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Abstract

Tumor metastasis is referred to the spread of cancer from one to another unadjacent part of the
body, which results in more than 90% of tumor deaths, and however is still poorly understood.
Circulating tumor cells (CTCs) have been proposed as an important biomarker of tumor metastasis.
Many approaches have been developed for detection of CTCs, but each has its own advantages
and disadvantages. With the aid of nanoparticles (NPs), photoacoustic detection along with
efficient magnetic enrichment of CTCs demonstrated high sensitivity. However, differentiation of
photoacoustic signals is non-trivial hence specificity can be poor. Surface-enhanced-Raman-
scattering (SERS) NPs were used for detection of CTCs with high multiplexing capability.
However, the lack of enrichment of CTCs limits its application for in vivo detection. High
sensitivity and high specificity in vivo methods of detecting CTCs are in urgent need. A hallmark
signature of metastasis is angiogenesis, the proliferation of vessel networks growing from pre-
existing vasculature. Imaging angiogenesis is important for cancer research since angiogenesis is
regarded as a necessity for tumor growth and tumor metastasis. Photoacoustic imaging (PAM) is
a promising technique for imaging angiogenesis due to intrinsic high optical contrast between
blood and tissues, and high spatial resolution at adequate penetration depth. Optical-resolution
photoacoustic imaging (OR-PAM) pushed the lateral resolution limit of PAM to micron or
submicron level, which enables imaging of single capillaries, the finest vasculature elements.
However, the low imaging speed of OR-PAM may limit its application in the clinic, and for

practical pre-clinical imaging of animal models.

A single modality tool for studies on tumor metastasis is unlikely to be able to fullfill these
needs. Therefore, the long term goal of this dissertation is to develop a multimodality imaging tool

for imaging tumor metastasis and detecting of CTCs with high specificity and high sensitivity.
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Specially, we focused on the approach of combing PAM with a Raman imaging technology for
this purpose. For the task of detecting CTCs, the photoacoustic subsystem could aid in placement
of a magnet for trapping of such CTCs and gaging the flow rate for optimal optical and multiplexed
detection with the Raman sub-system. The photoacoustic sub-system could also be used for
detecting absorption signatures from nanoparticles on tumor cells. For detecting metastases, the
Raman imaging subsystem could be used to detect multiple flavors of nanoparticles targeted to
(non-circulating) tumor cells and the photoacoustic sub-system could be used to detect neoplasm

angiogenesis.

We aimed to push limits of OR-PAM imaging frame-rate, to develop a novel CTC detection
technique with high sensitivity and high specificity, and to further build a multimodality

photoacoustic-Raman imaging tool for high sensitivity and high specificity molecular imaging.

Our work presented in this dissertation can be divided into three parts. First, we worked on
developing realtime OR-PAM using various high pulse repetition rate lasers and combined with a
fast optical scanning galvanometer mirror systems. We reported the first near realtime volumetric
OR-PAM with 4 frames per second (fps) imaging speed and ~ 6 um lateral resolution by employing
a fiber laser with up to 600 kHz pulse repetition rate. Further, we demonstrated in vivo near
realtime sustained OR-PAM imaging of dynamic process and 30 fps realtime imaging of cardiac-
induced mircrohemodynamics in murine microvasculature. In addition, we studied the scanning
speed dependence of photoacoustic signals which may lead to a super-resolution technique in the
future. Second, we demonstrated for the first time the magnetic enrichment and detection of CTCs
in circulating PBS or rat blood with high specificity and high sensitivity by targeting tumor cells

with both SERS NPs and magnetic NPs (MNPs). Third, we presented a multimodality imaging
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system consisting of PAM and SERS imaging which may advance the research of tumor metastasis

in the future.
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1. Introduction

1.1 Metastasis and angiogenesis in cancer

Tumor metastasis is the spread of cancer cells from one organ or part of the body to another non-
adjacent organ or tissue, which accounts for more than 90% of tumor death [1]. A critical event
during metastasis is the transportation of tumor cells through blood vessels to reach a distant site.
These tumor cells, therefore, are called circulating tumor cells (CTCs). Detection of CTCs is an
important way to understand the biology of tumor metastasis and may be developed into a useful
tool for cancer prognosis and treatment. In this dissertation we develop multimodality imaging

tools to study metastases and CTCs.

CTCs and metastases often have unique biomarker signatures which can be targeted with
imaging agents and nanoparticles (NPs). One focus of this dissertation will be to develop
multiplexed targeting strategies to provide specific detection of CTCs and to non-invasively image
these biomarker profiles in metastases. Besides unique biomarker profiles, metastases often posses

another hallmark signature: angiogenesis.

Angiogenesis is referred to the biological process whereby new blood vessels form from pre-
existing vasculature [2]. It occurs in embryogenesis, wound healing and menstrual cycle in ovaries,
but otherwise rarely happens in healthy status [3]. However, angiogenesis is well-appreciated as a
necessity to tumor growth and progression [4]. Without the independent blood network providing
nutrients and oxygen and removing waste products, the growth of solid tumors is limited to a few
millimeters due to the equilibrium between the tumor cell proliferation and apoptosis [4][5].
Imaging angiogenesis is of great importance for cancer diagnosis, therapy and understanding the

cancer biology process.
1.2 Problem statement and motivation
1.2.1 Imaging angiogenesis

A variety of modalities have been used for imaging angiogenesis includes x-ray computed
tomography (CT), magnetic resonance imaging (MRI), positron emission tomography (PET),

ultrasound imaging, optical imaging [6]. CT imaging is capable of imaging blood flow, blood
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volume and vessel permeability [7]. However, the radiation exposure limits the CT imaging
applications especially for children [8]. MRI is a non-ionizing imaging technique which provides
anatomic and functional information of angiogenesis with excellent temporal resolution. The
spatial resolution of MRI can reach 80 ~100 um resolution which, however, is still not enough for
imaging capillaries of several microns [9]. PET is a quantitative angiogenesis imaging tool with
high sensitivity to picomolar concentration tracer molecules, while its spatial resolution is poor
compared to CT or MRI [10-11]. Ultrasound imaging can be used for imaging tumor vasculatures
at low cost, however, with low spatial resolution compared to CT and MRI [12]. Optical imaging
is able to provide structural and functional imaging of angiogenesis based on bioluminescence or
light absorption differences, which however, is limited to restricted field of view (FOV) and

imaging depth due to strong optical scattering in tissue [13-15].

