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Introduction

Photoacoustic imaging has the potential to provide real-time, non-invasive diagnosis of
numerous prevalent diseases, due to the technology’s unique ability to visualize molecular
changes deep within living tissue with spatial resolution comparable to ultrasound.
Photoacoustic imaging is a hybrid imaging technique that combines the contrast capabilities
and spectral sensitivities of optical imaging with the resolution and tissue penetration
capabilities of ultrasound. During the photoacoustic imaging process, materials absorb light
energy, and convert the light to heat via non-radiative relaxation. When materials heat, they
expand in size due to their thermoelastic properties, which generates a pressure wave. These
pressure waves can propagate through the surrounding environment to be detected at the
surface. This effect is familiar to everyone who has experienced a summer thunderstorm—
lightning rapidly heats the air, resulting in the air expanding and generating audible thunder.
In general, the heating which induces the expansion of the material (e.g., the thermoacoustic
effect) could be caused by many forms of energy transfer, but the term “photoacoustic”
specifies the conversion of light into heat, resulting in the generation of characteristic sound
waves.

The photoacoustic effect was first discovered by Alexander Graham Bell in 1880.1 His
experiments deduced that an intermittent bright light could heat optically absorbing
materials, causing expansion of the material in a way that generated audible vibrational
waves. Bell demonstrated that darker fibers produced louder sounds than lighter fibers, a
principle which is consistent with the general photoacoustic relationship in use today—the
amplitude of the generated photoacoustic signal is proportional to the amount of absorbed
light. Bell also showed, by separating white light with a prism, certain color combinations of
light and fibers could generate a louder sound. Today, multiwavelength photoacoustic
imaging uses this same principle, changing the wavelength of the light and correlating the
amplitude of the photoacoustic response to the absorption spectra of the materials being
imaged.

A modern application of the photoacoustic effect is the generation of medical images of
biological chromophores typically present in tissue, which can absorb light energy resulting
in the generation of photoacoustic transients. The photoacoustic pressure waves can be
received by ultrasound transducers at the external surface of the tissue, making
photoacoustic imaging a non-invasive, non-ionizing medical imaging method capable of
resolution similar to ultrasound, at significant tissue depth. Photoacoustic medical imaging
was first proposed in the mid-1990s,2:3 and initial reports of using the photoacoustic effect
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to image live animals were published nine years later.# Today, many /n vivo demonstrations
of photoacoustic imaging of biomedical applications relevant to medical diagnostics exist,
including cancer,® brain vasculature and function,’® cardiovascular,0 and tissue
engineering scaffolds,11:12 prompting translational advances in clinical photoacoustic
imaging.13

While existing medical imaging methods, including ultrasound, are capable of producing
remarkable images of what lies beneath our skin, most of these imaging methods provide
contrast between anatomical features within tissue—for example, the difference in acoustic
impedance between soft tissue and a tumor provide contrast within an ultrasound image.
Though the anatomy is critical to understanding the image, in many diseases the anatomy
alone cannot be used to indicate a particular diagnosis conclusively. Instead, the
physiological and biochemical properties of the system influence the disease progression,
and therefore the prognosis of the patient. Functional imaging capabilities are required to
provide physiological information, while biochemical information can be provided by
molecular imaging. In comparison to ultrasound, photoacoustic imaging provides improved
capabilities for functional and molecular imaging. For example, the blood oxygen saturation,
an important functional property relevant to many disease processes, can be assessed using
photoacoustics.” Photoacoustic imaging can also provide molecular information through the
use of a probe or tracer, which can be used to generate the needed contrast to produce an
image.14 Because of the potential to perform real-time, non-invasive 7 vivo functional and
molecular imaging, photoacoustic imaging is increasingly being applied as both a clinical
and preclinical method aimed at improving medical diagnostics.

Background

In a contemporary photoacoustic imaging system, a nanosecond pulsed laser is used to
generate transient pressure waves, which are received by an ultrasound transducer and
processed to form images of biological tissue (Fig. 1). In a typical set-up, the pulse of light
emitted by the laser is accompanied by a trigger signal sent to the imaging system hardware,
coordinating the acquisition of the photoacoustic signal. After the laser pulse is emitted, the
photoacoustic signals generated by the optical absorbers within the field of view are
collected by the transducer (Fig 2). As with ultrasound, the time at which the photoacoustic
signal is received is related to the depth of the absorbing object within the sample by the
speed of sound in tissue.

