Chemical Society Reviews

Co Chem SocRev

Structural and functional photoacoustic molecular
tomography aided by emerging contrast agents

Journal:

Chemical Society Reviews

Manuscript ID:

CS-REV-02-2014-000086.R1

Article Type:

Review Article

Date Submitted by the Author:

17-May-2014

Complete List of Authors:

Nie, Liming; NIH, NIBIB
Chen, Xiaoyuan; National Institute of Health, National Institute of
Biomedical Imaging and Bioengineering

ARONE™




Page 1 of 100 Chemical Society Reviews

Structural and functional photoacoustic molecular

tomography aided by emerging contrast agents

Liming Nie' ? and Xiaoyuan Chen'*

! Laboratory of Molecular Imaging and Nanomedicine (LOMIN), National Institute of
Biomedical Imaging and Bioengineering (NIBIB), National Institutes of Health (NIH), Bethesda,

Maryland 20892, United States

? Center for Molecular Imaging and Translational Medicine, State Key Laboratory of Molecular
Vaccinology and Molecular Diagnostics, School of Public Health, Xiamen University, Xiamen

361102, China

*Corresponding author: shawn.chen@nih.gov




Chemical Society Reviews Page 2 of 100

Table of content

1. Introduction

2. Photoacoustic Tomography Instrumental Embodiments

2.1 Photoacoustic Tomography (PAT)

2.1.1 Circular scanning configuration-based PAT
2.1.2 Linear ultrasound array-based PAT

2.1.3 Hemisphere array-based PAT

2.2 Photoacoustic Microscopy (PAM)

2.2.1 Acoustic-resolution PAM (AR-PAM)
2.2.2 Optical-resolution PAM (OR-PAM)

2.2.3 Fabry-Perot sensor-based PAM

3. Functional Parameters Measured by Photoacoustic Tomography

3.1 Hemodynamic physiology

3.2 Oxygen partial pressure (pO,) and oxygen saturation (sO;)

3.3 Tumor angiogenesis and hypoxia

3.4 Metabolic rate of oxygen (MRO,)

4. Metallic Nanoparticles as Photoacoustic Tomography Contrast Agents



Page 3 of 100

4.1

4.2

4.3

4.4

4.5

4.6

5.1

5.2

Chemical Society Reviews

Gold-based nanostructures

4.1.1 Gold nanorods
4.1.2 Gold nanocages
4.1.3 Gold nanostars
4.1.4 Gold nanoshells
4.1.5 Gold nanovesicles
4.1.6 Gold tripods

4.1.7 Gold copper pentacles

Silver nanoparticles

Quantum dots

Copper sulfide

Iron oxide

Palladium nanosheets

. Carbon nanoparticles

Carbon nanotubes

Graphene-based nanosheets

6. Organic compounds

6.1 Polymer nanoparticles

6.1.1 Semiconducting polymer



Chemical Society Reviews

6.1.2 Polypyrrole (PPy)

6.2 Porphyrin nanoparticles

6.3 Perfluorocarbon nanodroplets (PFCnD)

6.4 Indocyanine green (ICG)

6.5 Methylene blue (MB)

6.6 Evans Blue (EB)

6.7 Coomassie Blue & Prussian Blue

7. Reporter Genes

7.1 Fluorescence proteins

7.2 LacZ

7.3 Tyrosinase

8. Discussion and Prospects

9. Acknowledgements

10. Biographies

11.

References

Page 4 of 100



Page 5 of 100

Chemical Society Reviews

Abstract

Photoacoustic tomography (PAT) can offer structural, functional, and molecular contrasts at
scalable observation level. By ultrasonically overcoming the strong optical scattering, this
imaging technology can reach centimeters penetration depth while retaining high spatial
resolution in biological tissue. Recent extensive research has been focused on developing new
contrast agents to improve the imaging sensitivity, specificity and efficiency. These emerging
materials have substantially accelerated PAT applications in signal sensing, functional imaging,
biomarker labeling, and therapy monitoring etc. Here, the potentials of different optical probes as
PAT contrast agents were elucidated. We first describe the instrumental embodiments and the
measured functional parameters, then focus on emerging contrast agent-based PAT applications,

finally discuss the challenges and prospects.

Keywords: Photoacoustic tomography, contrast agents, functional imaging, optical probes, gold

nanoparticles.

1 Introduction

Optical imaging provides rich contrast in biological tissues based on their distinct chemical
components. In principle, pure optical imaging modalities can be categorized into ballistic and
diffusive imaging systems. Ballistic optical imaging methods such as optical coherence
tomography (OCT),' fluorescence microscopy (FM),? confocal microscopy (CM),’ and two-

photon microscopy (TPM)* and have profoundly advanced biophotonics. However, the incident
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photons in tissue, after optical transport mean free path (~1 mm), severely suffer from strong
diffusion and thus lose optical coherence and focusing properties. Consequently, the shallow
penetration depth of ballistic optical imaging in scattering medium fundamentally hampers their
application in biomedicine.

Diffuse optical tomography (DOT) utilizes near-infrared (NIR) laser to detect absorption
properties and scattering coefficients of biological tissues. In contrast to ballistic imaging, DOT
can reach centimeters beyond the optical scattering limit into tissue but lacks enough spatial
resolution.™ ® It still remains a great challenge for pure optical imaging to maintain both superb
spatial resolution and deep penetration depth. Since ultrasonic scattering in biological tissues is
at least two orders of magnitude weaker than optical scattering, deep penetration can be achieved
by pulse-echo ultrasound (US). Despite the high spatial resolution, pure ultrasonic imaging that
relies on differences in acoustic impedance often leads to weak contrast and speckle artifacts in
soft tissues.”® Luckily, by converting the incident photons into US emission, photoacoustic (also
termed optoacoustic) tomography (PAT) can ultrasonically breakthrough the optical diffusion
limit in biological tissue. PAT hybridizes both the merits of rich optical contrast and high
ultrasonic resolution, but alleviates their shortcomings in a single modality, permitting
anatomical, functional, molecular, and genetic imaging.

Photoacoustic (PA) phenomenon was first discovered by Alexander G. Bell in 1880.° In his
experiment, Bell observed that a thin sheet of material exposed to a sunlight beam, rapidly
interrupted by a rotating slotted disk, emitted audible sound signal and different materials
produced different tones. However, the real application of this technique had to wait almost a
century until the development of sensitive sensor and intense light sources for spectroscopy

analysis. In 1971, PA spectroscopy was reported to be sensitive enough to detect a concentration

Page 6 of 100



Page 7 of 100

Chemical Society Reviews

of 0.01 part per million (ppm) of nitrogen oxide (NOy) pollution in air samples.10 In virtue of
laser technology and biomedical nanotechnology, the interest in this topic has increased
exponentially in the early 21st century is probably the fastest-growing imaging field recently.'"
12

PA effect is based on acoustic wave generation induced by optical excitation, whose
principle is illustrated in Fig. 1. When pulsed (or intensity-modulated) laser beam irradiates a
biological tissue, a small temperature rise in the issue leads to thermo-elastic expansion that will
produce ultrasonic waves. Theoretically, only 1 mK temperature leap can generate about 800 Pa
pressure rise that is far beyond the noise level of a typical ultrasonic transducer."® The acoustic
pressure, after propagating in the tissue and coupling medium, can be received by ultrasonic
transducer to reconstruct PA image of optical absorption. When the excitation source is replaced
by radio-frequency or microwave, the technique is termed thermoacoustic tomography, which

reflects dielectric properties of the tissue.'*

: Laser ,
Ultrasonic Acoustic
sensor

wave

Fig. 1 Schematic illustration of laser-induced PA effect in biological tissue.
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The inherent contrast of PAT depends on the chemical compositions of endogenous contrast
agents such as hemoglobin,"” melanin,' lipid,"” and myoglobin."® Nevertheless, many diseases
and physiological processes usually manifest little or insufficient intrinsic PAT contrast.
Therefore, it is highly essential and demanded to develop functional contrast agents for fully
utilizing PAT potentials. The emerging exogenous contrast agents including synthesized
nanostructures, pigments, chromophores, reporter genes, and even their derivatives. The versatile
and effective nanoplatform could contribute in exquisite sensitivity and diagnostic specificity
enhancement, functional parameter quantification, and physiological activity revealing efc. The
technical advancements of PAT and translation of research applications to clinic diagnosis are
also discussed. It is anticipated that PAT aided by nanotechnology will elicit broad interest and
provide guidance in material chemistry, medical instrument engineering, disease diagnosis,

vascular biology, and oncology therapeutics, etc.

2 Photoacoustic Tomography Instrumental Embodiments

2.1 Photoacoustic Tomography (PAT)
2.1.1 Circular scanning configuration-based PAT

In circular scanning configuration, laser beam usually irradiates the entire to-be-imaged
sample from the top, ultrasonic transducer circularly scans around the sample to collect PA
signals at different angles (Fig. 2a). Various types of acoustic detectors can be employed due to
the flexibility: single transducer, curved acoustic array, virtual point transducer, ring-based or
high numerical aperture (NA) transducer, and integrated transducer (line or plane) etc. Single flat

transducer has been widely used in PAT because of its low cost, wide availability and high
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sensitivity. However, most flat transducers have relatively small acceptance angles which limit
the imaging field-of-view (FOV)." Correspondingly, negative lens added to the transducer
surface or virtual point concept transducer was proposed to achieve a much larger signal

acceptance angle.”% %!

Universal back-projection (also referred to as sum-and-delay) algorithm offers exact
reconstruction solution and is the most widely used reconstruction method for PAT.** #
However, back-projection algorithm ignores the acoustic heterogeneity and assumes that the
transmission medium is homogeneous. On the contrary, time-reversal method is a popular
imaging reconstruction algorithm to compensate for acoustic heterogeneities.”* *> A k-space
time-reversal model was established to incorporate speed-of-sound mapping and attenuation
distribution in a freely available toolbox of Matlab.?®?” Forward and back-projection operators

were also implemented for computing numerical solutions to the PA wave equation, which can

mitigate the effects of incomplete data and disturbing noises.”®

Mechanical scanning of a single transducer at hundreds of different angles can be time-
consuming, thus a set of transducers or an acoustic array has been proposed to shorten the data
acquisition (DAQ) time. A 128-element ultrasonic transducer arc array was presented for a rapid
and high-resolution PAT system.”” Meanwhile, a 16-channel parallel data-acquisition module
allowed capture of complete 360° scan via sample rotation within 15 s.** Furthermore, an
upgraded 512-element full-ring ultrasonic array with 64 parallel acquisition channels was
designed for whole-body animal imaging as shown in Fig. 2b.*® The full-ring signal receiving
configuration eliminated mechanical scanning and guaranteed a full two dimensional (2D) view
aperture with acquisition time of 1.6 s per frame.”" ** This high-speed PAT system enabled

dynamic metabolism and functional connectivity mapping of the mouse brain.** **
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Fig. 2 (a) Circular scanning PAT using single ultrasonic transducer.”’ (b) 512-element full-ring

PAT system.3 0

In a similar way, multispectral optoacoustic tomography (MSOT) scanner was developed
for biochemical marker imaging in preclinical studies.’”™ *® A piece of 64-clement
piezocomposite with a central frequency of 5 MHz was arranged in spherical concave curve
array spanning 172°. Multi-wavelength irradiation is capable of imaging endogenous
chromophores, exogenous fluorescent proteins and biomarkers.”” Alternatively, a concave arc-
shaped array of 64-clement transducer was designed to acquire PAT images.’® The phantom or
mouse is excited orthogonally by two beams of light from a bifurcated fiber bundle. The system
can image the entire mouse body including individual organs and blood vessels with a sub-

millimeter resolution.*®’

2.1.2 Linear ultrasound array-based PAT
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Adaptation of commercially available US scanner is a low-cost and time-saving way to
implement PAT. By adding light delivery, commercial linear or 2D matrix US array was
modified to collect PA signals, which greatly reduced the scanning time.**** As shown in Fig. 3a,
a clinical US system (iU22; Philips Healthcare, MA) was modified to evaluate in vivo sentinel
lymph node (SLN) mapping for PAT.* Light from a tunable laser was delivered through a fiber
bundle to illuminate the target. Raw PA and US signals were collected by a parallel DAQ system
for post processing and image display. The handheld probe simplified the experimental

procedure and subject handling, making it highly translatable to bedside clinic.

Since each element in the transducer array has limited receiving angle, a limited-field-
filtered back-projection algorithm with a weight factor was proposed to confine the signal
contribution, improving the lateral resolution from 1.5 mm to 0.24 mm.** In the same way, a
modified B-mode US system with linear array transducer was applied for TAT shown in Fig. 3b.
In this geometry, mechanical scanning is no longer mandatory. The DAQ time for primary
monitoring at one observing stop is determined by the laser repetition rate (usually 0.1 or 0.05 s).
For full-view imaging, a 10-stop rotation around the sample is sufficient to obtain a clear and
accurate image.” This system has been used for foreign body detection,*® breast cancer

imaging,*” and targeted molecular imaging.*®
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Fig. 3 (a) Modified B-mode US scanner for dual PAT/US imaging of SLN.* (b) Experimental

setup of TAT system adapted from commercial US imaging system.*

A small-animal PAT scanner (Vevo LAZR) was also modified from US equipment by
Visualsonics Inc. to provide a dual-mode PA-US imaging capability that is now commercially
available. The system equipped with a 21 MHz linear array provides three dimensional (3D)
visualization, tumor imaging, and oxygen saturation measurement.* A 590-element PVDF plane
array transducer has been used in the Twente PA mammoscope for clinical trials of human breast
imaging.”” ' The downside is that the scan time is relatively long (~30 min per frame) and the
spatial resolution (24 mm) demands further improvement. Although ultrasonic transducer is
ubiquitous with ultrasonography in Department of Radiology, the PAT image quality acquired
from linear array systems tends to be suboptimal, particularly for shallow tissue imaging. This
weakness is partially due to limited detection aperture and low sensitivity (small detection area in
each element) of linear array transducer. Further improvements, for example, sensing sensitivity
enhancement and sophisticated reconstruction algorithm are still expected to match the image

quality of dedicated PAT systems.