Photoacoustic imaging has emerged as a promising technique combining the virtues of
ultrasound imaging and optical imaging, which is able to provide higher contrast imaging of blood
vasculature compared to ultrasound imaging, with higher spatial resolution and deeper imaging
depth compared to optical imaging [16-18]. Recently developed optical-resolution photoacoustic
microscopy (OR-PAM) pushed the lateral resolution limit of photoacoustic imaging to micron or
submicron levels, enabling the imaging of single capillaries [19]. However, low imaging speeds

limit the applications of OR-PAM in diagnosis, therapy and biological studies [20].
1.2.2 Detection of circulating tumor cells

There are several approaches used to detect CTCs: nucleic-acid based methods, physical-property
based methods and immunological approaches [21][22]. The specificity of nuclei-acid methods is
poor for distinguishing a true positive signal from strong background noise [23]. The approaches
based on physical properties meet the challenge of variations of heterogeneous CTC sizes in
clinical specimens [22]. CellSearch system (VeridexTM, Warren, PA) is a FDA (Food and Drug
Administration)-approved method using antibodies against cell surface antigens to enrich and

capture CTCs, which is however, limited by its low sensitivity [24-26].

In vivo detection of CTCs is difficult due to its low concentration (1- 10 CTCs per mL) in
blood stream with millions of white blood cells and almost 1 billion red blood cells per mL [27].

Recently, photoacoustic detection of magnetically captured CTCs in vivo was reported by using
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NPs to target cell surface antigens [28][29]. However, this approach was based on photoacoustic
signals, hence lacked specificity. Detecting CTCs by using surface-enhanced-Raman-scattering
(SERS) NPs was demonstrated with potentially high multiplexing capability [30]. However, in

vivo detection was not reported due to lack of enrichment of CTCs.
1.2.3 Long-term vision and goal of this dissertation

The long-term goal of this dissertation is to develop multi-modality multiplexed optical and
photoacoustic imaging tools for detecting CTCs and imaging metastases. A major shortcoming of
many previous efforts to detect tumor cells amidst a deluge of other cells is specificity of detection.
To address this problem we proposed the idea that multiple species of surface-enhanced Raman
scattering NPs could be targeted to different cancer-upregulated cell surface receptors on CTCs or
metastases. The SERS NPs offer unique spectral fingerprints and have previously been shown to
have high multiplexing capability while being largely immune to tissue autofluorescence and
photobleaching. Because spectral linewidths are narrow and signals from these NPs are bright,
SERS NPs avoid spectral overlap problems encountered in fluorescence imaging and offer
imaging at several mm depth in biological tissues. The long term goal is to use the high
multiplexing abilities of these SERS NPs for detecting multiple cell markers to improve detection
specificity. Improved detection specificity could lead to improved diagnostic tests for cancer to
enable personalized medicine since these CTCs can reveal much about tumor phenotypes and
provide valuable biomarker information that clinicians can use for tailoring therapeutic regimens.
For example, in breast cancer it is critical to know whether tumors are positive for Estrogen
Receptor, Progesterone Receptor, and HER2, yet the biomarker profiles of CTCs and metastases
may vary significantly from the primary tumor. Such biomarkers can also reveal much about
prognosis and predict the aggressiveness of the cancer. This too is important to know as a more
aggressive and timely treatment may be chosen if the tumor is aggressive in nature. The ability to
use CTCs as a source of biomarkers is already a reality in clinical research but progress is limited
by the ability to detect small numbers of CTCs in blood with high sensitivity and specificity.
Additionally we lack sensitive and specific tools for imaging and detecting these CTCs even in

preclinical research using animal models.



We envision multiple imaging and sensing modalities as being critical for detecting CTC and
metastasis and imaging their microenvironment and biomarker profiles. In this dissertation we
focus on photoacoustic and Raman imaging tools for this purpose. Photoacoustic imaging is an
emerging hybrid bio-imaging technology that offers high contrast high-resolution imaging with
optical absorption as the primary contrast mechanism. As the dominant absorbing chromophores
in tissue are oxy- and deoxy-hemoglobin (the red pigment in red-blood cells) photoacoustic
imaging can produce exquisite images of the microcirculation, can quantify oxygen saturation of
hemoglobin for functional imaging, and can be used to image blood flow. Exogenous contrast
agents can be used including NPs to provide additional signal contrast. These agents can be
targeted to bind to cell receptors to provide molecular information. In this dissertation we focus on
one hallmark of tumor metastases: angiogenesis (the growth of new blood vessels). We develop
imaging systems with the capability to image superficial vasculature for the purpose of imaging
angiogenesis in metastastatic neoplasms and for the purpose of visualizing the vascular context of
CTC or metastasis-targeted NP agents to be imaged with Raman multispectral imaging. The
Raman sub-system will be used to image and detect tumor cells targeted with SERS NPs for
multiplexed imaging aimed at leading to high specificity and sensitivity. For immobile metastases
we envision these SERS NPs targeting the metastasis to reveal its location and biomarker profile
non-invasively, with photoacoustic imaging providing the structural and functional vascular
context. For CTCs we aim to target the CTCs with not only SERS NPs but also magnetic NPs to
enable magnetic trapping and enrichment. The long-term vision is that a patient could wear a
magnet to trap CTCs which could then be detected using Raman or photoacoustic methods, with
multiplexed multispectral imaging enabling non-invasive biomarker profiling. Trapping could also
facilitate extraction of detected CTCs for subsequent genetic profiling using polymerase chain
reaction (PCR), ELISAs, or other methods. Some of these molecular biology methods need only a
single CTC or a few copies of DNA, mRNA, or miRNA to provide a plethora of information about
the CTC phenotype.

The scope of this dissertation does not aim to meet all the objectives in this long-term vision,
but rather to further develop the current state-of-the art in multi-modality photoacoustic and Raman

imaging and to demonstrate key points of feasibility for the larger vision of tackling metastasis.



1.3 Major contributions for this dissertation
Work described in this dissertation can be divided into the following three parts.
1.3.1 Realtime optical-resolution photoacoustic microscopy (OR-PAM)

o Our work helped to pioneer the use of fiber lasers and microchip lasers for OR-PAM. We
demonstrated for the first time using a passively Q-switched fiber laser for OR-PAM, which is
quite inexpensive compared with many competing laser architectures, and could be developed into
highly compact and rugged systems, offering the advantage of fiber-coupling [31]. Laser repetition
rate is a crucial factor affecting the imaging speed. Before our report, typically OR-PAM systems
used low laser repetition rate (<1kHz) providing very low frame-rate imaging, which limits clinical
utility. Lasers with high repetition rates and suitable pulse durations and energies are not widely
available and can be cost-prohibitive and bulky. Present flashlamp-pumped laser systems offer
repetition rates of 10-100 Hz while diode-pumped solid-state Q-switched lasers can provide kHz-
level repetition rates. These repetition rates are inadequate for real-time frame-rates which are
desirable for clinical applications. Since our report in 2010, people started to use high repetition
rate fiber lasers and microchip lasers for OR-PAM, which could pave the way of using OR-PAM

for many significant clinical and biological applications [32].

