. When targeting 

cancer cells, nanoparticles or dyes that bind preferentially to tumor cells could be used 

instead of Trypan blue; this dye was used to simulate the selective targeting of a tumor cells. 

For example, nanoparticles conjugated with the EPCAM antibody could be added that only 

attach to circulating endothelial tumor cells that commonly express this antibody [268]. The 

photoacoustic signal generated depends directly on the dye/nanoparticle concentration within 

the cell. Therefore the concentration must be adjusted to achieve good separation from other 

cells, and be constant between measurements for consistent results. 

 An advantage of using the spectral characteristics of the photoacoustic signal instead 

of other methods such as optical spectroscopy or conventional photoacoustic spectroscopy 

(which measures the photoacoustic signal amplitude as a function of the optical excitation 

wavelength) is the extra information extracted from the photoacoustic spectrum. Only one 

measurement is required per cell instead of sweeping over numerous optical wavelengths. 

Moreover, ultrasound pulse echo measurements could be combined with the photoacoustic 

measurements as the ultrasound backscatter spectrum also contains periodically varying 

minima and maxima that depend on the cell size and sound speed [118, 123, 125, 269, 270]. 

Our method could be improved by incorporating the ultrasound backscatter spectrum in 
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addition to the photoacoustic signals. Optical spectroscopy methods using multiple laser 

wavelength illuminations could be combined with the spectral analysis to target specific 

chromophores in a cell, such as DNA, granules in WBCs, or dyeing of the cytoplasmic 

region. 

 Despite the small number of cells measured for this proof of principle study, good 

differentiation between cell types has been observed. For clinical use, a very large number of 

cells would have to be measured. This methodology could be translated to a flow device 

incorporating a laser and ultrasound transducer to record the signals from thousands of cells, 

increasing the accuracy of the measurement.  

 

 

A  B  

Figure 5.2: The time domain signals recorded from (A) RBCs in a horizontal (green) and vertical 

(blue) orientation, and (B) melanoma cells (red) and AML cells (black). 
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A  B  

Figure 5.3: Typical photoacoustic power spectra from cells. The spectrum of melanoma cells (A, red) 

and AML cells (B, black) compared to RBCs measured in a horizontal (green) and vertical (blue) 

orientation. The area outside of the transducer bandwidth has been grayed. 

 

 

Figure 5.4: The measured photoacoustic signal (normalized to laser energy) vs. the photoacoustic 

spectral spacing ∆f. The location of the cells in this graph can be used to identify them. 
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Cell Number of cells 
Diameter  

(μm) 

Spectral Spacing  

Δf (MHz) 

Normalized Signal 

amplitude (mVpp/nJ) 

AML 6 8.6 ± 1.5 176 ± 24 0.04 ± 0.01 

Melanoma 13 24.4 ± 6.8 85 ± 27 1.1 ± 0.7 

RBC 70 7.8 ± 0.5 230-400 0.8 ± 0.4 

Table 5-1: A summary of the diameter (measured optically), spectral spacing Δf and normalized 

signal amplitude for the different cell types. 

 

5.5 Conclusions 

 This study has demonstrated that purely photoacoustic methods based on the signal 

amplitude and spectral features can be used to differentiate types of cells found in blood. In 

particular, CTCs such as melanoma cells can be detected using label-free methods. Other 

tumor cells can also be detected by using specific dyes or nanoparticles that preferentially 

bind to tumor cells and not healthy cells. This work could be translated to a flow device that 

could measure thousands of cells per second, enabling measurement of a large sample size to 

detect rare tumor cells. 
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Chapter 6 

Conclusions and future work 

6.1 Summary of findings 

 The work described in this dissertation describes the first theoretical and experimental 

photoacoustic measurements of single biological cells using frequencies over 100 MHz. At 

these frequencies, the wavelength is similar to the dimensions of the cell, resulting in signals 

that are rich in information. This section summarizes the significant findings and conclusions 

from chapters 2 through 5.  

6.1.1 Photoacoustic numerical method development (chapter 2) 

 Analytical solutions for the photoacoustic signals from spherical particles were first 

developed in the late 1980’s, and were validated using mm-sized particles and photoacoustic 

frequencies well under 100 MHz. These theories have never been used for micron-sized 

particles; this chapter was devoted to investigating the theoretical and experimental 

photoacoustic signals from micron-sized PFC droplets. These droplets are ideal particles for 

a photoacoustic analysis, as they are spherical, homogeneous and nearly optically 

transparent, ensuring the entire particle volume is irradiated with equal laser intensity. In 
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addition, the size of the droplets (roughly 1-20 μm) ensure that unique spectral patterns exist 

using photoacoustic frequencies between 100-1000 MHz. A FEM was developed to obtain 

the spectral patterns from particles where the analytical solution cannot be used. 