2.1.3 Hemisphere array-based PAT

Although circular scanning mode is the most widespread PAT modality, the incomplete
DAQ configuration neglects the PA pressures that propagate along the cylindrical axis. Thus the
spatial resolution is inhomogeneous in the FOV and becomes worse when away from the

scanning center.”' In addition, the elevational resolution (along the cylindrical axis) of 3D PAT is
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about ten times worse than the in-plane resolution. Receiving signal from every solid angle is
highly desirable because PA pressures are produced omnidirectionally to the whole space. To
this end, a NIR pulse laser serves as the light source and 128 flat ultrasonic transducers are
spirally located on a hemispherical surface to collect PA signals for 3D image reconstruction
(Fig. 4a).* The bowl structure facilitates the PA signal receiving from as many solid angles as
possible, resulting in a homogeneous resolution distribution in the PA images. Owing to the
unique configuration, the PAT system can provide an isotropic and homogeneous spatial
resolution of ~200 um in a large FOV with a diameter of ~30 mm. NIR laser that used as the
excitation source can deeply penetrate biological tissue (up to centimeters). This imaging modality has
been explored for angiogenesis imaging, therapy monitoring,”* and human breast angiography.>*
> Lateral and anterior-posterior maximum intensity projection (MIP) images of the left breast of
a patient are shown in Figs. 4b&4c, respectively. Breast vasculature was successfully visualized

to a depth of 40 mm with a surprisingly high contrast.

< Laser @ Ultrasonic transducer

Acoustic wave <€ Rotation

Fig. 4 (a) Schematic of 128-element hemisphere array-based PAT.” Pulsed laser was expanded
by a concave lens at the bottom of the imaging bowl, and then irradiated on the object. 128 single

transducers were spirally located on the hemispherical surface to collect PA signals. (b) Lateral
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MIP image of a human breast using hemisphere array PAT.>® (c) Anterior-posterior MIP image

of the human breast using hemisphere array PAT.” Image area: ~9 x 9 cm’

2.2 Photoacoustic Microscopy (PAM)
2.2.1 Acoustic-resolution photoacoustic microscopy (AR-PAM)

PA microscopy (PAM) refers to the imaging modality where a PA image is captured by
collecting signal pixel-by-pixel in an imaging grid. A focused ultrasonic transducer is employed
to detect PA signals primarily from the focal zone of the transducer. The detection at each pixel
contributes to an A-line signal and a B-scan image is completed after scanning along a line. A set
of B-scan images are then assembled to form a 3D image without reconstruction algorithm as in
PAT. There are two types of PAM technique depending on the resolution scale: acoustic-
resolution PAM (AR-PAM) and optical-resolution PAM (OR-PAM). When a focused US
detector is used, it is named AR-PAM because the imaging resolution is determined by the US
propagation and detection. When a focused laser beam is used, it is called OR-PAM since the

resolution is dependent on the focused laser beam size in tissue.

In AR-PAM embodiment, dark-field laser illumination is usually adopted to minimize
unwanted skin signals as depicted in Fig. 5. A collimated laser beam is first expanded by a
conical lens, and then irradiates a condenser which converges the ring beam in the focusing zone
of an ultrasonic transducer.” In this geometry, the focus point of the laser beam is coincident
with that of the ultrasonic transducer for maximum signal detection. The PAM system permits
multiwavelength imaging of various contrasts and allows high resolution with a ratio of

maximum imaging depth to resolution larger than ~100.7> In vivo tumor angiogenesis imaging
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and hemoglobin oxygen saturation (sO,) mapping have been conducted on living subjects with

such system.
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Fig. 5 Schematic illustration of an AR-PAM system.> The optical illumination and ultrasonic

detection are in a coaxial confocal configuration for high sensitivity imaging.

2.2.2 Optical-resolution photoacoustic microscopy (OR-PAM)

A second embodiment of PAM with finer resolution but shallower depth is optical-
resolution (OR) mode where optical instead of acoustic focusing is the key factor.””>* An OR-
PAM system was developed for high-sensitivity imaging of small capillaries shown in Fig. 6. A
high NA microscope objective was used to focus the laser beam onto the tissue surface through
an optically transparent acoustic reflector. Meanwhile, the acoustic reflector guides the PA

signals to a US transducer that was placed next to the laser path. Analogous to AR-PAM, 3D
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OR-PAM image can be acquired by raster scanning the focused excitation beam and the

transducer together.
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l | m \{ .
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0
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Fig. 6 Schematic illustration of OR-PAM for small capillary imaging.59

Petri dish

By approaching the optical diffraction limit, the beam size of focused laser can be
adjustable to submicron or even hundreds of nanometers to image deliberate anatomy.*” ®' The
functional imaging capabilities permit OR-PAM preclinical biological studies, for instance,
oxygen delivery and metabolism at capillary level. Blood vessels and capillaries in a mouse ear
showing a packed capillary bed were clearly imaged as displayed in Fig. 7.°° The zoomed region
from the dashed blue square in the left image revealed the detailed structure and red blood cells
(RBCs) in a capillary on the right image. Despite the high in-plane resolution, the disadvantage
is that the vertical resolution (in depth) is order of magnitude worse than lateral resolution since

it depends on acoustic detection and thus is limited by detector bandwidth.
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Capillary bed

Relative HbT

Fig. 7 OR-PAM of blood vessels in a living mouse ear with a zoomed region showing capillary

structure and individual RBCs moving in a single capillary.”

Single-cell detection is critical in assessing circulating tumor cells (CTCs) in blood vessel
as indicators of cancer metastasis. Flow cytometry by transferring cells into a single file flow
was conducted with laser after hydrodynamic focusing.” However, the extraction of cells from a
living system may change cell properties, which also lead to potential unnecessary complications.
Similar to OR-PAM, PA flow cytometry (PAFC) with optical focusing to generate PA signals
was used to probe isolated live melanoma cells suspended in saline solution flowing through a
tube.” Functionalized magnetic nanoparticles (NPs) targeted receptors in breast cancer cells,

1.%* The PA pressure was

then bound and captured CTCs by a magnet near the blood vesse
generated when the targeted CTCs passed through the optical focused zone. The benefits of
PAFC include high sensitivity and high specificity by binding interested cells with different
contrast agents and using spectroscopy detection. The application examples included real-time

detection of circulating red and white blood cells in different functional states (e.g., normal and

apoptotic),’” and exogenous nanoparticles.*
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For ophthalmological study, an anterior segment and ciliary body region were imaged in ex
vivo pig eyes.”” Because the laser spot size was much less than the US focal zone width, OR-
PAM demands much higher repetition rate of excitation laser.”® At the same time, OR-PAM
images provide much better resolution than those obtained using conventional US or AR-PAM
system. An OR-PAM system compatible with OCT and autofluorescence imaging was also
developed for ophthalmoscopy, allowing anatomic and functional retinal characterizations.®” ™

However, clinical applications (except for ophthalmic application) of OR-PAM are unavoidably

limited owing to the relatively short penetration depth (~1 mm).

2.2.3 Fabry-Perot sensor-based PAM

Piezoelectric ceramic is the most popularly used material in photoacoustics, its detection
sensitivity, however, declines with decreasing aperture size. A higher frequency transducer offers
higher spatial resolution at the expense of signal-to-noise ratio (SNR). To mitigate this issue,
optical sensing, such as a Fabry-Pérot interferometer (FBI) that consists of a polymer film spacer
sandwiched between a pair of reflective surfaces was used to detect weaker acoustic signals at
high frequencies.”"’* Briefly, a tunable optical parametric oscillator (OPO) laser system supplied
optical pulses to generate PA signals from the entire tissue, which was in acoustic coupling with
the FP sensor. The arriving PA wave modulated the optical thickness of the film, thus changing
the reflectivity of the reflective surfaces as shown in Fig. 8.” A second focused continuous wave
(CW) laser, as an interrogation beam, irradiated the FBI film that is transparent to the excitation
laser beam. The variations of the reflected CW light intensity can be converted to pressure at the

detection spot for imaging forming.
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Fig. 8 Schematic of Fabry-Pérot interferometer used for PAM imaging.”

Raster scanning the interrogation beam over the film is equivalent to scanning a single-
element sensor with laser spot as did in AR-PAM and OR-PAM. The high-sensitivity FPI and
wideband acoustic performance enable this unique detector to image superficial blood vessels
underneath the skin. Besides subcutaneous vasculature, the system has been applied as an

-7 By use of higher repetition rate

imaging tool for tumor angiogenesis and mouse brain cortex.
laser or parallelizing the sensor read-out system, there is space to speed up the DAQ for real-time

imaging.

3 Functional Parameters Measured by Photoacoustic Tomography
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3.1 Hemodynamic physiology

The primary physiological function of blood is to supply oxygen, nutrients, and ingredients
to all tissues and to purge waste products, which in return reflects cardiovascular health and life
quality. A significant portion of cardiovascular diseases is related to hemodynamic physiology
disorders and dysfunction. Functional measurement of hemodynamic patterns is regarded as a
key criterion of physiology status.”® Hemoglobin, the core element of blood, is the dominant
absorbing target among various intrinsic optical contrasts in biological tissue. The absorption
coefficient of hemoglobin is approximately six orders of magnitude higher than the surrounding
tissues. As a result, PAT can clearly image RBC-perfused blood vessels without background
signal. As a workhorse, hemoglobin has been explored for functional PAT in hemodynamic
change,”’ oxygen saturation mapping, tumor angiogenesis and hypoxia,” as well as metabolic
rate of oxygen.”” ** Hemodynamic-based PAT holds great potential in both fundamental life
science and clinical practice for promising applications such as ischemia,® vascular disorders,

83 1 84 ST 85
strokes, ~ diabetes,” and epileptic seizures.

3.2 Oxygen partial pressure (pO,) and oxygen saturation (sO;)

Oxygen partial pressure (pO,) that is proportional to the dissolved oxygen concentration
directly measures the oxygen available to RBCs. Measuring pO, in vasculature using
phosphorescence lifetime quenching has been well developed.*® However, fluorescent signal
measurement cannot resolve spatial position because of light scattering, which limits the clinical

application. Instead of fluorescent measurement, PA technique was proposed for accurately
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localizing and measuring the excited state lifetime of oxygen sensitive dyes, some of which

include Pt(II) octaethylporphine (PtOEP) and methylene blue (MB).*"*’

A schematic illustration of the pO2 measurement is depicted in Fig. 9. A first laser pulse
was used to excite the dye from ground state to its first singlet state (S1), then to a triplet state
(T1) within several picoseconds. The population on the excited state (T1) decayed back to the
ground state by phosphorescence and quenching via collisions with oxygen molecules. The
decay process was relatively slow (~50 ps for PtOEP) and relied on surrounding oxygen
concentration. A probe pulse at different wavelength irradiated at time t to generate a PA
response leading to the T1 to T2 transition. By changing the time delay (t) between the pulses,
the decay of the excited state population could be recorded. Since the optical absorption at the
excited state (T1) is distinct from that at the ground state, PA signal intensities can reflect the

different populations of the excited and ground states and hence deduce the oxygen pressure.

T2
: robe
1 7 PPy
ST fwv\,
A
m [ ]
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Fig. 9 Oxygen partial pressure measurement by PA lifetime detection with phosphorescent

oxygen sensitive dye.®’



Chemical Society Reviews Page 22 of 100

In general, hemoglobin exists in two modes: HbO, (saturated with oxygen) and Hb
(desaturated with oxygen). The amount of oxygen bound to the hemoglobin is largely related to
pO, which the hemoglobin is exposed to. Typically, sO; is high at the presence of high pO,, e.g.
in the lung, whereas sO, is relatively low when pO, drops, e.g. in the end tissue. PA signal
amplitudes of blood vessels depend on the concentrations of HbO, and Hb. Therefore,
spectroscopic measurements at two (or more) wavelengths can be performed to quantify the
proportion and thus sO, by solving linear equations.”’ However, direct use of the PA temporal
signals could be unreliable because the received acoustic waves are distorted by the limited
bandwidth of ultrasonic transducer. Alternatively, the distortion effect of PA signals can be
eliminated by analyzing the acoustic spectra at two wavelengths.”’ The caveat of this analytic
method is that acoustic spectra analysis is self-calibrating and insensitive to absolute optical

fluence.

3.3 Tumor angiogenesis and hypoxia

Angiogenesis supplies oxygen and nutrients to cancer and benefits tumor proliferation and
spread (metastasis). As a tumor outgrows the blood supply, a portion (usually the center) of the
tumor over-consumes oxygen and results in hypoxic microenvironement. The neovascularization
level and sO; value in tumor would be superb indicators to evaluate its pathological status and
spread potential. PAT is capable of imaging neovascularization and segment microvessel
architecture responses to angiogenesis inhibitors, establishing a method to the study of ischemic

and tumor angiogenesis.”” >> PAT images of neovessels and sO, were demonstrated on a tumor
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model bearing US7MG glioblastoma.”® The tumor area showed much higher PA signals than
normal area, which suggested probable angiogenesis. The tumor center manifested much lower
sO, than the surrounding normal tissue, indicating hypoxic tumor vasculature. Moreover, the
normal vessels tended to have lower total hemoglobin in addition to a higher sO, and a lower sO,

fluctuation than the tumor vessels.