. We pioneered high-frame-rate OR-PAM. We first reported near real-time OR-PAM system
with ~4 fps 3D imaging and ~6 um resolution using a commercial fiber laser with up to 600 kHz
PRR and a fast, dual mirror optical scanning system [33]. This imaging speed may be adequate for

some clinical applications and is one to two orders of magnitude faster than previous systems.

. We developed a fast volumetric, realtime (30 frames per second) OR-PAM system which
enables both sustained imaging and real-time imaging [34]. By using this system, we reported in
vivo label-free reflection-mode real-time OR-PAM imaging of micro-hemodynamics correlated
with cardiac pulsations. Before our report, using a high-speed OR-PAM with Au NP-assisted sub-
diffraction-limited resolution was reported to achieve in vivo imaging of microcirculation in mouse
skin at 18 three-dimensional volumes per second [35]. However, the applications of their setup for
thick soft tissue is limited due to its configuration working only in transmission mode. Also, NP
agents are needed for imaging microcirculation in their system. An immersible MEMS-mirror

scanning system capable of high volumetric frame rates was demonstrated [36]. However, they
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only demonstrated imaging of carbon particles and red blood cells, but did not correlate
microvascular hemodynamics with cardiac pulsations, which could be important in pulse-wave
velocity studies and studying tumor hemodynamic pressures. The capabilities of the system may

also lead to a future role in functional imaging studies of neuronal-hemodynamic coupling.

o In our realtime OR-PAM studies, we demonstrated the dependence of photoacoustic signal
strength on laser repetition rate and scanning speed in OR-PAM system, due to the temperature
dependence effects of Gruneisen parameter induced by overlapping of adjacent laser pulses in laser
scanning [37]. This technique may be used for improving imaging quality and lead to a novel

super-resolution technique in the future. We are developing this work into a journal paper.
1.3.2 CTC detection

o We demonstrated for the first time using both SERS NPs and magnetic NPs (MNPs) to
achieve magnetic enrichment and trapping of cancer cells mixed with circulating PBS or blood
[38]. Targeted MNPs and SERS probes were used to achieve high sensitive and specific detection
of CTCs. Single cell trapping events were indicated by discrete SERS signals detected in the
magnetic trapping zone from a mixture of flowing dual-NP labeled HeLa cells and Phosphate
buffered saline (PBS) or rat blood. This work could be used in both ex vivo and in vivo applications.
It is important for future SERS-based multiplex detection of CTCs, which and may pave the way

to create new tools for cancer research, molecular diagnostics and personal medicine.
1.3.3 Multimodality imaging with PAM and SERS detection

. We first reported a multimodality photoacoustic and Raman imaging system to achieve co-
registered PAM and SERS imaging by using both SERS NPs and MNPs [39]. This system
presented the virtue of high specificity and multiplexing capabilities due to SERS imaging
compared with previously reported PAM. Also, since single modality imaging may be insufficient
for efficient metastasis research, combing the structural and functional information of angiogenesis
provided by PAM with molecular information inside vasculatures by SERS imaging may be prove
a promising technique for further clinical and biology research on tumor metastasis. We are

developing this work into a journal paper.



1.4 Organization of this dissertation
The rest of the dissertation is organized as following:

Chapter 2 provides background information on imaging tumor angiogenesis and detection of CTCs,
principle of photoacoustic imaging, and literature review on the development of OR-PAM and
detection of CTCs. The work presented in this dissertation can be divided into three parts. The first
part (chapter 3-6) is focused on real-time OR-PAM. The second part (chapter 7) is focused on
techniques for detection of CTCs. The third part (chapter 8) is focused on multimodality imaging
system development. Chapter 9 is a summary of contributions, offers conclusions and discusses

future work.

Contents of this dissertation (chapter 3 to 8) are drawn from the publications with permissions
listed as following:

[1] W. Shi, S. Kerr, L. Utkin, J. C. Ranasinghesagara, L. Pan, Y. Godwal, R. J. Zemp, and
R. Fedosejevs, “Optical resolution photoacoustic microscopy using novel high-repetition-
rate passively Q-switched microchip and fiber lasers,” J. Biomed. Opt. 15, 056017(2010).

[2]W. Shi, P. Hajireza, P. Shao, A. Forbrich, and R. J. Zemp, “In vivo near-realtime
volumetric optical-resolution photoacoustic microscopy using a high-repetition-rate
nanosecond fiber-laser,” Opt. Express 19, 17143(2011).

[3] W. Shi, P. Shao, P. Hajireza, A. Forbrich, and R. J. Zemp, “In vivo dynamic process
imaging using real-time optical-resolution photoacoustic microscopy ”, J. Biomed. Opt. 18,
026001 (2013)

[4] W. Shi, P. Shao, and R. J. Zemp, “Investigation of Photoacoustic Signal Strength as a
Function of Scan-Speed and Laser-Repetition-Rate”, 2013 Joint UFFC, EFTF and PFM
Symposium, 1534 (Prague, 2013).

[5] W. Shi, R. J Paproski, R. Moore, and R. J. Zemp, “Detection of circulating tumor cells
using targeted surface-enhanced Raman scattering nanoparticles and magnetic enrichment”,
Journal of Biomedical Optics 19(5), 056014 (2014)

[6] W. Shi, P. Shao, R. J. Paproski, A. Forbrich, R. Moore, and R. J. Zemp, “Multimodality
photoacoustic and Raman imaging of magnetically-trapped tumor cells”, Proc. SPIE 8943,

894367 ( SPIE Photonics West,San Francisco, 2014).
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2.Background

It was reported by International Agency for Research on Cancer (IARC) of the World Health
Organization (WHO) that there were 14.4 million new cancer cases with 8.2 million cancer deaths
in 2012 worldwide [1]. Cancer is the second leading cause of death worldwide after cardiovascular
diseases, while the annual cancer cases are estimated to rise from 14 million in 2012 to 22 million
within the next two decades [1]. The term cancer is usually applied to malignant tumors that are
capable of invading into adjacent parts of the body and spreading by invasion and metastasis. The
earliest description of cancer can be traced back to about 3000 BC in Egypt [2]. However, till now,
the causes, the pathophysiology, the prevention, the diagnosis, and the treatment of cancer are still
not clear. Therefore, cancer research is in urgent need for identifying the causes and developing

strategies for prevention, diagnosis and treatments.