 Photoacoustic measurements were made of a single 3.1 μm diameter PFC droplet in 

suspension, and compared to the analytical solution (equation 2-2). Excellent agreement in 

the location of the spectral minima and maxima were found between theory and 

measurements using a 375 MHz transducer and the known droplet parameters (diameter = 

3.1 μm, sound speed = 480 m/s, density = 1650 kg/m
3
). A FEM was solved using these same 

parameters. The FEM results agreed with both the analytical solution and measurements, 

validating the FEM.  

 The analytical model and FEM were then applied to measurements of droplets on top 

of a glass substrate ranging in diameter from 2.8 – 3.6 μm. This substrate strongly reflected 

the acoustic waves travelling down from the droplet back towards the transducer, interfering 

with the waves traveling towards the transducer from the top of the droplet. In this situation, 

extra spectral minima and maxima were observed throughout the power spectrum. The FEM 

accurately reproduced these extra spectral features, while the analytical solution did not.  

6.1.2 Model validation for ideal photoacoustic particles (chapter 3) 

 This chapter further investigates the photoacoustic signals from single PFC droplets 

to examine how the spectral features can be used to determine particle parameters. The signal 

from ultra-wide bandwidth transducers (from 300-1000 MHz) were used to record the 
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photoacoustic signals. Through this frequency range, dispersion increases the sound speed of 

the PFC liquid by a small but measureable amount (480 to 486 m/s from 1 to 1000 MHz), 

affecting the location of the spectral minima and maxima. The analytical solution was 

modified to account for changes in the sound speed as a function of frequency, resulting in 

the spectral minima and maxima scaling to higher frequencies as the frequency increased. 

Using this modified model, the droplets were measured using two different transducers. A 

5.7 μm droplet was measured using a 375 MHz transducer (bandwidth approximately 150 to 

450 MHz), and a 2.45 μm and 6.95 μm droplet were measured using a 750 MHz transducer 

(bandwidth approximately 400-900 MHz). Excellent agreement in the location of the spectral 

features between theory and measured were observed in these three cases for the known 

droplet parameters (sound speed = 480 to 486 m/s, density = 1650 kg/m
3
).  

 The sound speed for the droplets is known, and the other variable that affects the 

location of the spectral minima is the diameter. The diameter of the droplet can be found by 

varying the diameter in the model until the location of the spectral minima match with the 

measured spectra. A total of 18 droplets were measured, and the droplet extracted from the 

spectrum was compared to three other independent measurements of diameter: time of flight 

using the photoacoustic time domain signal and ultrasound time domain signal, and direct 

optical measurements. Excellent agreement in the diameter was observed for all four 

methods.  
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6.1.3 Application towards irregularly shaped RBCs (chapter 4) 

 A preliminary investigation into the photoacoustic signals generated from single 

RBCs is described in this chapter. RBCs have been frequently studied using photoacoustic 

frequencies below 100 MHz; however this is the first study using frequencies over 100 MHz. 

The size, orientation and shape significantly affect the shape of the spectrum for frequencies 

over 100 MHz.  

 The FEM developed in chapter 2 was used to investigate how the size and orientation 

affect the photoacoustic spectrum. When a RBC was oriented horizontally (thickness is about 

1 μm), a single spectral minima is observed around 800 MHz; this location depends on the 

thickness of the RBC. When a RBC was oriented vertically (diameter of the cell ranges from 

about 7-8.5 μm), regular spectral minima were observed with a frequency spacing of about 

300 MHz. As the diameter increased from 6.8 μm to 8.8 μm, the frequency spacing decreased 

from about 350 MHz to 200 MHz, respectively. This indicates that provided the RBC 

orientation is known, the RBC diameter could be determined from the location of the spectral 

minima. When a RBC was oriented horizontally, a single spectral minimum was observed 

around 800 MHz, with the exact location depending on the RBC thickness. As the RBC 

rotated from a vertical to horizontal orientation (relative to the transducer), the spectral 

minima shift to higher frequencies. These numerical simulations were compared to 

measurements of a single RBC initially in a vertical orientation, and gradually tipped over to 

a horizontal orientation. A gradual increase in the spectra minimum was observed, agreeing 

with the numerical simulations. 
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 Practical applications were investigated using the photoacoustic spectrum. 21 RBCs 

were measured in osmolalities ranging from 294 mmol/kg (isotonic) to 84 mmol/kg. As the 

osmolality decreased, the RBCs swelled by taking in water; the RBC shape gradually shifted 

from the normal biconcave shape (at 294 mmol/kg) to a spherical shape at 84 mmol/kg. As 

the RBCs swelled, the average photoacoustic spectrum from the 21 RBCs changed. A 

statistically significant decrease in the spectral amplitude (at 288 MHz) and spectral slope 