3.4 Metabolic rate of oxygen (MRO;)

pO, and sO, are static oxygenation parameters in living subjects. In comparison, metabolic
rate of oxygen (MRO,) or oxygen release rate can reflect the dynamic rate of oxygen
consumption, which can be considered as a gradient of sO, with certain speed. Accurately
measuring MRO, can be helpful for fundamental pathophysiological studies and even prognosis
and disease therapy. If the region of interest (ROI) has well-defined feeding and draining vessels,

MRO, can be measured by the following equation.”*°

MROE =EX CHb B {Sozm * JI'1'*L|:1 KWV — SOZI:ILLt}{ A-nut * vuu‘li]ﬂ""l

Where ¢ is the oxygen binding ability of hemoglobin and is considered as a constant. Cyyp is
the total concentration of hemoglobin. sO, is the average oxygen saturation. A is the cross-
sectional area of the blood vessel. v is the average velocity of blood flow. W is the weight of the
ROI. Subscripts ‘in’ and ‘out’ denote feeding and draining blood vessels, respectively. All the
above parameters can be locally quantified in real-time PAT system.

In cellular aerobic respiration, oxygen release rate is in linear relationship with metabolic
rate of glucose. Therefore, measuring metabolic rate of oxygen is critical to study the metabolism

of cells and their relevant functionalities. At single RBC level, MRO, was imaged by PA



Chemical Society Reviews Page 24 of 100

flowoxigraphy in the living brain as shown in Fig. 10.** To induce an acute hypoglycemia
condition, insulin (30 IU/kg) was injected subcutaneously to the mouse. Functional PAT images
over a large FOV of a mouse brain, with a typical sO, image shown in Fig.10a, were collected at
100 Hz for over 1 h right after the injection. The blood glucose concentration was continuously
monitored by a glucose meter by drawing blood through tail vein every 10 min. The decrease of

the blood glucose level with time from the glucose meter readout was shown in Fig. 10b.

The physiological phase was defined as hypoglycemia when glucose concentration was less
than 58.5 mg/dL or normoglycemia when glucose concentration was larger than (or equivalent to)
58.5 mg/dL. Figs. 10c—10g show various functional parameters including MRO,, Cyp, sO,, VsO,
(gradient of sO,), and v deduced from the PA images and averaged over every second. It can be
seen that MRO, decreased with decreasing glucose concentration (Fig. 10c), which was
consistent with the measurements by glucose meter. The other functional parameters, including
Cupb, 8O, VsO,, and v, decreased as well. The experimental results, especially the MRO,, show
clear and prompt responses due to glucose level change. The strong correlation between external
stimulus and single-RBC oxygen delivery indicates a potential oximetry approach to studying

brain functions at the single cellular level.
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Fig. 10 (a) A typical sO, mapping of a mouse brain cortex through a small craniotomy.*® Scale
bar = 200 um. (b) Blood glucose levels by glucose meter acquired every 10 min after insulin

injection.®® (c—g) MRO,, Cpp, O, VsO», and v calculated from single-RBC PA images.™
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4 Metallic Nanoparticles as Photoacoustic Tomography Contrast Agents

4.1 Gold-based nanostructures

Metallic NPs have been highly attractive as research topics and are now extensively utilized
in diagnostic imaging because of their unique physicochemical and optical properties. The
optical absorption mechanism of different gold nano-constructs such as gold nanorods (GNRs),
nanoshells, nanocages, nanostars, nanotripods, and nanovesicles is based on localized surface
plasmon resonance (LSPR). Plasmonic NPs in different architectures and dimensions can be
fabricated for unique optical signatures. The synthesis methods vary greatly for different types of
particles, seed-mediated growth is one typical and versatile approach. In the growth protocol,
small (2-5 nm) spherical particles, served as ‘seeds’ are added to a solution of bulk metallic ions.
The 1ons are gradually reduced and absorbed on the surfaces of the seeds. Seeds are then added
to growth solution so that to control the deposition rate and thus the product growth rate. By
changing some crucial growth parameters, NPs in myriad shapes other than sphere can be

obtained. More details about the synthesis procedures were introduced in the literatures.”> *°

The plasmonic Au nanostructures have opened a wide range of applications: photothermal

98, 99

therapy (PTT),” imaging contrast agents and drug delivery vehicles, efc. Furthermore,

colloidal gold NPs have been used in clinic particularly to treat rheumatoid arthritis for

decades,'® which unlikely bring toxicity concerns that have limited other PA imaging agent.'"!

The favorable surface chemistry of gold NP with its relative inertness allows affinity conjugating

to various functional biomolecules including antibodies, ligands, and drugs of interest.'** '

4.1.1 Gold nanorods
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Among various gold nanostructures, GNR exhibits tunable, intense and narrow absorption
peaks in the near infrared (NIR) region. This rod-shaped NP, with Transmission electron
microscopy (TEM) image shown in Fig. 11a, has attracted considerable attention as molecular
probe for PAT of inflammatory response and tumor imaging.'®* ' A seed-mediated GNR
synthesis method involves addition of citrate-capped gold spheres as seeds to the gold salt
(HAuCly) growth solution.'® The reaction product with monodispersity can be obtained by the
reduction of HAuCl, with ascorbic acid (Vitamin C) in the presence of cetyltrimethylammonium
bromide (CTAB) surfactant and silver ions. A dose of 200 uL of 5.4 nM GNRs with 756 nm as
absorption peak was injected through tail vein to a tumor-bearing mouse. As shown in Fig. 11b,
subcutaneous xenografts of the ovarian cancer were clearly imaged due to passive targeting of
GNRs.'” The PA signal increase was obviously observed on a wide variety of ovarian tumor
types including 2008, HEY, and SKOV3 cell lines.'” The boundary between tumor and normal

tissue could be visualized via surface-enhanced Raman spectroscopy (SERS) imaging with

GNRs.

Fig. 11 GNRs as optical contrast agents for PAT. (a) TEM of GNR with aspect ratio of 3:1."%" (b)

PA images of GNR on A, MDA-435S tumor (positive control) B, 2008 C, HEY, and D, SKOV3
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ovarian tumor models before (upper panel) and after (lower panel) tail-vein injection of 200 pL

of 5.4 nM GNR.'®

Silica coating of gold NPs provides a simple method to enhance their performance as
contrast agents. Silica-coated GNR were reported to produce about 3-fold higher PA signals and
5-fold more cell uptake than GNR without silica coating.'®® '% The extra PA signal boost is
attributable to the reduction of the gold interfacial thermal resistance with the solvent by silica.'®®
As shown in Fig. 12a, GNR without shell has broader heat peak and weak PA signal amplitude
owing to their interfacial properties. After coating silica shell, GNR has reduced interfacial
resistance and a sharper profile peak while the amplitude decreased due to the heat capacity of
silica. Thus the PA signal amplitude increases correspondingly shown in Fig. 12b. At a very
large thickness, the influence of the silica coating is stronger leading to a further reduced and

broader temperature peak, however, a decrease in the PA signal as shown in Fig. 12c.

Types of Au Nanorods Temperature profile of Photoacousticsignal

surrounding liquid amplitude
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t
t
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Fig. 12 Mechanism schematic of the silica coating to the PA signal effect of (a) a bare GNR, (b)

a thin silica shell coating GNR, and (c) a very thick silica shell coating GNR.'*®
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4.1.2 Gold nanocages

Gold nanocages (GNCs) are cubic, hollow, and porous NPs with size range from 30-100 nm
(TEM shown in Fig. 13a). They can be synthesized by simple galvanic replacement reaction

between silver nanocubes and metal precursor (HAuCly) in solution.'"

Ag nanocubes can be
obtained by a facile method based on polyol reduction.'"" Because of the hollow interior and
porous wall, GNC can also be used as delivery vehicles by encapsulating drugs. Thermally
responsive polymers such as poly(Nisopropylacrylamide) (pNIPAAm) were used to cover the
nanocage surface with effector loaded in the cavity.''? Under NIR laser, the polymer chains will
collapse in response to temperature variation and thus the pre-loaded drug will be released to the
disease site as shown in Fig. 13b. When the stimulation is turned off, the temperature will
decrease and the polymer chains will cover the pores again, terminating the release. The
encapsulated effector could be a disease-specific drug or functional molecule. The stimulation
source could be replaced by high-intensity focused ultrasound (HIFU) or a specific enzyme.'"

However, the GNC concentration, drug loading, and laser irradiation parameters need to be

optimized to further improve the therapeutic efficacy.
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Fig. 13 (a) TEM of gold GNCs at size of ~35 nm."'* (b) Schematic illustrating GNC covered by
smart polymers activatable by laser irradiation.''? Upon exposure to laser, the light is absorbed
by GNC and converted into heat, stimulating the smart polymer collapse and release the

preloaded drug.

Due to the large scattering and absorption cross sections, GNCs are excellent optical
contrast agents for OCT,'"” photothermal cancer treatment,''® and PAT.""” PAT of cerebral
cortex in a rat brain was demonstrated by using GNCs as intravascular contrast agents.''® A
maximum 80% PA signal enhancement in the brain cortex was observed ~4 h after injection of
GNC solution.'"® In an animal model, SLN perfused with GNCs as deep as 3.3 cm underneath
the skin surface were identified with good contrast.''” PAT with GNCs may potentially eliminate

the invasive axillary staging procedures for SLN identification and imaging.

In another study, GNC conjugated with [Nle*, D-Phe’]-a-melanocyte-stimulating hormone

120

was used for PAT of melanomas with both high sensitivity and specificity. ©° Blood vessels and
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melanoma were imaged at 570 nm and 778 nm, respectively, and then overlapped in one image
by different pseudo colors (Fig. 14)."*® GNC conjugated with [Nle*, D-Phe’]-o-MSH as active
targeting (Fig. 14a) provided 3-fold higher PA signal enhancement than that of PEG-GNC as
passive targeting (Fig. 14b) to melanoma. On the other hand, GNCs are not appropriate as

contrast agents for long-time optical imaging monitoring due to the photothermal instability.

Fig. 14 PA imaging of B16 melanoma after tail-vein injection of 100 pL GNC solution with a

120 pseudo red denotes blood vessels while Pseudo yellow denotes the

concentration of 10 nM.
melanoma in PA amplitude. (a) MIP PA images of B16 melanomas using [Nle!, D-Phe’]-0-

melanocyte-stimulating hormone conjugated GNCs. (b) MIP PA images of B16 melanomas

using only PEG-GNC.
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4.1.3 Gold nanostars

Gold nanostar (GNS) is plasmon-tunable in the NIR region with great absorption-to-
scattering ratio. The absorption cross section of GNS can be orders of magnitude higher than dye
molecules because of high surface-to-volume ratio. The large particle surface of GNS (TEM
shown in Fig. 15a) can be linked to many functional molecules such as antibodies or ligands.
Cyclic arginine-glycine-aspartic acid (RGD) peptides were reported to possess high affinity to
vasodilatation related integrin a.B; overexpressed by neovessels in tumor.'?" '** By conjugating
RGD with GNS, tumor angiogenesis mapping, PTT of tumor vascularization, and monitoring of
the treatment response were designed in one single theranostic platform.’* Schematic diagram of
the RGD-GNS targeting integrin a,B; on endothelial cells in the blood vessel of tumor was

shown in Fig. 15b.

The theranostic ability of RGD-GNS was validated on US7MG glioma bearing mice by CW
laser irradiation.® The MIP images of the tumor revealed significantly enhanced signals and
better image contrast in the RGD-GNS group, while no remarkable change was observed in PBS
injected control group. Six hours after injection, PTT was carried out with laser power density of
1 W/em? at 790 nm for 10 min. PA scanning was implemented at different days (Day 0, 6, 9, 15)
post-injection to evaluate the tumor response to PTT treatment. Inhibition of blood vessels and
decrease of contrast can be found in RGD-GNS treated group after PTT treatment (Fig. 15c),
suggesting the disruption of neovasculature from laser irradiation. In the control group, no
noticeable reduction indicates that the blood vessels cannot be destroyed by laser irradiation only
(Fig. 15d). Chlorin E6 (Ce6) conjugated GNS were used to perform simultaneous photodynamic

123

therapy (PDT)/PTT for synergistic anticancer efficiency. ©” In another study, in vivo PA

detection of rat SLN by GNS was demonstrated toward lymphangiography.'**
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Fig. 15 GNSs as contrast agents for PA angiography and PTT.”” (a) TEM of GNSs. (b)
Schematic illustration of the RGD-GNS targeting integrin a3 on endothelial cells of neovessels
in the tumor. (c) PA angiography monitoring of therapy response of PTT by RGD-GNS and laser

irradiation. (d) PA angiography monitoring of tumor therapy response by only laser irradiation.

4.1.4 Gold nanoshells

Gold nanoshell (GNSh) consists of a dielectric silicon dioxide core coated with a gold shell.
The LSPR effect arises from the collective oscillation of conduction electrons in the shell
structure where the electrons oscillate with all the ions and efficiently couple the light into
heat.'”> '?® The absorption peak of the nanoshell in the NIR region is tunable by varying the
silica core size relative to the thickness of the gold shell. Poly(ethylene glycol)-coated nanoshells

circulating in rat brain vessels were continuously mapped in vivo.'?” Three successive injections
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of the GNSh as indicated by the arrows in Fig. 16e, each with a dose of ~0.8x10°
nanoshells/gram body weight, were administered to the rat through intravenously (iv) injection.
PA image acquisition of the rat brain cortex was performed ~5 min after each injection. Circular
scanning with a step size of 1.5° was adopted to acquire data at different angles around the rat
brain. A flat ultrasonic transducer with a central frequency of 10.4 MHz was used to detect the

PA signals. The DAQ time to obtain a 2D image slice was ~24 min.