2.1 Angiogenesis and metastasis

2.1.1 Angiogenesis

It is well-appreciated that solid tumor growth is usually discontinuous which can be divided into
avascular stage and vascular stage [3]. In avascular stage without independent blood network
supplying nutrients and oxygen and removing waste products, most solid tumors can grow by
simple diffusion of oxygen and nutrients from existing vasculature but are restricted to the size of
several mm in diameter then die or enter dormancy [4]. The term dormancy here indicates the
equilibrium between proliferation and apoptosis of cancer cells or the growth arrest of solidary
tumor cells, which may last for months or even years [5]. While in vascular stage, tumor cells
expand exponentially and invade tissues locally by stimulating growth of new blood vessels from
existing microvessels, which is termed angiogenesis. The purpose of tumor angiogenesis is to

obtain sufficient oxygen and nutrients for its rapid growth [6-9].

Angiogenesis was assumed to be induced by hypoxia and possibly a factor associated with low
oxygen saturation or inflammation [10]. Hypoxia occurs as a result from deficient vascular supply
to meet the perfusion demands of rapidly growing tumors [11][12]. Hypoxia induces gene
expression of the angiogenic molecules such as vascular endothelial growth factor (VEGF),

fibroblast growth factor (FGF), transforming growth factor- (TGF-B ), platelet-derived growth
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factor (PDGF), and others [7]. Sensing the angiogenic signals, activated endothelial cells produce
matrix metalloproteinases (MMPs), a special class of enzymes which help degrade the proteins
that keep the vessel walls solid [13]. The MMPs break down the basement membrane and
extracellular matrix (ECM, support material providing structural and biochemical support around
the surrounding cells), permitting the migration of endothelial cells. The permeability of
endothelial cell layer increases by VEGF, which enhances trans-endothelial migration and
invasion [14]. Subsequently, endothelial cells migrate into surrounding tissues, align in loose
groups and begin to divide. Lumen formation occurs by vacuole formation and curving of the
endothelial skeleton [6]. Blood flow will start when these sprouts connect [15][16]. Gradually,
these sprouts evolve into high-order blood vessels that generate new sprouts, supporting

continuous expansion of the tumor vascular bed and tumor mass [17][18].

Angiogenesis seldom occurs in healthy situation, except for embryogenesis, wound healing
and the menstrual cycle [19]. However, an increase in angiogenesis happens in many diseases,
including cancer. Further, angiogenesis is indispensable for tumor growth and metastasis.
Therefore, the understanding of angiogenesis biology, the imaging of angiogenesis, and the

development of anti-angiogenic therapies are of great importance for cancer research.
2.1.2 Progress on angiogenesis imaging

There is a clear clinical need for imaging angiogenesis since angiogenesis is an important marker
of cancer useful in diagnosis and prognosis [20]. For primary tumors, the microvessel density in
localized areas can be used as an independent prognostic factor for overall and disease-free
survival [6, 21-28]. Angiogenesis imaging may play a key role in clinical evaluation of the

progress of cancer therapy in a sensitive and specific manner [9][29].

There are several modalities mainly used to image angiogenic vasculature: x-ray computed
tomography (CT), magnetic resonance imaging (MRI), positron emission tomography (PET),
ultrasound imaging, optical imaging and photoacoustic imaging [30]. With contrast agents, CT
imaging can be used for imaging blood flow, blood volume and capillary permeability [31]. The
introduction of spiral or helical CT in 1990 enabled volumetric imaging, which allowed the capture
of transient enhancement of the vascular system after intravenous injection [32][33]. With further

development of multidetector CT technique, CT angiography demonstrated its application in
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imaging the inflow and out-flux of the entire brain vasculature, the thoracoabdominal aortoiliac
system, the lower extremity arterial system, the upper extremity arterial system, and coronary
arteries [34-37]. However, higher spatial resolution in CT imaging requires larger radiation dose,
the concerns of which limit the growth of CT imaging applications particularly in children [38].
CT primarily is capable of imaging large vessels and cannot resolve capillary networks with

acceptable doses.

MRI is capable of anatomic and functional imaging with good temporal and spatial resolution
and without ionizing radiation exposure [20]. MRI can be used for providing information about
blood volume, blood flow, transendothelial permeability and angiogenesis-specific molecules with
or without intravenous contrast agent [39-41]. Rudin et. al, in 2005, demonstrated in vivo imaging
of tumor vasculature using magnetic resonance imaging (MRI) with 80 ~100 um resolution[42].
However, the resolution is not high enough for imaging the smallest vascular components -

capillaries of several microns.

PET is a quantitative imaging technique which is sensitive to very low concentrations of tracer
molecules on the order of picomolars [43]. Moreover, due to short half-life time of many PET
radiotracers, PET allows for repetitive imaging over time [43]. However, the spatial resolution of

PET is poor compared to CT or MRI [30][44].

Ultrasound imaging is a low cost, portable and widely available technique which can be used
for imaging tumor vasculatures [9]. By using microbubbles as contrast agents, ultrasound imaging
provides blood volume and perfusion information [45]. Color flow Doppler ultrasound imaging
has been used to characterize large tumor vasculature in xenografts in mice and solid tumors in
patients [46-48]. 3D power Doppler ultrasound was proved to be able to image oral carcinomas
surrounding tissue vasculature in 2007 by Rebol et. al [49][50]. However, the low spatial resolution
compared to CT or MRI is a limitation of the application of ultrasound imaging for visualization
of small vessels under 100 microns. Optical imaging technologies have been developed to depict
tumor physiologic processes in general and angiogenesis in particular [51]. Among them,
bioluminescence imaging was used for assessment of angiogenesis through detecting
bioluminescent light from internal sources in living tissues [52][53]. Near-infrared light imaging

has been used for functional imaging of blood vessel based on the light absorption differences of
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oxyhemoglobin and deoxyhemoglobin in near-infrared window. In 2001, Brown et al. reported in
vivo experiments of using two photon microscopy to analyse physiological signals in tumors,
which however, limited to restricted field of view (FOV) and only about 200 um in depth [54].
Many other confocal and fluorescence microscopy methods, optical coherence tomography
methods, and multi-photon microscopy approaches have been used to image microvasculature in
model systems and human subjects. Fluorescence approaches require injection of exogenous
contrast agents, which is not always desirable. Optical coherence tomography uses Doppler and
speckle-tracking methods to image the microvasculature, however, is not sensitive to oxygen
saturation of hemoglobin. Optical imaging methods are limited by photon scattering which

degrades spatial resolution drastically beyond a mean free path inside tissues [55].