Multimodal systems, combining ultrasound and photoacoustic imaging, apply a time delay
(tpa) after the laser trigger signal, as shown in Fig. 2, after which the ultrasound signal is
transmitted and received to be processed using customary techniques. Due to the similarities
in system hardware and processing design between photoacoustic and ultrasound imaging,
an existing ultrasound system can be modified to acquire photoacoustic signals with nominal
effort by adding a pulsed light source, making minor hard-ware modifications to
appropriately time the transmitted and received signals, and by modifying the software user
interface and signal processing methods.

Several companies are marketing integrated photoacoustic systems for small animal
imaging, shown in Fig. 3, and it is likely that more will soon enter the market. These
systems fall into two categories—designed to use either a translatable linear ultrasound
scanner with delay-and-sum beamforming, or a fixed array of transducers with computed
tomography image reconstruction. Linear photoacoustic scanning systems produce a two-
dimensional (2D) view of a single projection, and are then scanned in a third dimension — a
volumetric imaging method analogous to commonly used non-invasive clinical ultrasound
systems, where a transducer array is manually scanned along the tissue surface.
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Tomographic systems use an array of transducers, often positioned in a ring around the
object being imaged, and then use reconstruction algorithms to reproduce the imaged slice.
Visual Sonics Inc. markets the Vevo LAZR (Fig. 3a), which uses their high resolution small
animal ultrasound imaging platform (Vevo 2100) in combination with a tunable nanosecond
pulsed laser. When whole body imaging is a priority, the multispectral optoacoustic
tomography (MSOT) system (Fig. 3b), produced by iThera Medical, guides the laser beam
to illuminate a ring of light around the animal being imaged, and then moves in the third
dimension to acquire volumetric images.t® The Nexus 128 (Fig. 3c), produced by Endra,
provides an alternative tomographic photoacoustic system. All of these systems consist of a
tunable laser source providing near infrared (NIR) light approximately between 680 to 970
nm. The choice of a scanning or tomographic system depends greatly upon the application.
The user must consider the achievable resolution, which is dependent upon the center
frequency and bandwidth of the transducer, the beamforming or reconstruction algorithms
implemented, and also the achievable sensitivity, which is influenced by the light fluence
and distribution delivered within the tissue. An ultrasound scanning system will generally be
most flexible, accommodating a variety of animal types, and potentially providing multiple
transducer arrays optimized for different scanning depths. A photoacoustic imaging system
based upon an ultrasound scanner platform provides additional functional imaging
techniques (such as ultrasound Doppler mode) to provide anatomical and functional
information. In contrast, tomographic systems are capable of acquiring volumetric data in a
shorter period of time, and have less noise in the form of photoacoustic speckle due to the
spatial distribution of the transducer ring. However, clinical applications of a photoacoustic
tomography system will be limited, with a notable exception being the photoacoustic
tomographic imaging of breast tissue.16

While optical absorbers naturally found within the body, such as hemoglobin, lipids, and
melanin, can be used to generate photoacoustic images, the use of nano-sized imaging
contrast agents allows photoacoustic imaging to become a truly “molecular” /n vivo imaging
method.17:18 Photoacoustic contrast can be enhanced by the use of molecular dyes or
chemically synthesized nanoparticles. Inorganic nanoparticles are of particular interest, due
to their flexibility with respect to shape, size, and surface chemistry. These characteristics
can be optimized for enhanced delivery of the nanoparticles to the tissue of interest, such as
cancerous tumors.19 If the nanoparticle surface is modified by the addition of a targeting
moiety, these contrast agents become molecular imaging agents, since the targeted
nanoparticles should be preferentially retained within the tissue region expressing the target.
In addition, metallic nanoparticles of gold or silver, several examples of which are shown in
Fig. 4, have surface plasmon resonance, meaning that the valence electrons of the atoms
collectively oscillate at a characteristic frequency. When the incident light is at the same
frequency as the surface plasmon resonance, that light is very efficiently absorbed and
converted into heat, making metallic nanoparticles excellent contrast agents for
photoacoustic imaging. Nanoparticles which are molecularly targeted can be customized for
delivery to particular tissues based on size, shape, and surface properties, while the high
optical absorption of metallic nanoparticles generates a strong photoacoustic signal and
provides high contrast with the surrounding tissue. By using metallic nanoparticles, we can
also tune their optical absorption properties to take advantage of the “tissue optical
window”. Within this wavelength region, between approximately 600 nm to 1300 nm, the
native tissue optical absorption is relatively low, and therefore light can penetrate deeper
into tissue, allowing for acquisition of photoacoustic images at significantly greater tissue
depths. By imaging at wavelengths which are not highly absorbed in tissues, the
photoacoustic effect can be used to generate high resolution molecular images in vivo at
significant tissue depth. Questions remain regarding the safety of metallic nanoparticles for
use in the human body.2%:21 Indeed, there is much that is still unknown about both their
short-term and long-term toxicity, but many groups are studying these effects,2! and three
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clinical studies of gold nanoparticle-based methodologies for treatment of cancer are
underway or have been completed.22 Additionally, photoacoustic imaging could play a role
in improving the understanding of the biodistribution and clearance mechanisms affecting
the toxicity of nanoparticles.