PAT image of the rat brain cortex before injection of GNSh is presented in Fig. 16a.'*” The
PAT image acquired 20 min after the third administration of the nanoshell contrast agent (Fig.
16b) shows the brain vasculature with enhanced contrast. With the exogenous contrast agent, the
optical absorption of the blood was increased and the contrast between the vessels and the
background tissues was also enhanced. The differential PAT image (Fig. 16c¢), subtraction of Fig.
16a from Fig. 16b, mapped the exogenous GNSh distribution in the rat brain. The photograph of
the rat brain after removing both scalp and skull is shown in Fig. 16d. The quantified PA signal

curve in Fig. 16e depicts the signal enhancement and clearance in the blood circulation system.



Page 35 of 100 Chemical Society Reviews

1.7+
—_ 164
=
& 15+
c
S 14+
=3
S 134
£
< 1.2

1.1+

1.04 -— Baseline

0 100 200 300 400 500
Time (min)

Fig. 16 PAT of a rat brain aided by GNSh.'”” MF: median fissure. PAT of rat brain acquired, (a)
before, (b) 20 min after the administrations of nanoshells. (c) Differential image that was
obtained by subtracting the pre-injection image from the post-injection image. (d) Open skull
photograph of the rat brain cortex obtained after the data acquisition for PAT. (e¢) The averaged

PA signals at different time points.

A dark-field confocal PAM with a 50 MHz focused transducer was used to image
progressive extravasation and accumulation of nanoshells within a solid tumor.'”® PEGylated

GNSh with a peak optical absorption of ~800 nm was administered through tail vein. The PA
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results show that nanoshell accumulation was more concentrated within the tumor boundary and
largely absent from the tumor core. Similar to GNC, doxorubicin instead of silica was loaded
onto hollow GNSh for both local drug release and PTT of tumor, which was simultaneously
monitored by fluorescence imaging and PAT." The disadvantage is that large GNSh NPs tend
to show slow clearance from the body, hindering the clinical application.'* It is also interesting

to note that nanoshells exhibit more scattering properties than absorption.''

4.1.5 Gold nanovesicles (GNVs)

A Dbiodegradable gold nanovesicle (GNV) composed of poly(ethylene glycol)-b-poly(e-
caprolactone) (PEG-b-PCL)-tethered Au NPs was reported for both PAT and PTT."*"** The
scanning electron microscopy (SEM) and TEM images are shown in Figs. 17a&17b respectively.
The vesicular assemblies by monolayer shell of densely packed nanoconstruct were illustrated in
the TEM images (Figs. 17c&17d). A photosensitizer, Ce6, was encapsulated in GNV for
trimodality imaging by local injection: PAT, fluorescence, and thermal imaging with the scheme
shown in Fig. 17e. Laser irradiation at 671 nm was used to simultaneously excite both GNV and
Ce6 to generate heat and singlet oxygen, thus killing cancer cells. The heating effect upon laser
irradiation allowed the Ce6-loaded GNVs to dissociate Ce6 molecules. Meanwhile the efficient

loading of Ce6 on GNVs greatly increased the accumulation of Ce6 to cancer cells.
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Fig. 17 Characterization of monolayer shell GNVs for PAT and PTT."*? (a) SEM of GNVs. (b-d)
TEM images of plasmonic GNVs self-assembled from gold NPs. (e) Photosensitizer (Ce6)-
loaded GNVs for trimodality fluorescence/thermal/PA imaging guided synergistic

photothermal/photodynamic cancer therapy.

The feasibility of GNV for in vivo photothermal/PA imaging and PTT was demonstrated in
a MDA-MB-435 tumor xenograft model."** 50 pL GNV at a concentration of 0.4 mg/mL was
intratumorally injected to the tumor after its size reached ~60 mm®. In vivo thermal imaging (Fig.
18a) with an infrared thermal camera was used to monitor the treatment efficacy of the tumors
under 808 nm laser irradiation with a power of 0.5 W/cm?”. The local tumor temperature rapidly

arose by over 18 °C within 5 min, which was high enough to kill tumor cells in vivo. However,
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no significant temperature increase was observed in other normal body parts of the mice.
Compared with GNRs, GNVs showed a much stronger PA signal at the same optical density
(OD) at 808 nm. PAT images of the tumor before and after intratumoral injection of GNVs were
displayed in Fig. 18b. As can be seen, the PA signal in the tumor was significantly amplified
after GNV administration. However, there are still some technical barriers to overcome before
further application. For example, the large dimension of GNV poses a great challenge for longer
blood circulation because they will easily be uptaken by reticuloendothelial system (RES).

Systemic study of toxicity assessment and in vivo pharmacokinetics is also needed.
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Fig. 18 (a) In vivo thermal images of MDA-MB-435 tumor-bearing mice receiving 808 nm laser

irradiation for 5 min after the injection of PBS or GNVs."*? (b) In vivo 2D and 3D PA/US images
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of tumor before and after the injection of GNV."”* Obvious PA signal enhancement was

observed in the tumor. Arrows indicate the location of GNV accumulation.

4.1.6 Gold nanotripods

An anisotropic, branched, gold nanostructure (Au tripod) with size less than 20 nm was
developed for PA imaging."*> The Au tripod structure is illustrated in schematic (Fig. 19a) with
the TEM image shown in Fig. 19b. To test the tripod’s in vivo application, U87MG tumor-
bearing mice were iv injected with 100-200 uL of RGD conjugated Au-tripods (200 pmol/kg
mouse body weight) in PBS. As shown in Fig. 19c¢, the coronal, sagittal, and transverse views of
PA and US images of the tumors were obtained before and 1, 2, and 4 h after injection. The
pseudo green represents PA signals while gray colormap represents ultrasound signals.
Quantitative analysis indicated that RGD conjugated Au nanotripods gradually accumulated in
the tumor between 1 and 4 h, reaching a plateau 2 h post-injection due to the positive targeting.
The mice injected with RGD-Au-tripods 2 h post-injection showed more than 3 times greater PA

signal in the tumor than the blocking group (injected with both RGD and RGD-Au-tripods).
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Fig. 19 Gold nanotripods as contrast agents for PAT.'* (a) Schematic illustrating the structure of
Au nanotripods. (b) TEM image of Au nanotripods. (c) The coronal, sagittal, and transverse
views of PA and US images of nude mice bearing U87MG tumors were obtained before and 1, 2,

and 4 h after iv injection of RGD-Au-tripod (2 mg/kg of mouse body weight).

The in vivo biodistribution of Au tripods in mice was also confirmed by **Cu radiolabeling
and imaging their localization over time using positron emission tomography (PET), which
revealed that 7.9% ID/g of RGD-Au-tripods had accumulated in the U87MG tumor after 24 h
post-injection. The study suggested that Au-tripods can be reliably synthesized through
stringently controlled chemical synthesis. The tripod material could serve as a PAT contrast

agent with high selectivity and sensitivity for molecular imaging.
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4.1.7 Gold copper pentacles

A pentacle Au-Cu alloy nanocrystal with fivefold twinning was reported for PTT with TEM
image shown in Fig. 20a."*° The particle size could be adjustable from 45 to 200 nm by
controlling the reaction time and the addition of capping agent. The particle photothermal effect
was investigated through measuring the temperature of 250 puL aqueous solutions of different
types of nanocrystals (nanorod network, polyhedrons, 70 nm pentacle, and 200 nm pentacle).
The four test samples with the same concentration of 10 pg/mL experienced NIR laser
irradiation of 808 nm at 1 W/cm’. The experimental results (Fig. 20b) showed that the
temperature of the solutions containing 70 and 200 nm pentacle NPs increased from 28 °C to
55 °C and 67 °C, respectively, within 10 min. Moreover, 70 nm pentacle nanocrystals under laser
irradiation exhibited a notable therapeutic effect to kill 4T1 murine breast tumors on BALB/c
mice. Although the pentacles NPs possess high photothermal capability, the PAT applications
have not been reported yet. Once such agent is available for in vivo animal imaging, PAT is

expected to offer high-sensitivity and deep-penetrating molecular images.
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Fig. 20 (a) TEM image of plasmonic pentacle Au-Cu alloy NPs.'* (b) Photothermal effect of the
Au-Cu alloy pentacles.'*® The temperature plot over time was recorded upon irradiation by a 808

nm CW laser (1 W/cm?).

4.2 Silver nanoparticles

Silver, as an alternative candidate to the well-characterized gold, has been studied for
bioimaging applications. For example, silver nanoshells have stronger and sharper optical
absorption peak than GNShs at the same size."”” Under certain concentration, silver NPs were
reported to be biocompatible in biological system.'*® As shown in Fig. 21a, a silver nanosystem
with a diameter from 180 to 520 nm was composed of a porous silver cage coated on a spherical

silica core.'®

The PEGylated silver nanosystem at a concentration of up to 2 mg/mL was tested
to be nontoxic by in vitro cell viability. The porous property of the silver layer allows drug
release encapsulated in the core for future applications. In another study, sliver nanoplates were
introduced as contrast agents that can be easily functionalized for molecular PAT in vivo.'* A
‘green’ seed-mediated synthesis method was adopted for the nanoplate morphology where only
biocompatible chemicals were employed with TEM shown in Fig. 21b. For example, ascorbic
acid instead of hydrazine and sodium citrate was used as the reducing and stabilizing agents,

respectively. In vitro Cell viability tests show the functionalized silver nanoplates were nontoxic

at concentrations up to 1 mg/mL.
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Fig. 21 (a) Silver nanosystem platform for imaging contrast, drug release, and image-guided

therapy.'” (b) TEM of synthesized silver nanoplates for PAT.'*’ Scar bar = 100 nm.

Furthermore, in vivo PAT of silver nanoplate as molecularly sensitive contrast agent was
demonstrated on a dual US-PA imaging system with a linear US transducer. A pulse laser with
wavelength range from 740 to 940 nm generated by an OPO was used as excitation source. The
raw data was collected by a 128-element linear array transducer (9 MHz center frequency, 14
mm wide), and then beamformed by a delay-and-sum algorithm to form images. An orthotropic
pancreatic tumor on mouse was chosen as the study model. The US image (Fig. 22a) shows the
anatomical features, while the fluence-compensated spectroscopic PA image (Fig. 22b) maps
obvious molecular accumulation of silver NPs to the tumor. However, the main obstacle of
biomedical applications of Ag is that silver NPs are generally considered more toxic than gold
NPs."*" %2 Further quantitative toxicity studies are still in demand for improved biocompatibility

and biosafety.
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Fig. 22 (a) US imaging of an orthotopic pancreatic tumor in a nude mouse model.'* (b) PAT of
the pancreatic tumor using antibody conjugated Ag nanoplates (yellow), oxygenated blood (red),

140

and deoxygenated blood (blue).”™ Both image sizes are 14.5 mm by 11.8 mm.

4.3 Quantum dots

Despite the obvious advantages of non-fluorescent agents for PAT, it does not preclude
fluorescent probes for dual imaging modality applications. Quantum dots (QDs) were developed
as fluorescent probes owing to the high quantum yield, excellent photostability as well as narrow
and tunable emission.'*® However, high fluorescence yield reduces PA contrast but does not
abolish it. As shown in Fig. 23a, QDs were used as PAT contrast agents and sensitizers besides
fluorescence imaging. Core-shell CdSe/ZnS QDs with a relatively high optical absorption in the

NIR range were explored for trimodality imaging: PAT, photothermal and fluorescent
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14 The photothermal image in Fig. 23b showed individual QDs with high contrast in a

imaging.
thin suspension layer. The temporal structure changes in photothermal images at different time
delays may provide the morphological information such as NP size. The photothermal signal
obviously increased with higher laser pulse energy, which however led to microbubble

generation around overheated QDs with overlapping microbubbles shown in Fig. 23c. The

microbubbles in the photothermal image shielded the fluorescent signals from the singular QDs.

d Core (CdTe) Shell (ZnS) Emission

Laser

Biomolecules

Polymer coating Thermal field Acoustic waves

Fig. 23 (a) Quantum dots used for both photothermal and PA detection.'* (b) Photothermal
image from QDs obtained with a single laser pulse at 560 nm with a low laser fluence of 0.6
2 144

J/em®."™ (c) Photothermal image from QDs obtained with a single laser pulse at 560 nm with a

high laser fluence of 3.5 J/cm?.'**
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Besides QDs, fluorescent nanodiamonds (FnDs) were also examined as fluorescent and PA
biomarkers.'* '*® Although pure FnDs are not efficient PA signal producer, their signal can be
increased by ~30-fold after conjugation with Au NPs."*’” The energy transfer between FnDs and
gold NPs extended the non-radiative decay processes of FnDs and thus the conversion efficiency
of the laser energy into thermal expansion. Future work of fluorescent molecules in PAT is
needed to further increase the conversion efficiency of laser energy to acoustic emission. Both
absorption coefficient and fluorescence yield of the NPs should be taken in account to develop

contrast agents for dual-modal imaging.

4.4 Copper sulfide

Most plasmonic NPs with absorption peaks in the NIR region of up to ~800 nm were
evaluated as potential contrast agents for molecular PAT. However, contrast agents that absorb
light at longer wavelength are rarely reported for optical imaging. Matrix metalloproteinases
(MMPs) play important roles in cancer aggression and metastasis, inflammation, neurological
and cardiovascular diseases.'* An enzyme activatable detection probe comprising of copper
sulfide (CuS) and a black hole quencher 3 (BHQ3) was proposed for in vivo indication of cancer-
related MMPs as illustrated in Fig. 24.'* CuS NPs, with an absorption peak at 990 nm, were
conjugated to BHQ3 (absorption peak at 630 nm), by a MMP-cleavable peptide linker. In tumor
microenvironment, the MMP-sensitive linker would be cleaved, unbundling BHQ3 from the CuS
NPs."” The released BHQ3 as small molecule can be quickly cleared out from the tumor as

opposed to CuS, as large molecule, which would remain inside the tumor for much longer time.
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As a result, PA signal ratio of 680 nm/930 nm could be used as an in vivo indicator of MMPs
activity inside the tumor. Such a functional and ratiometric PA nano-probe can be tailored to

image specific enzyme activities.
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Fig. 24 Schematic illustration of CuS-pepitide-BHQ3 as PAT probe for in vivo MMPs
detection."”® In this detection strategy, BHQ3 is conjugated to CuS NPs by a MMP-cleavable

peptide linker, which could be dissociated by MMPs in the tumor environment.