Photoacoustic imaging has been used for imaging angiogenesis with the virtue of high optical
contrast between blood and tissue at deeper depths compared with pure optical imaging due to
much lower ultrasound scattering than optical scattering in tissue. Photoacoustic tomography was
used to perform structural imaging of tumor angiogenesis in brains, and functional imaging of
cerebral hemodynamic changes [56-58]. Optical-resolution photoacoustic microscopy (OR-PAM)
with micron-level lateral resolution demonstrated its ability to image single capillaries [59].
However, high imaging rates are needed for future clinic applications of OR-PAM. In general,
there is no agreement on which method is most suitable for imaging tumor angiogenesis. Some
may have advantages over the others for specific disease or information. Also, combined or hybrid

imaging technique may be developed in the future.
2.1.3 Metastasis

Tumor metastasis is the spread of cancer cells from one organ or part of the body to another non-
adjacent organ or body. Carcinoma metastases are formed by epithelial cells in primary tumors
following several biological events: (1) Local invasion: carcinoma cells from primary tumor
breach the basement membrane, then invade through surrounding ECM and stromal cell layers,
and afterwards enter the adjacent tissue parenchyma; (2) Intravasation: carcinoma cells enter the
lumen of lymphatic or blood vessels; (3) Survival in circulation: tumor cells in circulation must
overcome a variety of stresses, resist the hymodynamic shear forces and evade capture from the

immune system before arriving at distant sites; (4) Arrest at distant organ sites: circulating tumor

16



cells (CTCs) lodge in the microvessels of distant organs; (5) Extravasation: carcinoma cells
penetrate the endothelial cells and pericyte layers, and enter into the tissue parenchyma; (6)
Micrometastasis formation: through a complex mechanism, carcinomas modify the
microenvironment and cells, and adapt autonomously to foreign tissues so as to survive and form
micrometastasis at distant loci; (7) Metastatic Colonization: by overcoming microenvironmental
incompatibilities and switching on self-renewal pathways, very few carcinoma cells may be able
to reinitiate their proliferative programs at metastic sites, developing macroscopic, clinically

detectable metastases [60-62].

Due to its systematic nature and the resistance of disseminated tumor cells to existing
therapeutic agents, metastatic tumors are much more difficult to cure compared with primary
tumors which can be well treated by surgical resection and adjuvant therapy [60]. More than 90%
of cancer death is due to metastasis rather than primary tumors [61]. However, only recently the
molecular and cell-biology mechanisms of metastases emerged, while many details remain poorly
understood and need to be explored in patients. Therefore, understanding the biological details of
metastastatic mechanisms, and developing strategies to prevent and treat tumor metastasis are in

urgent need for cancer research.
2.1.4 Progress on detection of circulating tumor cells

During tumor metastasis, circulating tumor cells (CTCs) are often detected, which are an indicator
of poor prognosis [4][63]. Circulating tumor cells are cells in blood presenting antigenic or genetic
characters of a particular tumor type, which were cited in the American Society of Clinical
Oncology 2007 updated recommendation for the use of tumor markers in breast cancer [64]. CTC
detection is reported as an indication of the prognosis in early-stage breast cancer patients, and
early systemic tumor cell metastasis [65-69]. Also, CTC level changes may provide a minimally
invasive method to assess patients’ response to drug treatments by therapeutic agents [68]. In
addition, the genetic characterization of CTCs is believed to be a key to figure out the relationship
between primary tumors and metastatic tumors, which may make detection of CTCs an important

clinical tool for diagnosing and treatment of tumor metastasis [14][70].

A variety of approaches have been used to detect CTCs, while most of them require enrichment

or isolation of CTCs before detection [71]. Nucleic-acid based methods use the detection of genetic
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alternations that are specific for cancer cells to identify CTCs [72-75]. The detection of free tumor-
derived DNA in serum/plasma of prostate cancer patients was proposed to relate to the presence
of CTCs [76][77]. However, nucleic-acid based methods present low specificity since it is hard to
distinguish from a true positive signal due to the strong background noise caused by expression of
markers in normal cells [78]. Detections of CTCs were also performed by separating CTCs from
red blood cells based on their relative larger size and differences in density, charge, migratory
properties [79-82]. These techniques, however, still need further validation with clinical specimens,
in which variations of heterogeneous CTC size and resistance to filtering shear stress exist [83].
Antibodies against cell surface antigens are widely used for capture of CTCs. CellSearch system
(VeridexTM, Warren, PA) is a FDA (Food and Drug Administration)-approved method which
conjugates antibodies against epithelial cell adhesion molecule (EpCAM) to ferrofluids and
purifies CTCs through a magnetic field [84]. This platform, however is limited by its low
sensitivity [85][86]. High throughput microscopic scanning methods have been used for CTC
detection. Both fiber-optical-array scanning approach and laser-scanning cytometry identify
unpurified viable CTCs deposited on a glass slide, which enable cytological evaluation of CTCs
without pre-selection bias but is less conductive for further molecular and biological
characterization [87-89]. Recently, flowmetry has been used for in vivo detection of CTCs [90-93].
Among these, photoacoustic flowmetry was reported to be used for detecting melanoma cells [91].
Photoacoustic detection of magnetically captured CTCs was demonstrated by using nanoparticles
(NPs) to target cell surface antigens, which however, lacked specificity [92][93]. Surface-
enhanced-Raman-scattering (SERS) NPs were used for in vivo CTC detection with potentially high
specificity due to high multiplexing capability of SERS NPs, while enrichment of CTCs was not
included [94]. As a whole, existing CTC detection techniques each has unique advantages and
limits. New technologies need to be further developed to detect CTCs with efficient capture, high

sensitivity and specificity.
2.2 Optical resolution photoacoustic imaging

2.2.1. Photoacoustic wave generation
The photoacoustic effect was first reported by Alexander Graham Bell in 1880, which refers to the
generation of acoustic waves by absorption of electromagnetic (EM) energy, especially optical

energy in this report [95]. When a target is irradiated by short laser pulses, the absorbed pulse
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energy is converted to heat, hence leads to a local temperature rise which induces pressure waves
through themo-elastic expansion. The pressure wave, termed photoacoustic waves, detected by

ultrasound transducer can thus be used to determine optical properties of the target.

Optical properties include optical scattering and optical absorption, which are related to
molecular constituents and structures of biological tissues. Optical absorption coefficients of
biological tissues vary between 0.1 cm™ and 10 cm™ in the visible to near-infrared region. The
intrinsic high optical absorption contrast of hemoglobin to surrounding tissues makes optical
absorption based techniques excellent candidates for imaging the microvasculature. In addition,
optical absorption in tissues is sensitive to molecular composition. This can be useful for functional
imaging, for example the absorption spectrum difference between oxygenated hemoglobin and
deoxygenated hemoglobin can be used to estimate oxygen saturation of hemoglobin [96]. Optical
scattering is strong in biological tissues, which limits the imaging depth of high resolution optical

imaging to ~1mm due to drastically resolution degradation.