Diagnostic photoacoustic imaging

In our studies, anatomical, functional, and molecular information was acquired using a
combination of ultrasound and multiwavelength photoacoustic imaging of /n vivo mice
bearing cancerous tumors. All methods follow protocols approved by the Institutional
Animal Care and Use Committee at the University of Texas at Austin. First, we developed a
small animal model of breast cancer which consisted of two tumors established from human
breast cancer cell lines with differential cell biomarker expression. For this small animal
model, we initiated tumors within the mammary fat pad using injections of BT-474 cancer
cells, which over-express the cellular receptor HER2, and MDA-MB-231 cancer cells,
which over-express a,p3 integrin, present on the cell surface of epithelial cells of
neovasculature. Gold nanorods were chosen as the molecular contrast agent since, in
addition to being highly optically absorbing due to surface plasmon resonance effects, their
optical absorption spectra can be tuned by changing their aspect ratio.23 By tuning nanorods
to have different peak optical absorption wavelengths, it is possible to distinguish between
multiple nanorod contrast agents through multiwavelength photoacoustic imaging.2* We
coated the nanorods with amorphous silica, which improves the gold nanorod thermal
stability?® and the photoacoustic signal generation efficiency.2® Silica-coated nanorods with
two different aspect ratios were chemically modified to attach targeting antibodies, allowing
the nanoparticle to be preferentially uptaken by tumor cells over-expressing the targeted
cellular receptor.24 The contrast agents were injected into the bloodstream of a mouse
growing the tumors. The injected contrast agents distributed through the circulatory system,
and infiltrated through the tissues of the mouse, including the cancerous tumors.

The tumor region of the mouse was imaged using a Vevo 2100 high frequency small animal
ultrasound scanner (VisualSonics Inc.), integrated with a SpectraPhysics QuantaRay Pro
Nd:YAG nanosecond pulsed laser with a GWU PremiScan optical parametric oscillator
(OPO) to tune the light wavelength. A fiber optic bundle was used to deliver the laser light
on either side of a linear transducer array. The system was used to deliver between 10-20
mJ/cm? of light over a range of wavelengths from 680-930 nm. A 21-MHz ultrasound
transducer (MS250, VisualSonics Inc.) collected the photoacoustic signals at each
wavelength, followed by the transmission of ultrasound and the receiving of the reflected
ultrasound by the same transducer, resulting in co-registered ultrasonic and photoacoustic
images. A linear stepper motor was used to translate the transducer and fiber bundle
construct, in steps of 150 wm, to acquire photoacoustic and ultrasound images in the third
dimension, averaging four photoacoustic signals at each step. Three-dimensional (3D)
ultrasound and photoacoustic images were captured in a volume surrounding the two tumors
within the mammary fat pad of the mouse.

The amplitude of the photoacoustic signal received is dependent upon the wavelength of the
laser light used to illuminate the sample. This dependence can be unmixed into the
individual absorption spectra of the absorbers within the tissue—oxyhemoglobin,
deoxyhemoglobin, nanoparticle 1 and nanoparticle 2. We used a linear least squared error
spectral unmixing method where each voxel was assumed to contain a combination of the
four optical absorbers.2” In this method, the initial photoacoustic signal, located at a position
within the image, depends on the concentration of the absorbers in the region, the laser
fluence, and the Griineisen parameter.28 The optical absorption spectra of hemoglobin were
obtained from the literature2® and the nanoparticle spectra were measured using UV-Vis
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spectroscopy (Synergy HT microplate reader, Biotek Instruments, Inc.). If the spectral
unmixing problem is over-constrained, which is achieved by acquiring photoacoustic data at
more wavelengths than the number of absorbers present in the tissue, then a minimum mean
squared error estimate can be obtained for the absorber concentrations. The estimated
concentrations of deoxyhemoglobin, oxyhemoglobin, nanoparticle 1, and nanoparticle 2 are
displayed using blue, red, green, and violet colormaps, respectively. For spectral unmixing,
the data was averaged into voxels of size 500 pm 200 pm 300 wm. The images of the
optical absorbers were overlaid on co-registered ultrasound grayscale images to visualize the
anatomy in the region.