A fluorescent agent, MMPSense 680, was also used as MMPs activatable probe for PAT."'
When activated by MMPs, the silent fluorescent agent starts to fluoresce and its absorption
spectrum changes, generating a unique PA property.””! As such, the detection method was

applied to image human carotid plaques from patients. CuS NPs for deep PAT imaging was
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demonstrated ex vivo and in vivo.'>* Gelatin containing CuS embedded in chicken breast at a
depth of ~5 cm could be detectable with a sensitivity of ~0.7 nM. A nodule on the left cortex
was clearly imaged (Fig. 25b) 24 h after intracranial injection of 15 pL. CuS NPs (3><1013 NP/mL)
compared to the PAT image acquired before injection (Fig. 25a). However, the brain nodule in
Fig. 25c disappeared 7 days after injection with the photograph of the mouse head shown in Fig.
25d, probably because CuS NPs had cleared from the injection site. In a multiple-purpose
demonstration, CuS NPs with conjugated doxorubicin were developed: PAT, enzyme-responsive

drug release, and PTT in a single nanoplatform.'*?
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Fig. 25 (a) PAT of a mouse brain at a wavelength of 532 nm without CuS$ injection.'”* PAT of

the mouse brain at 1064 nm (b) 24 h and (c¢) 7 days after intracranial injection of CuS NPs
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152

solution. °~ (d) Photograph of the imaged area of mouse head. Laser light irradiated from the

top.'?

4.5 Iron oxide

Superparamagnetic iron oxide (SPIO) NPs, approved by Food and Drug Administration

154

(FDA), have been intensively used as negative 7, contrast agents for MRI. ™" The dextran-coated

magnetic NPs were found to be effective in various imaging instances such as hepatic tumor

155, 156

enhancement and lymph node metastasis imaging. However, MRI cannot differentiate

micrometastases less than 1 mm using conventional 1.5 Tesla system.'>” In recent studies, the

158, 159 Lymph

potentials of SPIO as PAT contrast agent were investigated for nodal staging.
nodes in tumor environment usually exhibit responsive lymphadenopathy which could be
mimicked by Incomplete Freund adjuvant (IFA) injection.'® Thus, 0.1 mL IFA (consisted of
water in oil emulsion) was injected on both hind footbads to create induced lymph node swelling.
After 7 days, the animals were subcutaneously injected with 0.1 mL of the SPIO NPs (Endorem®,

Guerbet, France) in the footpad of the hind legs. The popliteal lymph nodes in both legs were

harvested 24 h after the injection of SPIO for both PAT and MRI.

As can be seen in Fig. 26a, the optical absorbance of SPIO decreases with increasing
wavelength. Although SPIO does not have absorption peak, 720 nm can identify a low
absorption of total hemoglobin accompanied with a significant absorption of the SPIO dispersion.
Additionally, NIR illumination enables deep penetration depth of the lymph nodes that are
covered by extranodal fat layers. The resected nodes were scanned by a tomographic PA setup

and compared with MRI shown in Fig. 26b where PAT images were displayed in gray with MRI
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images displayed in colormap. Take lymph node 1 for example, the PAT image pattern agreed
well with that of MRI image on the right indicated by white dotted line. Some nodes (1&5)
showed a continuous contrast in their boundary whereas others (4&6) showed small
heterogeneities. The experimental results demonstrated that SPIO NPs can be used for lymph
node staging and analysis in metastatic malignancies. The study provides potential method for

intra-operative nodal staging for patients undergoing resections.
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Fig. 26 (a) Extinction spectrum of a commercial SPIO (Endorem®) solution.'*® (b) PAT and MRI

images of excised rat lymph nodes with SPIO injection.'*®

Instead of dextran, silica coated on SPIO NP was demonstrated as alternative contrast
agents on phantom experiments.'®’ In another study, a NIR dye labeled amino-terminal
fragments of uPA conjugated to iron oxide NPs (NIR830-ATF-IONP) to specifically bind to
uPAR, a cellular receptor highly expressed in human breast cancer.'® The targeted iron oxide
NPs generated 10-fold enhancement in PA signals in the tumor, compared to the control mice.
Similarly, iron oxide NPs were conjugated with polyaniline (PANI) used for targeted cancer
imaging by TAT.** A contrast agent that has already been clinically approved would facilitate a

quick implementation to the bedside practice.

4.6 Palladium nanosheets

Gold NPs and their derivatives have attracted great attention in photoacuostics as introduced
above. When the environmental temperature is higher than the melting temperature of gold
nanostructures, laser-triggered or thermally induced collapse can be used for drug control
release.!'” '®* On the other hand, gold nanoconstructs, once melted, will no longer be effective
and lose their functions for imaging or therapy purposes. For example, GNRs begin to melt and
aggregate dramatically after several minutes of laser irradiation with moderate energy.
Previously, palladium (Pd) nanosheet (PNS) was found to have high photothermal proper‘[y.164

Moreover, PNS holds great potential for cellular permeability due to the ultrathin structure.

Therefore, PNS with strong optical absorption at 790 nm was proposed as highly stable and
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effective PAT contrast agents.'”” As shown in Fig. 27a, the rod-shape GNRs changed to round
structure after 5 min laser irradiation. The pulsed laser was set at 4 mJ/cm® per pulse with a
repetition rate of 20 Hz. As opposed to the absorption curve smoothing of GNR, the spectrum of
PNS was almost unchanged after 10 min laser irradiation (Fig. 27b). In TEM images, the PNS
shape remained the same during the irradiation period. The results suggested that the as-prepared

palladium NPs are ideally steady under long-term laser irradiation.
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Fig. 27 Photostability comparison between GNRs and PNSs.'"” (a) Absorption spectra of GNRs
before, 5, 10, and 15 min after pulse laser irradiation (left). TEM images of the GNRs before
(middle image) and 5 min after (right image) pulsed laser irradiation. (b) Absorption spectra of
PNS before and 10 min after laser irradiation (left). TEM images of the PNS before (middle

image) and 5 min after (right image) pulsed laser irradiation.
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PAT of two mice groups bearing SCC7 xenografts was conducted at different time points
after iv administration of either 200 pL. PBS or 200 uL PNS (0.8 mg/mL) shown in Fig. 28177
PAT and US images were acquired by a portable and fast PAT system (Visualsonics LAZR 2100,
Canada) with a hand-held linear array transducer. The 790 nm laser with moderate laser energy
at ~4 mJ/cm” was used for PNS probes visualization. PAT images were displayed in color while
US images were displayed in gray. As shown in Fig. 28a, the control group injected with PBS
showed PA signals only on the mice skin. However, the PNS injected group in Fig. 28b showed
progressive PA signal enhancement, suggesting a high accumulation of PNS into the tumor. The
PA signal increase in the tumor by PNS is likely attributable to enhanced permeability and
retention (EPR) effect. The deeper boundary of tumor as marked by black arrows was visualized
after injection of PNS, which could possibly be developed for resection guidance. The study
indicated that PNS might be applied as stable and effective agents for PA cancer imaging and

surgical guidance.
a Control b Ppalladium nanosheets
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Fig. 28 PAT and US images of SCC7 tumors on two mice groups acquired at 0, 2, 4, 6, 8, and 24
h after injection of 200 mL of either (a) PBS or (b) 0.8 mg/mL PNS, respectively.107 PAT image

is overlapped with US image. Scale bar = 5 mm.

Multimodality imaging can bring complementary information as well as improve the
diagnosis accuracy, which is of great significance to clinical application. However, a delivery
agent is usually designed for one specific imaging modality. Multimodality agent requires that a
tracer particle incorporates multiple functionalities into a single delivery carrier. A cobalt
‘nanowaton’ consisting of ferromagnetic (Co) particles coated with gold (Au) was explored for
both PAT and MRI with a sensitivity of picomolar (pM) concentration.'® In this study, the dual
imaging strategy offered complementary physiological information: volume detection provided

by MRI and tumor boundary detection provided by PAT in a single vehicle.'®

5 Carbon nanoparticles
5.1 Carbon nanotubes

Single-walled carbon nanotubes (SWNTs) are nanocylinders comprised of a graphene layer
wrapped up to form a tube. As an optical agent in biological imaging, SWNTs have been used in
Raman detection,'®® fluorescence imaging,'®” and PAT of cells and animals.'® RGD peptides
were coupled with SWNTs through phospholipid-PEG (PL-PEGsqg) to actively target a diseased
site in living subjects as depicted in Fig. 29a.'® An AR-PAM system with a central frequency of

5 MHz was applied to image the mice bearing U87MG tumors. 3D US and PA images of the
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tumor and its surroundings were acquired before and up to 4 h after iv injection of SWNT-RGD.
As shown in Fig. 29b, PA signal in the tumor was greatly enhanced in the SWNT-RGD injected
group, while the signal remained almost plateau with a slight increase in the plain SWNTs
injected group. The differential image between 4 h post-injection and pre-injection showed the
pure SWNT accumulation to the tumor. The high PA signal in the mouse injected with plain
SWNT (marked by a white arrow) is invisible in the subtraction image, indicating that the PA

signal is possibly contributed by a blood vessel but not SWNT.
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Fig. 29 (a) Schematic illustrating SWNTs conjugated with RGD peptides for targeted PAT of
mouse tumor.'® (b) B-scan US and PA images of U§7MG tumor acquired along a white dotted
line aided by SWNTs.'®” The US images (gray) show the skin and tumor boundaries, while PAT
images (green) show optical absorption (SWNT-RGD) in the tumor. Differential images were

obtained by subtraction of the pre-injection image from the 4 h post-injection image.
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Among various scaffold matrix materials, poly(lactide-co-glycolide acid) (PLGA) is a
popularly used biodegradable polyester due to its excellent degradation and processibility
properties.'”® Since PLGA particle by itself did not strong enough PA signal, small quantities of
SWNTs were incorporated with the polymer to enhance the photoacoustic signal from the
scaffolds in biological buffer.'”" In this application, SWNT was used to reinforce the mechanical
properties and increase the PA signal of the scaffolds. However, in vivo applications have been
limited by the relatively low extinction coefficient of nanotubes at NIR wavelengths and
concerns over toxicity to some extent. SWNT loaded with small Indocyanine Green (ICG) dye

molecules was used for ultrasensitive PA molecular imaging in living mice.'”

The dye-enhanced
contrast agent provided ~300 times higher PA contrast in living tissues than sole SWNT, leading
to subnanomolar detection sensitivities. Approximately 20 times fewer U87MG cancer cells can
be detectable by the combined agent than by sole SWNT. Since carbon nanomaterials suffer
from insolubility and inefficient biocompatibility, a hyaluronic acid-based biosurfactant was
used to simultaneously disperse carbon NPs and target SWNT to CD44 receptor positive tumor

173

cells. ™ In vivo trimodality PAT/fluorescence/PET imaging of coated SWCNTs showed high

tumor targeting ability while providing long-term monitoring of enzyme events.

Similarly, gold-plated carbon nanotubes (golden carbon nanotubes) were used for both PAT
and PTT with enhanced efficiency (~100 times) for targeting lymphatic vessels in mice.®® As
shown in Fig. 30a, a golden carbon nanotube (GNT) consisted of a shortened SWNT core with a
length of 100 nm and diameter of 1.5-2 nm, coated by a thin gold layer 4-8 nm thick. Then, an
antibody specific to the lymphatic endothelial hyaluronan receptor-1 (LYVE-1) was conjugated
to GNT for dual PA/photothermal mapping of lymphatic endothelial cells. PA/photothermal

imaging of nude mouse mesentery can be obtained by an automatic scanning microscopic stage
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with the mouse and a fixed focused laser beam with a diameter of 2-10 mm (Fig. 30b).°® This
hybrid plasmonic nanomaterial combining both advantages of Au and SWNT could be an

effective alternative to existing NPs and presents a unique set of features.
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Fig. 30 (a) Schematics of gold coated single wall carbon nanotube for both PAT and PTT in
mice.®® (b) Principle schematic of endothelial LYVE-1 targeting receptors with antibody—gold

nanotube NPs, and PA signal (top right) and photothermal (bottom right) signal.®®

5.2 Graphene-based nanosheets
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Graphene is a 2D free-standing honeycomb lattice made of a single atomic plane of graphite.
Since its extraction from bulk graphite in 2004,'™ this unique nanomaterial has become one of
the hottest topics in material chemistry, drug carrier, and optical imaging.m'177 Compared to
carbon nanotubes, graphene possesses larger surface area, lower aspect ratio, and better
dispersibility in most biological systems. Using strong oxidizing agents, oxygenated
functionalities in the graphene structure can produce graphene oxide (GO), which is hydrophilic
and more biocompatible.'”™ ' Graphene and GO were tested and compared as direct contrast
agents for both PAT and TAT." The experimental results showed that GO nanoribbons at a
concentration of ~5 mg/ml exhibited about 5-10 fold higher PA signal as opposed to blood at the
wavelength of 755 nm and about 10-28% signal enhancement for TAT as opposed to deionized
(DI) water at 3 GHz. The ultra-large graphene or GO surface can be easily conjugated to a large
number of functional molecules by n—n stacking. To further elevate the imaging contrast, GO
was usually conjugated with a strong absorbing dye such as ICG or superparamagnetic NP for

multi-modal imaging.'®"- '*

From synthetic perspective, a protein-based and facile method for synthesis of reduced GO
was explored without any postreduction processes to remove the redundant oxygenated

groups.'®

The as-prepared graphene nanosheets exhibit strong wavelength-independent
absorption in the visible and near-infrared (NIR) regions. Iv administration of GO as passive
targeting in tumor-bearing mice showed PA signal enhancement in the tumor region. As a
delivery vehicle, PEGylated GO was bound with photosensitizer molecules, 2-(1-
hexyloxyethyl)-2-devinyl pyropheophorbide-alpha (HPPH), for high PDT agent loading and