Thermal and stress confinements are two crucial conditions for efficiently generating
photoacoustic signals [97]. Thermal relaxation time, T,, = d?/a,, , characterizes the thermal
diffusion of absorbed optical energy, where d. is the characteristic dimension, o, is the thermal
diffusivity of heated area [98]. Stress relaxation time, 743 = d./vg , characterizes the pressure
propagation in the heated area, where, v is the speed of sound. When the laser excitation is in
both the thermal and stress confinements, the local pressure rise immediately induced by optical

absorption via thermal expansion can be expressed as [2][3]:
2
po = "o taF = TitoF (1)

where B denotes the thermal coefficient of volume expansion in K™!, C, denotes the specific heat
capacity at constant pressure in J/ (kg K), i, is the optical absorption coefficient in cm™, F is the

2
optical fluence in J/cm?. T = Bc&’ is the Gruneisen parameter. The speed of sound and thermal

D

coefficient of volume expansion are both temperature dependent, hence the Gruneisen parameter
is temperature dependent. An empirical formula can be used to estimate Gruneisen parameter for
water and aqueous solutions as following [98]:

T, (T,) = 0.0043 + 0.0053T, 2)
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where T,is the temperature in degree Celsius. Thus, the strength of photoacoustic signals is
proportional to optical absorption coefficient, optical fluence, Gruneisen parameter, and is related
to temperature.

The attenuation of ultrasound in soft tissue increases with the frequency. The ultrasonic
attenuation coefficient, p = af b where a and b are constants, and f is the ultrasonic frequency
[99]. Neglecting the inhomogeneity of acoustic speed, the speed of sound in most soft tissues is
relatively constant at 1.5 mm/us with a small variation of less than 10% [99][100]. Based on the

temporal photoacoustic signal, we can get the depth-dependent tissue information.

2.2.2. Photoacoustic Imaging

Photoacoustic has been developed rapidly in the last decade for biomedical applications, involving
vascular biology, oncology, neurology, ophthalmology, dermatology, gastroenterology, and
cardiology [101-116]. This is in part due to the benefits of photoacoustic imaging, including safety,
high contrast, and high spatial resolution at relatively deep imaging depths. Photoacoustic imaging
employs nonionizing waves which pose no health hazard compared with ionizing CT or PET.
Along with its non-destructive, non-invasive nature, photoacoustic imaging is an ideal candidate
for in vivo applications. Photoacoustic imaging is based on intrinsic high optical absorption
contrast with no back ground while the mechanical contrast based ultrasound imaging is less
informative for some tasks [96]. In addition, photoacoustic signals are sensitive to hemoglobin
concentration and to oxygen saturation due to different optical absorption spectra of oxygenated
and deoxygenated hemoglobin, which can be used for functional imaging as well. The spatial
resolution of photoacoustic imaging can outperform that of optical imaging in the quasi-diffusive
or diffusive regime in biological tissues since optical scattering in soft tissues is two or three orders
stronger than ultrasound scattering which impaired resolution remarkably with increasing depth

[96].

Currently, photoacoustic imaging systems can be divided into two main categories:
computational photoacoustic tomography (PAT) and photoacoustic microscopy (PAM). PAT is a
reconstruction-based imaging technique. Since temporal photoacoustic signals detected at
different locations offer 1D information about photoacoustic source in axial direction, 2D surface

scan can provide sufficient information for a 3D reconstruction of photoacoustic source. Usually,
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a full-field illumination is employed to induce optical absorption from a relatively large tissue
volume in PAT. The generated ultrasonic waves are then detected by a mechanically-scanned
ultrasound receiver or array of receivers when they propagate to the tissue surface [117]. Various
inverse algorithms have been developed to reconstruct PAT resource from the detected
photoacoustic signals [117]. Up to SOHz cross-sectional imaging frame rate was reported in using
PAT [118]. However, the imaging resolution of PAT is usually limited to several hundreds of

micrometers owing to the low frequency ultrasound used [119].

In photoacoustic microscopy (PAM), usually a focused ultrasound detector and/or a focused
laser beam are confocally configured to achieve maximum sensitivity. A 1D depth-resolved image,
termed an A-line, is generated by each laser pulse. Therefore, a 3D image can be formed by 2D
transverse scanning of ultrasonic detector or laser beam or the target, and then putting all acquired
1D images together. There is no need for inverse reconstruction algorithm in PAM. The axial
resolution of PAM is determined by the temporal profile of induced acoustic signals and is limited
by the bandwidth of the transducer, while the lateral resolution is determined by the optical or
ultrasonic focal spots, depending on the depth and illumination configuration [101][ 120]. Based
on whether the optical or ultrasonic focus is finer, PAM is further divided into acoustic-resolution
PAM (AR-PAM) and optical-resolution PAM (OR-PAM). In AR-PAM, resolution is determined
by ultrasonic focusing and limited by the ultrasonic diffraction limit. It is not limited by optical
scattering and may use a broad illumination pattern. Therefore, high resolution at depths beyond
the optical transport mean free path and up to a few centimeters can be achieved with diagnostic
frequencies or to depths of a few mm at higher frequencies. Using a 50 MHz high frequency
ultrasound transducer to achieve tight acoustic focus, AR-PAM was demonstrated capable of in
vivo imaging at 3mm depth with 15 um lateral resolution and 45 um axial resolution [121].
However, further improving the resolution by increasing the ultrasonic frequency is difficult due
to strong propagation loss of ultrasonic waves at high frequencies, which limits the penetration
depth of acoustic waves to only a few hundred micrometers in tissue for hundreds of MHz
frequencies to rival resolutions achievable with optical focusing [101]. To solve this problem, OR-

PAM was proposed [59].
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2.2.3. Optical resolution photoacoustic microscopy

By tightly focusing a laser beam into superficial depths of a target, photoacoustic imaging pushes
the limits of the lateral resolution to micron-scale, which is determined by the size of a focused
light spot (limited by diffraction-limited focal spot size) rather than the width of the ultrasonic
focal zone in AR-PAM. This novel imaging technology for visualizing optically-absorbing
superficial structures with high contrast and high micron-scale lateral resolution is referred to as
optical resolution photoacoustic microscopy (OR-PAM). OR-PAM is depth-limited to
approximately one transport mean-free path (~1 mm in tissue) since diffraction-limited focusing
is difficult to achieve past this depth due to multiple scattering. The ability to resolve capillaries

enables OR-PAM to detect earlier stages of cancer than AR-PAM.