High resolution 3D anatomical images of the tumor region were generated by processing the
ultrasound signals received by the integrated ultrasound and photoacoustic imaging system
(Fig. 5). In Fig. 5a, a 3D image of a single wavelength photoacoustic image, overlaid on the
ultrasound image, clearly shows the anatomy within the imaged region of the mouse,
including the vasculature (in color, provided by the photoacoustic image), and the layer of
skin and the femur within the leg (in greyscale, provided by the ultrasound image). In our
mouse model we can identify the tumor regions by locating two hypoechoic regions under
the skin, as shown in the 2D ultrasound slice in Figure 5b. From the photoacoustic signal
(Fig. 5c and 5d), it is clear that there are light absorbers within the skin, light absorption
from vasculature surrounding the tumors, and from the tumors themselves. While both
ultrasound and photoacoustic images indicate the presence of tumors, the anatomical images
alone do not provide sufficient information to diagnose malignancy, since the accuracy of
ultrasound in the distinction of benign and malignant tumors is insufficient.39 While the /n
vivo ultrasound and single wavelength photoacoustic images in Fig. 5 provide high
resolution anatomical information, the cellular composition of the tumor is unknown, and
thus we are unable, at this stage of imaging, to identify functional characteristics or the
cellular molecular expression, which might aid in the identification of a benign versus
cancerous tumor.

Functional photoacoustic images, for example of the blood oxygen saturation of the tumor,
could provide additional criteria to assess tumor function. We acquired functional
information by detecting photoacoustic signals at multiple laser wavelengths and spectrally
unmixing the signals as described above. For functional imaging of the animal model
described above, we acquired photoacoustic signals generated by laser light between 680-
850 nm. As shown in Figure 6, we can observe the oxygen saturation of the blood within the
“normal” tissue and within the tumor regions. The estimated concentrations of
deoxyhemoglobin and oxyhemoglobin are shown using a color scale ranging from blue (0%
oxygen saturation) to red (100% oxygen saturation). The 3D image shown in Figure 6a
indicates distinction of venuous flow from arterial flow within vasculature of the imaged
tissue. While the study of vasculature has relevance to some niches of medical diagnostics,
more significantly, we can use the functional information provided by the multiwavelength
photoacoustic imaging to study the tumor blood oxygen saturation. Hypoxic malignant
tumors have a worse prognosis, making the blood oxygen saturation useful for the
assessment of therapy and therapy response.3! As shown in Fig. 6b, there is a hypoxic
region within the core of the imaged tumor. This lower oxygen saturation is likely due to the
high metabolic activity of the cells located within that region, leading to insufficient oxygen
delivery within the tumor. Functional photoacoustic imaging of the blood oxygen saturation
could be used to study the response of the tumor to therapeutic treatment, non-invasively, in
real-time, and over long time periods of tumor growth.

Finally, we can further process the photoacoustic images to view the signal which correlates
to the optical absorption spectra of the injected contrast agents. In the studies shown here,
we have used silica-coated gold nanorods, but it important to note that a large variety of
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contrast agents can be successfully used for molecular photoacoustic imaging;32 in vivo
photoacoustic imaging with enhanced contrast has been demonstrated with the FDA-
approved dye methylene blue,33 with gold nanospheres,2” or with silver nanoplates.3* As
shown in Fig. 7, within our mouse model, regions of nanoparticle accumulation correspond
to the tumor regions identified with the ultrasound imaging and the functional photoacoustic
imaging of the blood oxygen saturation. Over time, there is an increase in the signal
attributed to the nanoparticle contrast agents within the tumor region (Fig. 7b, c). The
accumulation of nanoparticles could be due to two effects. It is known that tumors have
“leaky” vasculature, enabling the increased delivery of hano-sized particles through the
enhanced permeability and retention effect. Additionally, the injected nanoparticles were
bioconjugated to antibodies specific for cell receptors over-expressed on cell types used to
initiate the tumors, thus it is likely that the active targeting improves the retention of the
specific nanoparticles within the tumor region. This example demonstrates how the use of
nanoparticles can provide molecular information about the cellular expression of the tumor.
In this way, photoacoustics combines the benefits of high-contrast optical resolution of
targetable light-interacting probes, with the imaging depth capabilities of ultrasound.