184

delivery to the tumor (Fig. 31a).” ™" After administration of 200 uL HPPH with a concentration of

1.0 mg/kg, PDT was carried out under 671 nm laser with a power of 75 mW/cm? for 20 min. The
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quantitative sO, change inside tumors before and 24 h after PDT was monitored by PAT as
shown in Figs. 31b&31c. The white dashed circles outline the measured region of interest in the
tumors for comparison. It showed that the sO, measured by PAT in the tumor after treatment was
significantly decreased, indicating tumor necrosis induced by PDT and graphene as an effective

carrier of PDT agents.
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Fig. 31 (a) Schematics structure of GO loaded HHPH for high efficient drug delivery.'"® (b) US
and PAT of 4T1 tumor-bearing mice before and 24 h after exposure to 671 nm laser (75

mW/cm2, 20 min)."™ (c) Quantitative oxygen saturation obtained by PAT in the tumor after PDT

treatment.'®*

6 Organic compounds
6.1 Polymer nanoparticles

6.1.1 Semiconducting polymer nanoparticles (SPNs)
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Semiconducting m-conjugated polymer NPs are hot materials with many applications for
solar energy harvesting,'® and electronic devices.'®® Recently, SPNs have been transformed as
efficient PA and fluorescent imaging nanomaterials.”®” Specifically, two semiconducting
polymer derivatives, poly(cyclopentadithiophene-alt-benzothiadiazole) (SP1) and
poly(acenaphthothienopyrazine-alt-benzodithiophene) (SP2) with molecular structure shown in
Fig. 32a were used to prepare functional SPNs. Reactive oxygen species (ROS) are chemically
reactive molecules containing oxygen, which play vital roles in the onset and progression of
various diseases. Some examples of these diseases include atherosclerotic plaques, tumors, and
degenerating brain tissue. A cyanine dye (IR775S) that is susceptible (absorption spectrum
change) to ROS-mediated oxidation was conjugated to the polymer, assisted by 1,2-dipalmitoyl-
sn-glycero-3-phosphocholine (DPPC). The nanoprecipitation process produced water-soluble
functional SPNs at a small diameter (45 nm) and good size stability for ratiometric PA detection.
In the strategy shown in Fig. 32b, the PA signal ratio of the semiconducting polymer (remains

constant) to the ROS-responsive dye correlates with the ROS concentration.
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Fig. 32 SPN as activatable contrast agent for PA detection of ROS."* (a) Molecular structures of
SP1 and SP2 used for functional SPN preparation. (b) PA ratiometric detection mechanism of

ROS at two different wavelengths.

In vivo PA imaging of ROS assisted by SPN was performed in a murine model of acute
edema. Either saline (control group) or zymosan (a structural polysaccharide on the cell wall of
Saccharomyces cerevisiae simulating the ROS generation such as ONOO™ and ClO") was
intramuscularly injected into the thigh of living mice. After 20 min, SPN with the dye (3 ug in
50 uL saline) was injected into the same location. Utilizing a Vevo2100 PA/US imaging system
(VisualSonics, Inc.), PA signal was simultaneously acquired at 700 and 820 nm, as displayed by

green and red colormaps, respectively. As can be seen in Fig. 33, the PA amplitude at 700 nm for
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both saline and zymosan treated mice remained almost unchanged over time. In contrast, the PA
signal at 820 nm for zymosan treated mice greatly shrank by time (middle panel of Fig. 33b).
The superposition analysis showed a progressive pseudocolor change from yellow to green for
zymosan-treated mice but not for control mice (Fig. 33a), suggesting the inflammatory ROS

generation during edema.
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Fig. 33 In vivo PA detection of ROS generation from a mouse model of acute oedema by SPN.'"’
(a) PA/US overlaid images of saline-treated and (b) zymosan-treated regions in the thigh of

living mice (n=3 in each group) at different time points.

Further quantitative analysis indicated that PA700/PA820 gradually increased to 2.7+0.31
for zymosan-treated mice, compared with 1.4+0.22 for the control mice, 2 h after injection. This
study demonstrated the feasibility of SPN for activatable PA detection of pathological ROS
change using a dual-peak ratiometric contrast mechanism. However, the biosafety of the polymer

materials should be investigated much more thoroughly. Another concern is that while
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artificially induced inflammation in this study is detectable, ROS characteristics of some chronic

diseases may not be sensitive enough to be distinguished by this approach.

6.1.2 Polypyrrole (PPy)

Polypyrrole (PPy) NPs as organic conducting polymer have been applied in electronic
devices and chemical sensors owing to the high conductivity and good biocompatibility.'®
Uniform PPy NPs can be synthesized based on water-soluble pyrrole monomer and a PVA—
FeCl; mixture in aqueous solution.'® Previously, PPy with high photothermal conversion
efficiency was used as an NIR absorbing agent for photothermal ablation of tumor.'”
Monodisperse PPy NPs with the molecular structure shown in Fig. 34a were also proposed as
NIR absorbing agents for PAT of mouse brain."”’ The UV-vis-NIR extinction spectrum of PPy

NPs with a diameter of ~46 nm is shown in Fig. 34b. The high absorption coefficient in the NIR

region suggests PPy polymers for high contrast imaging with deep penetration depth.

A mouse cerebral cortex was imaged by circularly scanning configuration-based PAT at
808 nm before and after iv injection of 100 mL PPy solution (2 mg/mL). The PAT image
acquired 5 min after PPy NPs injection shows clearer brain vasculature (Fig. 34d) than the
control image before injection (Fig. 34c). The improvement is more obvious in a differential
image (Fig. 34g) obtained by subtracting the preinjection image (Fig. 34c) from the postinjection
image (Fig. 34d). At 1 h post-injection, the blood vessels (Fig. 34e) were imaged with intense
brightness, suggesting good PPy NPs circulation in the bloodstream (differential image shown in
Fig. 34h). The long-circulating characteristic of PPy NPs is probably attributed to their relatively

small size of ~46 nm and the hydrophilic PVA stabilizer. Similarly, a conjugated polymer,
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poly[9,9-bis(4-(2-ethylhexyl)  phenyl)  fluorene-alt-co-6,7-bis(4-(hexyloxy)  phenyl)-4,9-
di(thiophen-2-yl)-thiadiazoloquinoxaline] (PFTTQ) was demonstrated for PAT of brain
vascular.'”® Despite the pilot demonstration, more specific functional applications by the
polymers are expected in further study. In another study, NIR dyes incorporated with PLGA
were proposed as submicron-size NPs for PAT."” These organic agents demonstrated low cell

toxicity and excellent biocompatibility.
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' (a) Molecular structure of

Fig. 34 PPy NPs as contrast agent for in vivo PAT of mouse brain.
PPy. (b) UV-vis-NIR extinction spectrum of PPy at a concentration of 50 mg/mL. PAT of a
mouse brain in vivo using PPy NPs acquired (c) before, (d) 5 min after, and (e) 60 min after the
iv injection of PPy NPs. (f) Photograph of the mouse brain before PAT experiment. (g&h)

Differential images obtained by subtracting the pre-injection image from the post-injection

images (5 min and 60 min).

6.2 Porphyrin NPs

Supramolecular agents can be assembled by light-absorbing organic small molecules such
as porphyrin conjugates.'”* However, these organic constructs have not been comprehensively
investigated as optical imaging agents due to stability or biological issues.'"” A porphysome
organic NP, self-assembled from phospholipid-porphyrin, was proposed for diverse biophotonic

1% As shown in Fig. 35a, the porphysome structure was comprised of

applications including PAT.
porphyrin-lipid conjugates produced from an acylation reaction between pyropheophorbide and
lysophosphatidylcholine. This organic compound could be self-assembled in aqueous buffer with
extrusion to yield porphysomes. Polyethylene glycol (PEG) was used in the formulation to

7 TEM images in Fig. 35b showed that these porphysomes

further increase the biocompatibility.
were hollow spherical vesicles with a diameter of ~100 nm. As can be seen at higher
magnifications, the ‘sandwich’ structure consisted of two higher-density layers separated by a 2
nm gap, corresponding to two monolayers of porphyrin. The as-prepared pyropheophorbide

porphysomes exhibited two absorption peaks at 400 nm and 680 nm. An alternative synthesis

protocol was developed to incorporate metal ions such as Zn, Cu, and Pd into the porphyrin-lipid
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structure, leading to shifted optical absorption curve (440 nm and 670 nm). These different kinds

of porphysome could be used in certain situations where specific wavelengths are required.

a —
; g
. » 383 .
2 y L
o 0 .

X=2H
or
for example, Zn, Cu, Pd

196

Fig. 35 Porphysome nanovesicles assembled as optically active contrast agents.  (a) Schematic
illustration of a pyropheophorbide-lipid porphysome. The phospholipid headgroup and porphyrin

were marked in red and blue, respectively. (b) TEM images of negatively stained porphysomes

(5% PEG-lipid, 95% pyropheophorbide-lipid).

Photothermal conversion efficiencies of PBS, liposomes, GNRs, and porphysomes were
compared after irradiation by a 673 nm diode laser with a power of 150 mW. Liposomes and
porphysomes were normalized to 0.5 mg/mL, while porphysomes and gold nanorods were

normalized to an optical density of 0.8 at 680 nm. As seen in Fig. 36a, the photothermal effect of
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porphysomes was similar to that of GNRs, whereas liposomes did not produce obvious
temperature increase. Porphysomes at a concentration as low as 25 picomolar were detectable by
PAT. In Fig. 36b, the PA signal of porphysome decreased up to sixfold after detergent addition
to disrupt the structure. In contrast, the PA signals of MB with and without the detergent
remained unchanged, suggesting that the vesicle structure of porphysomes is requisite for PA
signal generation. The same phenomenon of PA signal decrease due to detergent-induced

porphysome dissociation was also observed in Fig. 36c.

In a rat model, porphysomes were intradermally injected for PAT of SLN.'° The lymphatic
network became clearly detectable with higher contrast 15 min after injection (Fig. 36d). The
first draining lymph node (red) was surprisingly unveiled with enhanced contrast of the
inflowing vessel (yellow) and surrounding vessels (cyan). In a later study, a porphyrin—lipid
shell encapsulating a fluorinated gas was fabricated for both US and PAT imaging.'”® These
porphyrin-microbubbles exhibited high shell stiffness and enhanced stability. The unique
constructs possess acoustic features compatible with clinical US imaging together with favorable
PA capabilities. On the downside, the large size of the porphyrin-composed NP is not optimal for

in vivo application such as intravenous injection.
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Fig. 36 Porphysomes as contrast agents for PAT of lymph node.'*®

(a) Photothermal property of
porphysomes compared with liposomes and GNRs. (b) PA signal ratio of porphysomes and
methylene blue with and without detergent. (c) PA images of tubes filled with porphysomes and
PBS measured with and without detergent. (d) PAM images of lymph node using porphysomes

on rats before and after intradermal injection of porphysomes (2.3 pmol). Scale bar = 5 mm.

6.3 Perfluorocarbon (PFC) nanodroplets

Most PAT contrast mechanisms are governed by the thermoelastic effect (thermal
expansion). However, the conversion efficiency of the thermal expansion-based NPs is not very

high. Perfluorocarbon nanodroplet (PFCnD) with cryogenic TEM image shown in Fig. 37a,
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consisting of a liquid PFC droplet with an encapsulated light absorbing molecule, was introduced
for PAT and US imaging enhancement in Step 1 of Fig. 37b.">*** Upon pulsed laser trigger, the
enclosed agents such as GNRs absorb light and generate heat and thus produce pressure wave
(Step 2). Subsequently liquid PFCnD experiences a liquid-to-gas phase transition generating
giant PA pressures depicted in Step 3. In this evaporation process, the immediate bubble
‘explosion’ can produce order of magnitude higher US signal than traditional NPs. The supply of
PFCnDs was depleted as they evaporated under laser irradiation. Then PA signal decayed to its
steady state level contributed by the thermal expansion of the exposed GNRs. Meanwhile, the
resulting PFC bubbles can provide US contrast owing to the acoustic impedance mismatch
between the gaseous bubbles and the surrounding tissue (Step 6). In summary, vaporization of
PFCnD (steps 2—3) provides giant PA signal and thermal expansion caused by plasmonic NPs

(steps 4-5) provide weaker but steady PA signal. The produced microbubble (step 6) provides

US contrast.
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Fig. 37 (a) Cryogenic TEM image of PFC nanodroplet containing GNRs.**’ Scale bar = 100 nm.
(b) Step-by-step diagram illustrating PA and US signal enhancement by PFCnDs attributed to the

vaporization phenomenon.**

An in vivo experiment was undertaken to compare PFCnDs with the traditional contrast
agent (GNRs) on the efficiency of producing PA contrast.*”” On a murine model, either 50 pL
PECnD at a concentration of 10° PFCnD/mL or equivalent quantity of GNRs as encapsulated in
the injected PFCnDs was locally injected into the pancreas, which locates ~5—7 mm underneath
the skin. A Vevo 2100 PA/US imaging system (VisualSonics, Inc.) equipped with a 40 MHz
transducer (256 elements) was utilized for both PA and US signal collection. A 10 Hz pulsed
laser with pulse energy of 14 mJ/cm” operating at 780 nm (the peak optical absorption of the
GNR) was used to heat the embedded GNRs. Upon radiation, the PA signal within the pancreas
(PFCnDs injected) was initially very strong and decayed to a steady level as the pulsed laser
irradiation continued due to the thermal expansion effect of the expelled nanorods (Fig. 38a).
The corresponding combined PA and US images in Figs. 38b&38c illustrate the peak PA signals
corresponding to vaporization of PAnDs and thermal expansion of GNRs. However, in the group
injected with an equivalent number of nanorods as encapsulated in the injected PFCnDs (Fig.
38d), the increase of signal generated by the nanorods alone was only ~1.9 dB (Fig. 38e),

compared with a 6.0 dB increase in signal generation using PFCnDs (Fig. 38b).