Maslov et al first demonstrated using OR-PAM to achieve micron-level lateral resolution at an
imaging depth >0.7 mm (Fig.2.1) [59]. In their experiment, a 25 um diameter pinhole was used to
spatially filter the laser pulses from a dye laser and then was imaged to a focal spot by an objective
lens. A plano-concave lens was used for achieving ultrasonic focusing. The optical objective lens
and 75 MHz ultrasonic transducer were aligned coaxially and confocally. Volumetric images were
generated by a two-dimensional (2D) raster scan along the x-y plane. Lateral resolution of ~5 pm
and imaging depth of at least 700 um were achieved. Fig.2.1. (b) showed the in vivo OR-PAM
image of microvasculature in a nude mouse ear within 1 mm x 1 mm field of view (FOV), using
10 min acquisition time. Later, Xie et al. developed a laser-scanning OR-PAM (LS-OR-PAM)
system based on the pioneering work of L.V. Wang’s group [122]. In Xie’s studies, fast-scanning
mirrors was used to scan the optical spot relative to a fixed ultrasound transducer. A lateral
resolution of 7.8 um in a 6 mm-diameter circular field-of-view (FOV) was achieved. Because
scanning of an optically-focused laser spot is required, the imaging speed of OR-PAM is limited

by laser pulse-repetition rate.

More studies on using novel OR-PAM techniques for structural [123] and functional [123-127]
imaging were reported. OR-PAM has demonstrated its potential applications for neuro-functional
imaging, oxygen saturation imaging [124][125], blood velocity imaging[126], transcranial
imaging of whole brain murine cortical capillary networks[127]. In addition, OR-PAM was

reported to realize in vivo imaging of amyloid plaques in a transgenic mouse model of Alzheimer’s
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disease [107], as well as longitudinal monitoring of angiogenesis in a transgenic mouse model

[102][103], demonstrating the potential to monitor the efficacy of anti-angiogenic therapies.
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Fig.2.1. (a) Schematic of the OR-PAM light focusing system (a: condenser lens; b: pinhole; c:
microscope objective lens; d: ultrasound transducer; e: correcting lens; f: isosceles prism; g: acoustic
lens; h: silicon oil); (b) in vivo image of micro-vasculatures of a nude mouse ear with the OR-PAM
system [59].

2.2.4. Challenges of OR-PAM

As a promising technique for imaging tumor angiogenesis, photoacoustic imaging has the features
of non-invasiveness, non-ionizing radiation and is able to provide high contrast angiogenesis
imaging due to intrinsic strong optical contrast between hemoglobin and tissues. Originated from
photoacoustic imaging, OR-PAM has been developed as an imaging technology for visualizing
optically-absorbing superficial vascular structures in vivo with lateral spatial resolution determined
by optical focusing rather than acoustic detection. Micron-level resolution makes OR-PAM a
promising method for imaging angiogenesis to its finest vascular components — capillaries.

However, it also faces challenges preventing its clinical applications.

First, long acquisition times of OR-PAM limits its application in the clinic. Further, realtime
imaging can be a useful tool for anti-angiogenic therapies due to the ability to monitor the efficacy
of a drug candidate in real time, and can be also important to observe biological dynamic process.
In OR-PAM with micron-level lateral resolution, the pixel number needed for even a small
imaging field of view (FOV) is large. For example, 10 um resolution for a 1 mm x1 mm imaging
area requires tens of thousands of pixels, which means tens of thousands of photoacoustic A-scan
lines need to be collected for each frame. Recently, 70 minutes acquisition time was reported to
imaging a 7.8 mm x10mm area at 2.5 um step size using the second generation OR-PAM system
[128]. This acquisition speed is still not enough for clinical applications. No realtime volumetric

OR-PAM imaging was reported until the work done by our group which is listed in the thesis.
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Second, the imaging depth of OR-PAM is limited to ~ 1mm with micron-scale resolution.
Therefore, OR-PAM is usually used for super-facial imaging on the skin surface. To broaden the
application of OR-PAM, OR-PAM endoscopy is a promising candidate which uses multimode
optical fiber combined with miniature lens and/or ring transducer and/or miniature scanning

mirrors [114][129].

Third, high laser pulse repetition rate employed in OR-PAM may cause overlapping of
adjacent laser pulses on targets. Therefore, the temperature rise caused by previous laser pulses
may change the Gruneisen parameter, subsequently inducing higher photoacoustic signals. Further
work need to be done on the effects of scanning speed and laser-repetition-rate on photoacoustic

signal especially for fast imaging speed OR-PAM.

2.3. Detection of circulating tumor cells

2.3.1. Photoacoustic detection of CTCs
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Fig.2.2. In vivo magnetic enrichment using two-colour photoacoustic detection of CTCs: either laser
beam incidents near the external magnet or through a hole in the magnet by a fiber-based delivery
system [92].

Laser beam

In 2009, V. Zharov’s group reported in vivo rapid photoacoustic detection of magnetically captured
CTCs (Fig.2.2) [92]. In their experiment, circulating breast cancer cells were targeted by both
magnetic nanoparticles and carbon nanotubes, and were captured under a magnet. The magnetic
nanoparticles were functionalized to target urokinase plasminogen activator receptors which are
highly expressed on many kinds of cancer cells but are lowly expressed on normal blood and

endothelial cells. In addition to serving as magnetic contrast agents, the magnetic nanoparticles
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were also used as photoacoustic contrast agents due to their intrinsic optical absorption. Also,
functionalized gold-plated carbon nanotubes acted as a second photoacoustic contrast agent for
targeting folate receptors which are at high level in cancer cells compared to much lower levels in
normal blood. Their experiment demonstrated the ability to concentrate and detect CTCs from a

large volume of blood with high sensitivity in vivo, in realtime.

Recently M. O’Donnell’s group at University of Washington demonstrated magnetically
trapping and manipulating of CTCs-mimicking flowing polystyrene beads [130]. To achieve
efficient magnetic trapping, a dual magnet system was used to produce a homogeneous magnetic
field to magnetize contrast agents, along with a high magnetic field gradient to exert strong
magnetic trapping force to magnetized contrast agents. Magneto-sensitive nanospheres and optical
absorptive gold nanorods were used for targeting the polystyrene beads which mixed with a water-
ink solution circulating inside a Teflon tube to mimic circulating tumor cells. Their results showed
efficient magnetically trapping in a stream with a flow rate up to 12 ml / min, with minimum
detectable bead number of about 50 beads. However, similar to Zharov’s group, their setup did not

show multiplexing ability to improve specificity of detection.

2.3.2. SERS detection of CTCs

Surface-enhanced Raman scattering

Raman scattering was first reported in 1928 by C. V. Raman etc. [131]. It is the inelastic scattering
of a photon from an atom or a molecule when light interacts with matters. According to the
frequency shift of the scattered photon related to incident photon, the scattering is also called
Stokes (lower frequency) or Anti-Stokes (higher frequency) scattering respectively. Raman
scattering provides rich information on the structure and composition of the atom or molecule,

providing a spectral fingerprint.