Conclusions

The strength of photoacoustic imaging is in its ability to image functional and molecular
changes, at significant tissue depth, in living animals. Researchers have just begun to exploit
photoacoustic imaging techniques to enable new discoveries of the functional and molecular
characteristics of cancer, cardiovascular disease, and neurological diseases. We envision
photoacoustic imaging becoming a critical tool in medical diagnostics and image-guided
therapeutics in the future. While most photoacoustic functional imaging applications thus far
have used contrast sources which are naturally present, it is also possible to introduce
biochemically triggered contrast agents for functional imaging. For example, many dyes
exist which change their optical absorption spectra based on pH, or in the presence of an
enzyme. By adding an activatable contrast agent, we can use the change in the
multiwavelength photoacoustic signal intensity to provide quantitative information about the
biochemical environment within tissues, and monitor changes in this environment.

While this article focuses on imaging, it is also of note that a natural synergy exists between
photoacoustic imaging and therapy. For example, thermal therapy can be achieved by using
a continuous light source to heat the optical absorbers used for photoacoustic contrast, to a
temperature which can lead to the destruction of the cells and surrounding tissue.3%
Additionally, multimodal photoacoustic contrast agents can be designed to provide laser-
activated delivery of therapeutic molecules, such as by using a temperature-responsive
polymer coating,38 or by using the heat to release covalently-linked therapeutics.3”

Photoacoustic imaging is not without limitations. Like ultrasound, the resolution will be
physically limited by the inverse relationship between the imaging depth and the frequency
of the ultrasound—as the frequency increases, resolution also increases, however the signal
attenuation is greater at higher frequencies, leading to limitations in imaging depth.
Sensitivity is impacted by the scattering of light within tissue, however new techniques to
maximize the signal to noise, including improved contrast agents, and varying the laser light
characteristics, can help to minimize background signal. Other limitations include the time
required to scan—achieving high lateral resolution is dependent upon a narrow beam, which
means that the receiving transducer (in scanning systems) or object being imaged (in
tomographic systems) must be scanned in a third dimension to widen the field of view. This
time limitation does limit the temporal resolution of the functional and molecular
information which can be obtained to the timescale of minutes. Currently, only preclinical
photoacoustic imaging systems are available commercially, but the additional functional and
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molecular information available through this imaging modality will mean its increasing use

in
ad

preclinical studies, providing the needed research background necessary for clinical
aptations.AT
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Instrumentation and major processing components comprising a combined ultrasound and
photoacoustic imaging system. Photoacoustic signal, generated by the optical absorption of
laser energy by the sample, is received by an ultrasound transducer, beamformed and
processed to form an photoacoustic image. Ultrasound, appropriately beamformed, is
emitted by the transducer, and reflected ultrasound is received, beamformed and processed

to form the ultrasound image.
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Fig. 2.

Photoacoustic and ultrasound signal generation. (a) The laser pulse is scattered and absorbed
by the sample. (b) Absorption which leads to heating generates a transient pressure wave
which is received by the transducer. (c) After a delay, Tpa, ultrasound is transmitted and
received over the time period 2: tpa.
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Fig. 3.
Commercially available preclinical photoacoustic imaging systems.
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Fig. 4.

Transmission electron microscopy images of plasmonic metallic nanoparticles which have
been used for in vivo photoacoustic imaging. (a) Gold nanospheres; (b) Silver nanoplates;
(c) Gold nanorods coated with silica. Scale bars = 100 nm.
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Fig. 5.

In vivo anatomical photoacoustic and ultrasound images. (a) 3D overlay of photoacoustic
and ultrasound images of the upper leg/abdominal region. Blue box shows the 2D imaging
plane of (b—d). (b) Ultrasound image showing two hypoechoic tumors. (c) Photoacoustic
image, acquired using a laser wavelength of 850 nm. (d) Overlay of photoacoustic and
ultrasound images. Scale bars =2 mm.
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Fig. 6.

In vivo functional imaging of blood oxygen saturation. (a) 3D overlay of percent blood
oxygen saturation, determined from spectral unmixing of the multiwavlength photoacoustic
signal, and the ultrasound image. Volume is 23 mm (wide) x 6 mm (tall) x 7 mm (scanned
direction). (b) 2D slice of the percent blood oxygen saturation and ultrasound signal. Black
arrow indicates a hypoxic region within a tumor. Scale bars = 2mm.
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Fig. 7.

In vivo molecular imaging of contrast agent accumulation within a targeted tumor. The
multiwavelength photoacoustic signal was unmixed into two components corresponding to
two different contrast agents, nanoparticle 1 (NP1) and nanoparticle 2 (NP2). (a) 2D overlay
of ultrasound image, distribution of NP1 and NP2 before the injection of the contrast agent,
showing minimal background photoacoustic signal. Accumulation of NP1 and NP2 within
the tumor is shown (b) 8 hours and (c) 24 hours after intravenous injection. Scale bars = 1
mm.
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