Chemical Society Reviews Page 72 of 100

a 1t : — Vaporization % Vaporization Thermal expansion
o~ 08F &
o - -4 i o)
= 3 = 8
w < . =
§§ 06 {5 e SR é
8% B 8
°8 04r iw Thermal expansion %
o £ i 8
0.2+ ©
== — Noise floor %
0 L L L f ) E
0 100 200 300 400 500
Laser pulse
d LN
08}
{5 Ry :
= 3 - 2]
25 06 °
B 2
S2 oapd :
£z i Noise floor %
T o2t 6]

D i ! 1 ! 1 1 1 |
0 50 100 150 200 250 300 350
Laser pulse

Fig. 38 In vivo PA signal enhancement in mouse pancreas by PFCnDs (upper panel) and GNRs
(lower panel).””® (a) PA signal change corresponding to the injected PFCnDs in the pancreas
indicated by dashed area in (b)&(c). (b, ¢) Overlapped US and PA images generated from the
rapid phase transition of the PFCnDs and expelled GNRs, respectively. (d) PA signal change
corresponding to the injected GNRs in the pancreas indicated by dashed area in (e)&(f). The
green circles represent PA signal of the endogenous absorbers while blue circles represent the
PA signal from the thermal expansion caused by both the endogenous absorbers and the GNRs.
(e, f) Overlapped PA and US images of mouse tissue injected by GNRs right after the laser was

turned on and at the end of the laser stimulation. Each image size is 12.2 x 10.8 mm”.

In the same way, ICG instead of GNR was loaded in PFCnDs for enhanced PAT and US

199

imaging.~ The effect of surrounding temperature on droplet vaporization and enhancement of

PA and US signals was exploited in the study. The experimental results showed that the
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nanodroplets under higher surrounding temperature produce greater PA signal due to greater
vaporization efficiency. The trigger source to the droplets can be replaced by HIFU to provide

US contrast and drug release.”"" >

The dye release process may be useful for optical imaging of
cancers or tumor metastasis in the SLNs. On the opposite side, PFCnDs are not suitable for long-
lasting monitoring because the liquid-to-gas transition is too quick and irreversible. Instead of
using the vaporization transition, PFCnDs were decorated with two different NIR fluorescent
dyes on the surface, PPCy-C8 and cypate-C18, for PA and fluorescence imaging.”” Similarly,
liposome as an agent vesicle containing GNRs and iron oxide NPs, was used as a dual-contrast

agent for magneto-photo-acoustic imaging.**!

B-mode US, PA and magneto-motive ultrasound
(MMUS) images were obtained from a tissue sample injected with cells labeled by the hybrid
agent. This concept of dual payload per particle is anticipated to increase thermal expansion

effect resulting in greater acoustic signal. However, the relatively large size of the droplets still

poses challenges on mobility and bloodstream circulation.

6.4 Indocyanine green (ICG)

ICG, first introduced for human medicine in 1957 and approved by the FDA in 1959.%% It
has been widely used in hepatic function diagnostics, cardiac output, and later on ophthalmic
angiography.”’***® As an optical sensor, ICG has also been applied on PAT because of the high
optical absorption and its NIR absorption peak at the isosbestic point of HbO and Hb.*****'° On
mass basis, ICG at 780 nm is ~7 times more absorbing than SWNT and ~8500 times more

absorbing than GNR.'"> Moreover, ICG has a moderate fluorescent emission yield of ~10%.
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As a contrast agent for both fluorescence imaging and PAT, ICG was used for SLN

2 eG (0.2 mL, 1 mM), with the molecular structure shown in Fig.

mapping in axillary staging.
39a, was injected intradermally into the left forepaw pad of a rat. PAT images of the axillary area
acquired from an AR-PAM system before and 0.2 h after injection were displayed in Figs
39b&39c. The AR-PAM system equipped with a 5-MHz ultrasonic transducer and wavelength-
tunable laser was used to collect PA signals at 618 and 668 nm for spectroscopic SLN
identification. SLN and the lymphatic vessels were obviously unveiled in the post-injection
image (Fig. 39c) with high contrast. A 3D image 0.7 h post-injection was shown in Fig. 39d. The
results demonstrated that strong absorbing agents with PAM system have the potential to help
map SLN in axillary staging and evaluate tumor metastasis in patients with breast carcinoma.
PAT with ICG has also been used for brain cortex mapping,212 kidney perfusion,213 and cancer
therapy.”” In the PA treatment study, ICG, PL-PEG and folic acid (FA) were conjugated

29 The EMT6 tumors in mice after PA therapy showed a

together as cancer-targeting nanoprobes.
much slower growth rate. The pilot results indicated that the ICG-PL-PEG-based PA therapy

could provide a new efficient cancer treatment technique.
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Fig. 39 (a) Molecular structure of ICG. (b) Control PAT image obtained before ICG injection in

211

the axillary region.” " (c¢) PAT image obtained 0.2 h after injection in the same region.211 SLN

and lymphatic vessels are clearly visible. (d) 3D PAT image of SLN 0.7 h after injection.”"!
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To provide a more effective imaging system, ICG was covalently conjugated to SWNT to
deliver higher amount of ICG molecules to the disease site.'’**'*?'* SWNT has a diameter of
several nm and length of 50-300 nm and ICG was attached to the surface of the SWNT. Hence it
is expected that the total particle size can remain relatively small, enabling tumor targeting by iv
injection. The PAT data showed that ICG/SWNT provided ~196% signal amplification with the
main enhancement at the tumor periphery 2 h after injection.*'® This feature is possibly useful to

assess tumor boundaries for surgical resection of tumors.

Despite the strong absorption and nontoxicity properties, ICG has a peculiar light
absorption behavior depending on the particle concentration as well as the ambient environment.
Moreover, ICG tends to degrade under light exposure, which could be alleviated when ICG is
bound to albumin in blood. However, the reaction process takes several days and is also
concentration-dependent. Taking advantage of the PA spectrum change in blood, ICG release by
US induced drug delivery could be spatially and quantitatively monitored.”'> An ICG derivative,
IRDye 800, can be used for protein/antibody labeling after adding the NHS Ester reactive group.
In an in vivo study, IRDye 800 with an absorption peak of ~800 nm was conjugated with cyclic
peptide cyclo(Lys-Arg-Gly-Asp-Phe) (cKRGDf) that targets integrin a,f; overexpressed by
neovessels in U87MG glioblastoma tumor model.”* High tumor uptake of targeted IRDye 800 in

the mouse brain structure was imaged by PAT.

6.5 Methylene Blue (MB)

MB with its molecular structure shown in Fig. 40a, known as the first synthetic drug, was

used on the treatment of malaria in 1891.'° As a potent cationic dye, MB has been used in
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different biological staining procedures and bacteriology.?'” MB is FDA-approved and water
soluble with a light absorption peak around 670 nm. In a rat model, intradermal injection of 0.7
pL MB at 10 mg/mL was performed on left forepaw for SLN identification.?'® An MIP control
image was obtained from an AR-PAM system before injection shown in Fig. 40b. The
vasculature near an axial node was clearly imaged whereas the SLN was barely visible. In the
PA image 52 min after injection, SLN appeared with a striking optical contrast as marked by the
arrow. Quantitatively, the contrast of the SLN with respect to the surrounding vessels is ~146 +
41 (standard deviation). The image area on the rat after skin removal is shown in Fig. 40b as
reference. The results indicate that MB could be a useful agent to noninvasively identify SLNs

for axillary staging in vivo.
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Fig. 40 In vivo PA imaging of SLN in a rat with MB injection.” ” (a) Molecular structure of MB.
(b) Photograph of the imaging area with skin removed after experiments. (¢) Control PA image

without MB injection. (d) PA image 52 min after MB injection.

In another study, MB was combined with microbubble for dual PAT and US imaging.*"
The PA contrast stemmed from the optical absorption of MB stimulated by pulse laser, while the
US contrast was ascribed to the acoustic impedance differences between the gaseous
microbubbles and surrounding tissues. It is noted that MB can be activated by light to an excited

state which in turn activates oxygen to yield oxidizing radicals. By probing its transient
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absorption during the excited state, this process can be used to detect oxygen pressure as

described in Section 3. 2.%

6.6 Evans Blue (EB)

Evans blue (EB), an alternative blue dye, has strong absorption in visible and NIR region
with a peak at 620 nm. EB is also nontoxic and has been used in lymph node location,”” albumin
marker evaluation,”' and permeability assessment of the blood-brain barrier.”** Since EB is
uniformly bound with serum albumin in blood stream, capillary network and its dynamic
diffusion can be clearly imaged by PAM.**® EB solution (6%, 0.2 mL) was iv injected into the
bloodstream of a nude mouse. Before dye injection, main blood vessels were imaged at 570 nm
with strong signal amplitude shown in Fig. 41a. However, smaller capillaries were discontinuous
with much lower contrast as indicated by the arrows. Fig. 41b showed the PA image acquired at
610 nm where the signals were much weaker due to the low hemoglobin absorption at 610 nm.
The microvascular network appeared continuous and smooth with more details at 610 nm right
after the dye injection, shown in Fig. 41c. In addition, the blood vessels in Fig. 41c exhibited
much thicker (~50%) features than those in Fig. 41a due to the EB binding to the blood plasma.
The image in Fig. 41d at 610 nm, acquired 30 min after dye injection, showed that some EB had
spread out of the vessels into the ambient tissue, resulting in a high background contrast. The
transmission microscopic image of the mouse ear after EB injection (Fig. 41f) showed that the
EB appeared as brown patches after diffusion, with transmission microscopic image before

injection shown in Fig. 41e.



Page 79 of 100 Chemical Society Reviews

PA signal

223

Fig. 41 PAM of capillaries on a mouse ear enhanced by EB.””” PA image before dye injection
acquired at (a) 570 nm and at (b) 610 nm. (c) PA image acquired at 610 nm right after EB (6%,
0.2 mL) injection. (d) PA image acquired at 610 nm 30 min after injection. Transmission

microscopic images of the image area (e) before and (f) after EB injection. Arrows in (d), (e),

and (f) indicate sebaceous glands.

6.7 Coomassie Blue & Prussian Blue (PB)

Coomassie Blue was previously loaded by PEGylated polyacrylamide hydrogel to provide
brain tumor staining.”** The organic dye with absorption peak at 595 nm was also used for
delineation of brain tumor by PAT.**> PAT results showed that the detection sensitivity limit of
the blue dye was ~0.84 umol/L.**> The exploratory PAT images suggested that PAT with the

absorbing agents may help guide tumor surgery by revealing tumor morphology and margin.
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Another blue pigment, Prussian Blue (PB) as one of the first synthetic dyes, was also explored as
PAT contrast agent due to its high absorption of NIR laser pulses.”** The PB NPs can be easily
fabricated by mixing Fe’" and [Fe(CN)6]4' aqueous solutions. In particular, PB as a typical FDA-
approved drug has been used for safe treatment of radioactive exposure on humans. /n vitro PAT
results showed that PB NPs at a low concentration of 60 pg/mL was detectable under ~4.3 cm
thickness of chicken breast tissue. Moreover, the cortical vessels of a mouse brain were clearly
imaged with greater clarity after iv administration of PB NPs. The results showed that PB NPs
are promising as new PA contrast agents for clinical applications. In another study, Congo red
with an absorption peak of ~500 nm was used to stain mouse brain on an OR-PAM system for

amyloid plagues imaging.**’

Compared with metallic NPs, many organic dyes have been approved by FDA for human
use and are small in size (<5 nm), possessing excellent biosafety properties and fast migration
ability. Moreover, on mass basis organic dye chromophores are usually more efficient on
photothermal conversion efficiency than agents in other forms. However, most organic dyes
suffer from serious photobleaching and are susceptible to environmental factors, leading to

irreproducible signals and bizarre phenomenon.

7. Reporter Genes
7.1 Fluorescence proteins

Besides directly imaging anatomy and physiology, PAT holds great potential as a
preclinical molecular imaging tool through engineered reporter genes that express absorbing

proteins. Imaging gene expression is crucial in disease diagnosis and profiling since many
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diseases are related to genetic issues. This will help unveil disease processes at a cellular or
molecular level. A reporter gene is usually incorporated in a regulatory sequence of another gene
as an indicator of whether a certain gene has been expressed in the cell or organism.
Sophisticatedly studied reporter genes usually express visually identifiable fluorescent and
luminescent proteins, which can be used as imaging contrast.””® For example, Green Fluorescent
Protein (GFP) gene from jellyfish causes cells that it expresses to emit green light under blue
light excitation.”” Besides fluorescence emission, some reporter genes are able to produce

contrast for PAT to overcome the shallow imaging depth provided by fluorescence imaging.**°

Enhanced GFP (eGFP) was specifically expressed in the salivary glands of fly pupae. PAT
images of a Drosophila melanogaster pupa encoded with the GFP gene were acquired at 488,
498, and 508 nm shown in Figs. 42a—42c, respectively.”” The pupal case was clearly identified
in those PAT images with high contrast compared with internal structures. It showed that the
salivary glands can be accurately visualized (Figs. 42d&42h). The benefit of using fluorescence
proteins for PAT is that they have been well developed for molecular imaging and can readily be
conjugated to target a wide range of specific receptors. On the opposite side, their weaknesses
are a relatively small absorption cross section and they are limited to relatively transparent
subjects such as Zebrafish or small Drosophila (fruitfly) pupa.”® Accurate spectroscopic or
unmixing techniques will be essential for more sensitive detection of molecular imaging agents

in the face of the overwhelming PA contribution from blood.