(from 275-300 MHz) was observed at each drop in osmolality (p<0.001) except from 118 to 

84 mmol/kg; at these osmolalities, the RBCs was already spherical. The photoacoustic signal 

from echinocytes was also investigated. Healthy RBCs with a biconcave shape were 

measured in medium. The RBCs were then immersed in PBS for 24 hours, depleting the ATP 

energy within the cell. This results in an irregularly shaped RBC with specular protrusions 

located over the surface. The spectrum from the echinocytes was significantly different than 

the healthy RBCs initially measured. The echinocytes were then immersed in medium, where 

they regained their normal biconcave shape. The spectrum measured from these cells was 

very similar to the first measurements of healthy RBCs, indicating that the echinocytes can 

regain their normal biconcave shape under some circumstances. These high-frequency 

photoacoustic measurements are highly sensitive to changes in RBC morphology. 

6.1.4 Cell differentiation and identification (chapter 5) 

 A method to identify and differentiate cell types based on their spectral features and 

signal amplitude was presented in chapter 5. When the photoacoustic frequency is in the 100-

500 MHz range, the photoacoustic wavelength is similar to the size of a single cell; this 
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results in periodically varying minima and maxima that occur throughout the power 

spectrum. The frequency spacing between the spectral minima is directly related to the ratio 

of the size to sound speed of the cell. Three types of cells were investigated: 70 RBCs, 13 

melanoma cells and 6 AML cells. To facilitate photoacoustic signals from AML cells, they 

were permeabilized with triton X-100, then trypan blue added. The spectral spacing between 

minima was 85±27 MHz for melanoma cells, 176±24 MHz for AML cells, and greater than 

230 MHz for RBCs. The photoacoustic signal amplitude normalized to the incident laser 

energy was 1.1±0.7 mV/nJ from melanoma cells, 0.04±0.01 mV/nJ from AML cells, and 

0.8±0.4 mV/nJ from RBCs. When plotted on a graph of photoacoustic signal vs. spectral 

spacing, three groups were observed; one group for each type of cell. These methods could 

be used to differentiate and count RBCs from leukocytes, or identify specific cells in a 

sample such a CTCs. 

6.2 Clinical significance 

 There are many applications where photoacoustic measurements of single cells could 

be used in a clinical setting. Due to the strong attenuation using frequencies above 100 MHz, 

in-vivo applications are limited. Manual measurements using a photoacoustic microscope (as 

discussed in this dissertation) are restricted to small sample sizes only, and a large cell count 

is typically required for a diagnosis. All measurements have examined cells in suspension, or 

loosely bound to a substrate; these techniques could be translated to a flow device that is 

capable of performing large numbers of measurements in a short period of time (see section 
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6.3, future work). 

 Analysis of blood samples are ideal for high-frequency photoacoustic measurements, 

as outlined in chapters 4 and 5. RBCs generate strong photoacoustic signals using 

endogenous contrast which are dependent on their size and morphology. Disease and 

infection can alter their size and morphology. The gold standard for blood cell analysis is 

visual inspection of a blood smear under an optical microscope by a technician. Automated 

methods such as hematology analyzers can size and count RBCs use light scattering and 

electrical impedance methods. These devices infer the volume of the cell, and then estimate 

the size and shape from the volume. These devices can typically detect if a sample is outside 

of normal guidelines, but cannot determine what the abnormality is. We have demonstrated 

that high frequency photoacoustic measurements are highly sensitive to changes in RBC 

morphology; this could potentially be used to diagnose pathology with better sensitivity than 

current methods.  

 These methods can also be applied to measurements of WBCs. While WBCs have 

negligible optical absorption in the visible spectrum, exogenous contrast agents such as dyes 

and/or nanoparticles can be used to facilitate the generation of photoacoustic waves from 

these cells. Preliminary work shown in chapter 5 demonstrates that RBCs have a distinctly 

different photoacoustic spectrum compared to other cells (such as melanoma and AML 

cells). The various WBC sub-types such as neutrophils, eosinophils and basophils all have 

unique size and microstructure that can be used to count and identify them using dyes (such 

as Wright-Giemsa) and visual inspection [206, 271]. These methods cannot be used to 
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identify CTCs; fluorescence methods such as flow cytometry with expensive dyes are 

typically used. Our preliminary work has shown that different cells in blood could be 

differentiated using the photoacoustic amplitude and spectral spacing (chapter 5). By using 

dyes or nanoparticles that preferentially bind to tumor cells, CTCs could be detected using 

photoacoustics without fluorescence. The RBCs, WBCs and tumor cells could all be detected 

and counted using one method.  