Chemical Society Reviews Page 82 of 100
b I c
| .

h

(3|e2s "gie)
uoljdiosqy

o

Extinction (arb. scale) =
< o o
i o oo =

o
Ao

0 ==
430 470 510 550
Wavelength (nm)

Fig. 42 PAT of eGFP distribution in Drosophila melanogaster pupa.”” PAT images acquired at
(a) 488 nm, (b) 498 nm, and (c) 508 nm, respectively. (d) Spectrally resolved PAT image of
eGFP distribution in an intact pupa. (e) Corresponding histology of DAPI-stained pupa at the
same imaging plane (green color corresponds to GFP-expressing salivary glands). (f) Extinction
spectra of eGFP (red with absorption peak at 488 nm) along with measured absorption of pupa
case (blue) and fat areas (green). (g) Imaging plane of the pupa. (h) Overlaid image of the image

at 508 nm (c) and the spectrally resolved image (d).

A recently developed bacteriophytochrome-based NIR fluorescence protein, named iRFP,
provided much higher PA contrast than conventional GFP-like proteins.>*" *** Two differently
labeled tumors, one with iRFP670 (absorption/emission maxima at 645 nm/670 nm) and the

other with iRFP720 (absorption/emission maxima at 703 nm/720 nm), and surrounding
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vasculature can be spectrally resolved. PAT images of iRFP-encoded mouse with sub-millimeter
resolution at depths up to 8 mm were acquired.”” The signal amplification is caused by its
substantially red-shifted absorption spectra and high extinction coefficient. With the attributes,
iRFP670 and iRFP720 are more suitable probes for in vivo PAT than conventional GFP-like
fluorescence proteins. Furthermore, in vivo PACT and deep-PAM imaging was exploited on

mouse tumor xenograft model with iRFP-expressing MTLn3 cells.**

7.2 LacZ

LacZ, originating from E. Coli, is one of the most widely used reporter genes.”>* The LacZ
reporter gene encodes a bacterial enzyme, B-galactosidase, which metabolizes lactose into
galactose and glucose. A colorless analogue of lactose, 5-bromo-4-chloro-3-indolyl-p-d-
galactoside (X-gal), was used for p-galactosidase staining (Fig. 43).>*>**° By adding X-gal, B-
galactosidase cleaves the X-gal and yields galactose and an optical indoxyl monomer, 5-bromo-
4-chloro-3-hydroxyindole. Afterwards, two of the monomers are oxidized to form a blue product,
5,5’-dibromo-4,4’-dichloro-indigo, which absorbs light strongly between 605 and 665 nm.
Taking advantage of the effect, multi-scale PAT was used to image gene expression as deep as 5
cm in living biological tissue. AR-PAM with a high-frequency focused transducer can supply
sufficient resolving ability to unveil the microvasculature without enough imaging depth.
Complementarily, PAT is able to detect the LacZ-marked tumor in great depth at the expense of
resolution. The caveat of this method is that the assay requires local injection of the X-gal
substrate into the imaging region of interest. Moreover, X-gal usually causes skin irritation and
was not efficiently metabolized in tumors especially when X-gal was injected through the tail

vein.
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Fig. 43 PAT of LacZ reporter gene expression using chromogenic X-gal probe.”*° (a) Staining of

X-Gal catalyzed by B-galactosidase for PAT detection. (b) Photograph showing the chromogenic

change after addition of X-gal solution into the native lysate of 9 L/lacZ cells.

7.3 Tyrosinase

In contrast to LacZ, tyrosinase gene, which does not require injection of enzymatic substrate
for PAT, regulates melanin generation in skin and hair in humans. The expressed tyrosinase is a
key enzyme that catalyzes the production of multiple melanin molecules which will generate
strong PA signal.”*’ Tyrosinase-catalyzed melanin and various other absorbers in tissue can be

spectrally differentiated by PAM in vivo.”*” In fact, expression of melanin in cells is variable and
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dependent on the transfection efficiency. Although the extinction coefficient of melanin is lower
than that of hemoglobin at the wavelengths studied, there is enough melanin production in the
transfected cells to increase concentration to detectable levels. The disadvantage of this gene
expression is that the melanin production process in transfected cells can potentially be toxic.”*
Future work will involve different methods and cell lines to selectively express melanin and
improve transfection rates. Further work is also needed to study the toxicity of melanin
production in transfected cells. Tyrosinase was also shown to be a reporter gene for MRI owing
to the binding of melanin with heavy metal ions that create a substantial increase in T1 signals.”
Moreover, PET of reporter gene can also be realized by the melanin avid probes such as N-(2-
(diethylamino)ethyl)-ISF-S-ﬂuoropicolinamide ("*F-P3BZA) as a reporter probe.240 Similarly,
plasmid expressing human heavy chain ferritin was co-transfected with human melanoma SK-24

(SK-MEL-24) for PAT.**! Iron accumulation due to ferritin overexpression was demonstrated in

SK-MEL-24 cells in vitro.

8. Discussion and prospects

In this review, we have surveyed recent contrast agent advancements in design,
biochemistry, and theranostic applications for PAT. Indeed, the versatile optical probes are now
increasingly active in numerous aspects: enhanced sensitivity and specificity, functional
biosensing, activatable drug release/response, and imaging of tumor microenvironments as well
as gene activities. However, there is no single best agent for all applications and selection of the
most ideal agent can be ambiguous due to the great variety of NPs. They are categorized and
summarized in Table 1 according to their different characteristics. The choice of NP for a certain

purpose is application dependent: NP properties, imaging depth, and biological interactions all
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play important roles. The key criteria in evaluating potential PA contrast agents are optical

absorption spectrum, size dimension, functionality design, surface modification, targeting

capability, as well as its toxicity and biodegradability.

Gold nanorods

Gold nanocages

Gold nanostars

Gold nanoshells

Gold nanovesicles

Gold nanotripods

Gold copper pentacles

Silver nanoplates

Quantum dots

(CdTe/zZnS)

Copper sulfide

Iron oxide

Palladium nanosheets

Carbon nanotubes

Graphene oxide

Table 1 Exogenous contrast agents for functional PAT

10 by 30-60 nm

10-150 nm

45-80 nm

130 nm

250 nm

<20 nm

45-200 nm

25-250 nm

5-50 nm

20 nm

60 nm-3 um

1.8 nm by 8-50
nm

1 nm by 50-300
nm

1 nm by <50 ym

650-1100 nm

500-1200 nm

780-840 nm

800 nm

808 nm

540, 700 nm

810, 530 nm for 200
nm NP

550-1080 nm

635 nm

990 nm

No absorption peak

790-1050 nm

680 nm

230 nm

Ovarian cancer imaz%ing,105
organ imaging™®

SLN identification,"*
melanoma imaging,'®® PTT""

2

Neovascular imagi1r21§;,5 cancer

therapy

Brain cortex imaging,127 drug
loading'?®

Tumor imaginq, cancer
therapy'*2

Tumor imaging™®

PTT™®

Tumor imaging, image-guided
therapy'*

Photothermal, fluorescence,
PA imaging*

MMP detection, ' deep
imaging,'® drug delivery'®

Nodal staging, '*® ™ breast
cancer imaging'®

Tumor imaging'”’

Tumor imaging,'® polymer
scaffolds imaging'”’

Tumor imaging, drug
delivery™*

Rod shape, high PA enhancement

Porous hollow cage, activatable drug

release

Multibranched with sharp tips,
excellent PA enhancement

Silica core and gold shell, moderate

PA enhancement

Biodegradable, high PTT efficiency

Tripod shape, small size, good
biocompatibility

Pentacle shape, high photothermal

effect

Thin triangular plate, potential toxicity

Dual imaging capability, low

photothermal conversion efficiency

High photostability, deep imaging

FDA approved, dual imaging
(MRI&PAT)

Ultrathin structure, high photostability,

high PA enhancement

Cylindrical hollow cube, moderate PA

enhancement

Ultrathin sheet, high loading efficiency,

low PA contrast

In vivo

In vivo

In vivo

In vivo

In vivo

In vivo

In vivo

In vivo

In vivo

In vivo

Clinical

In vivo

In vivo

In vivo



Page 87 of 100 Chemical Society Reviews

Lymph node imaging, reactive  Organic, good biocompatibility, large

SamiERe e g (e =0 80 (i, ¢ R oxygen species detection®’ mass extinction coefficient
Polypyrrole ~45 nm 808 nm Brain va_sculat_ure |ma9|gqg, High conductivity, high PA
deep tissue imaging enhancement
- - 196 - - -
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ICG <2 nm 790 nm SLN mapping, ; tumor FDA approved, excelle_nt PA
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H H 218
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pressure detection
Evans blue <2 nm 620 nm Capillary imaging®*® Nontoxic, high PA enhancement
Coomassie blue <5 nm 595 nm Brain delineation®” High PA enhancement, organic dye
SEEEA N < (i 713 nm Deep imaging, bzrzaem cortex Synthetllc pigment, FDA approved,
imaging high PA enhancement
Green fluorescent . . 230 Dual fluorescent/PA imaging, low PA
protein (GFP) =] A T P2 T el enhancement, shallow depth
’ Gene expression imaging, require
LacZ gene NA Bz i (s Tumor cell imaging®® > catalyst injection, may cause skin
product) Ao L
irritation
Tyrosinase gene NA 335 nm (melanin Phantom |mag|n2%,7 melanin Gene expression imaging, potential

product)

imaging

toxic production process

It is expected that further advancement of this fast-growing topic will continue to accelerate
both basic life sciences and bedside clinic care. Correspondingly, practical applications set
demanding requirements on their optical properties, dimension and morphology, surface
chemistry, ability to entail multiple tasks such as multimodality imaging, diagnosis and therapy
in one platform, as well as clinical prospects. Although plenty of case studies and significant
progress has been introduced in each section of this review, new research efforts in diverse
directions are in demand to make rapid progress toward this end. Here we would like to highlight
the facing challenges and future directions which can bring pronounced impact.

1) PAT still needs to cope better with facing technical challenges. For example, PAT

In vivo

In vivo

In vivo

In Vivo

Clinical

Clinical

In vivo

Ex vivo

Clinical

In vivo

In vivo

In vivo
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capabilities are severely hindered by thick bones such as human skull and thoracic air
cavities in the body. Sophisticated algorithms are needed to recover the PA signals and
suppress the interfering skull artifacts. High-repetition lasers with rapid wavelength turning
are required for real-time functional PAM. Moreover, there is also a need to image more
deeply which may be overcome by high laser energy and optimal wavelength.

Improvement of PAT sensitivity is still needed for some real imaging cases, in particular,
for weak signal detection. Theoretically, single molecule detection can be achievable by
PAT at room temperature for molecules with fast enough relaxation time. However, in
reality, the imaging sensitivity is mainly hampered by surrounding thermal noises and
acoustic inherence of the medium itself in the form of black body radiation. Possible
technical improvements include development of ultrasensitive acoustic transducer with very
short focusing length to maximize the pressure receiving. In addition, high repetition pulse
laser could allow sufficient PA signal averaging to eliminate the interfering thermal noises.
Fabrication of NP with a strong absorption coefficient would also be of great help to
increase the sensitivity.

Developing contrast agents which comply with ‘smart, activatable, efficient’ strategies is
another appealing direction. For instance, an agent candidate can selectively change its
generated PA signal amplitude or absorption spectrum along with the environmental
variations such as temperature, pH change, or oxygen level. Or the activatable particle
‘cargo’ can release a therapeutic drug or optical agent upon laser irradiation/HIFU. As a
result, the designed probe can be used as an indicator of functional parameters to reflect
physiological/pathological status. Meanwhile accurate unmixing spectroscopic techniques

are essential to distinguish the exogenous agents in the face of strong PA contribution from
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4)

5)

6)
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the medium.

In general, NPs need to circulate and extravasate the vascular compartment, circumvent
RES uptake, cross the interstitium, and be taken up by the desired site for imaging purposes.
Despite the imaging enhancement by many NPs, more work is still required to overcome the
delivery obstacles and boost the efficiency. Optimized surface engineering of these NPs to
ensure prolonged stability and long circulation in the bloodstream will be attractive for in
vivo applications in the future. Injected NPs are often unable to biodegrade into biologically
benign components. Hence, an efficient clearance of them is necessary and of crucial
importance by developing new or modified synthetic strategies to prepare small (<10 nm)
but efficient NPs.

Some organic dyes such as ICG and MB have already been approved by FDA for human
applications. However, more types of proposed inorganic NPs including most gold
nanoconstructs are still being examined in small animal study due to the potential toxicity
issue. Future toxic investigations on non-human primates are necessary to provide useful
information for their possible clinical translation.

Promoting an agent or PAT system into clinical trials and FDA approval needs to undergo
rigorous biosafety evaluation and arduous regulatory approval steps, which is a very time-
consuming and costly process.”** Ultimately, it should take an interdisciplinary group,
comprising a variety of professionals with diverse backgrounds, for example material
chemistry, medical instrument engineering, disease diagnosis, vascular biology, oncology
therapeutic, and government regulations to advance the new contrast agents for clinical

imaging.
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Emerging optical contrast agents substantially advance photoacoustic molecular tomography on sensitivity
and specificity enhancement, structural and functional imaging.
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