 Early detection of cancer is crucial for survival, and the methods described in this 

dissertation could be eventually applied in a clinical setting. To achieve clinically relevant 

results, samples would have to be examined in an automated device with minimal user 

intervention. The next section describes the future work devoted to realizing this significant 

next step.  

6.3 Future work 

 The basic proof of principle methods of cell identification and classification have 

been outlined in this dissertation. The next goal is translating this methods into a high-

throughput system for an automated analysis of a sample. A microfluidic device that is 

capable of streaming cells sequentially through a target area where they are irradiated by a 

laser and/or ultrasound is currently being designed (Figure 6.1). This would enable thousands 

of measurements within seconds. This dissertation has concentrated on photoacoustic 

measurements of single cells; pulse echo ultrasound can be easily integrated due to the 

complementary nature of ultrasound and photoacoustics. Ultrasound echoes from single cells 
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exhibit unique spectral features which are similar to the photoacoustic spectrum [118, 123, 

125, 269, 270]; this would add a secondary method of cell characterization in addition to 

photoacoustic measurements.  

 The photoacoustic microscope was modified to enable simultaneous emission of the 

laser and ultrasound pulse. Figure 6.2 shows the combined photoacoustic and ultrasound 

measurements of a single cell. The photoacoustic signal is measured first (at 750 ns), then the 

signal resulting from direct laser irradiation of the transducer (1100 ns), followed by noise 

within the transducer (1200-1400 ns), then the ultrasound signal at 1650 ns.  

 Basic design of the flow device is in progress. Microfluidic devices are commonly 

used to focus particles into a narrow stream for analysis. However, most devices focus in 2D 

through a narrow channel that is typically less than 100 μm. 3D-focusing microfluidic 

devices are less common and structurally complex. They are difficult to fabricate using 

traditional Polydimethylsiloxane (PDMS), requiring several lithography and molding cycles 

[272]. Our device requires channels approximately 1x1 mm, but very few PDMS devices 

have been made with such large dimensions due to time and expense constraints. We have 

designed a basic 2D millifluidic device with mm-sized channels using Poly(methyl 

methacrylate) (PMMA, also known as acrylic or Plexiglas). This material can be laser cut to 

specifications and the layers bonded together. The 2D prototype designed is shown in figure 

Figure 6.3; it consists of three inlets (two for sheath flow and one for the cell fluid) and one 

outlet. The sheath flow is much higher than the cell flow; the cells are focused to the center 

of the channel. The position of the cell flow can be moved within the channel by adjusting 
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the flow ratio of the two sheath flows. This device can only focus cells in 2D; this is 

sufficient for many lab-on-a-chip designs, but not in cases where axial focusing is also 

required in addition to lateral focusing. The 2D prototype has been designed to test the flow 

characteristics, and examine how the transducer and laser will be integrated into the device. 

A 3D device will then be designed to ensure the cells are centered in the device. Combining a 

3D-flow device with photoacoustic and ultrasound measurements would enable a new type of 

instrument with advantages over currently accepted diagnostic devices such as the Coulter 

counter and flow cytometers.  

 

 

 

Figure 6.1: Basic schematic of the flow device showing the particle flow through the PAUS target 

area. 
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A  

B  C  

Figure 6.2: Simultaneous measurements of a single cell using photoacoustics and ultrasound. (A) 

Recorded a-scan showing both the photoacoustic and ultrasound signal, and zoomed image of the 

photoacoustic signal (B) and the ultrasound signal (C).  
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Figure 6.3: The millifluidic device. The top layer (A) is placed on top of the middle layer (B), which 

has grooves cut into the plastic for particle flow. (C) The layers are glued together to create a 3D 

structure. Tubes are attached to the nozzles for fluid flow. The size of the bottom structure is 25x75 

mm. 

 

Figure 6.4: Flow focusing performance of the microfluidic device at the inlet/mixing area (left) and 

optical view of the focused stream at the observation region (right). The particles are confined to a 15 

μm width. The scale bar is 20 μm. 
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6.4 Conclusions 

 The findings presented in this dissertation describe the first theoretical and 

experimental photoacoustic measurements of micron-sized particles and cells using 

frequencies over 100 MHz. These preliminary studies are the first practical step towards 

using ultra-high frequency sound waves for identifying and differentiating particles and cells 

in a sample. Clinical applications such as identification of infection and disease through 

changes in cell morphology and/or physical properties, and detection of CTCs in blood using 

high speed microfluidic systems have been proposed and will be investigated as future work. 
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