Raman spectroscopy is based on the measurement of the vibrational energy levels of chemical
bonds through Raman scattering. It is a non-destructive and non-invasive technique which can also
be carried out under a wide range of conditions [ 132]. However, Raman spectroscopy is not widely
used for practical applications due to its extremely weak signal (~1 photon is inelastically scattered
for every 107 elastically scattered photons). In 1974, Fleischmann, Hendra and Mcquillan first

reported a strong Raman signal from a monolayer of pyridine adsorbed on an electrochemically
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roughened silver electrode [133]. This phenomenon was later called surface-enhanced Raman
scattering (SERS), which is due to laser excitation of molecules adsorbed on nano-patterned metal
surfaces or nanoparticles. The enhancement factor of 10°-10® has been reported from typical
experimental conditions, which allows the technique to be sensitive enough to detect single

molecules.
Surface-enhanced Raman spectroscopy using SERS nanoparticles

In recent years, the biomedical research community has realized that for a specific disease process
a single targeting agent may not be able to provide sufficient information. As a result, a lot of
research has focused on developing techniques to realize sensitively and simultaneously detection
of multiple targets. Lately, sensitive imaging of nanoparticles for both diagnostic and therapeutic
applications has emerged as a hot topic [134-138]. Surface-enhanced Raman spectroscopy with
SERS nanoparticles has recently been reported and offers ultralow background and very high
multiplexing capabilities, important for specificity [139-141].

S. Gambhir’s group at Stanford University recently showed that they could detect and classify
multiple types of Raman nanoparticles injected into live mice with picomolar sensitivities (Fig.2.3)
[142]. This work demonstrates the ability to detect a multiplicity of optical probes with high
sensitivity in vivo. In their experiment, each SERS nanotag comprised a 60nm diameter Au core
coated with a monolayer of Raman-active organic molecule and encapsulated with 30nm silica
shell. Raman measurements were performed with a Reinshaw microscope system along with an
x—y translation stage for raster scanning. Spectral classification algorithms were used to identify
species of nanoparticles which were detected in vivo up to depths of several-mm.

In 2013, B. C. Wilson’s group at University of Toronto reported in vivo multiplexed SERS
imaging by using a tunable-filter-based widefield Raman imaging system with acquisition times
orders of magnitude faster than achievable with comparable point-scanned methodologies [143].
In their experiment, four types of SERS reporter molecules were detected and separated after being
implanted subcutaneously into a nude mouse. The ability to quantitatively analyze the amount of
each reporter molecule with high fidelity was also demonstrated.

Other optical methods for probing biology in vivo such as fluorescence methods can spectrally

resolve two or three probes. Now with SERS nanoparticles it may be possible to visualize several
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(if not many) different probes simultaneously. Targeting these probes to molecules of interest may

reveal significant insights into complex biological pathways in vivo.
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Fig.2.3. Demonstration of deep-tissue multiplexed imaging 24 h after intravenous (i.v.) injection of
five unique SERS nanoparticle batches simultaneously. (A) Graph depicting five unique Raman
spectra, each associated with its own SERS batch: S420 (red), S421 (green), S440 (blue), S466
(yellow), and S470 (orange). (B) Raman image of liver overlaid on digital photo of mouse, showing
accumulation of all five SERS batches accumulating in the liver after 24 h post i.v. injection. Panels
below depict separate channels associated with each of the injected SERS nanoparticle batches.
Individual colors have been assigned to each channel, and the resulting mixture shows a purple color
that represents a mixture of the five SERS nanoparticle batches accumulating simultaneously [142].

Detection of CTCs using SERS

In 2011, Wang et al., reported rapid detection of CTCs in human peripheral blood by using SERS
NPs [94]. In their experiment, density-gradient centrifugation was used for isolating CTCs and
leukocytes from whole blood. After incubation with bioconjugated epidermal growth factor
(EGF)-SERS nanoparticles and centrifugations, SERS signals were detected from the remaining
cell pellet as an indication of CTC numbers. The results showed the detection sensitivity was 5 to
50 tumor cells per mL of blood, and also indicated higher targeting specificity compared to whole
antibody targeting. Their experiment demonstrated identification of CTCs in the peripheral blood
of 19 cancer patients with CTC concentrations ranging from 1 to 720 CTCs per mL of whole blood.
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However, their method lacked an enrichment technique, which limited their application for in vivo

detection.

Silica-encapsulated magnetic NPs (M-SERS dots) were reported to generate strong SERS
signals, hence can be potentially used for targeting cancer-cells, and also be useful for cancer-cell
separation due to their magnetic properties [144]. In 2014, Quaresma et al., reported using star
shaped gold-coated magnetic nanoparticles for detecting SERS signals from Astra Blue, and for
magnetically separating a histidine-tagged maltose binding protein from a crude cell-extract [145].
However, magnetic trapping of CTCs were not studied in both approaches. In addition, false

positive signals may be introduced during magnetic trapping due to existing free nanoparticles.

2.3.3. Folate targeting

To increase the binding of nanoparticles to tumor cells, reduce the non-specific adsorption by
normal cells, and overcome the poor solubility and stability in vivo, usually naonaoparticle surfaces
need to be modified with a high-affinity targeting ligand [146]. One of the best-characterized
ligands to target tumor cells is a water-soluble vitamin named folate, which is important for the

survival of proliferating cells [147].

Folate is frequently employed as a targeting ligand due to several features: 1) the expression
of folate receptor is significant on cancer cells of the lung, breast, ovary, kidney, brain, uterus,
testes, colon and myelogenous leukemias, while it is low on most normal cells (typically more than
500 times less) [148-155] ; 2) the affinity of folate receptor binding to folate is high, hence
potentially a low dose of folate-agent is needed for saturating all available folate receptors; 3)
folate conjugates are removed rapidly from receptor negative tissues, which may lower non-
specific background [156]; 4) folate is a highly stable, inexpensive, non-immunogenic chemical

with small molecular size [157].

Recently, folate functionalized liposomes derivations, superparamagnetic particles, polymer
nanoparticles, gold nanoparticles, gadolinium nanoparticles, and core-shell nanostructures have
been reported [158-165]. Various folate-conjugated agents have developed as low molecular
weight cytotoxic drugs, liposomes with entrapped drugs, protein toxins, therapeutic genes,
immunotherapeutic agents, nanoparticles and enzymes for prodrug therapy [166-183]. To prevent

the aggregation, improve biocompatibility, and facilitate binding to cell-surface receptors,
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poly(ethylene glycol) (PEG) spacer has been reported to help develop conjugated folate for cancer
targeting [ 184-186].

2.3.4. Challenge of detecting circulating tumor cells

CTCs are regarded as “liquid biopsy” of cancer due to its potential to represent the overall disease
more than primary tumor biopsies [187]. Research on CTCs may help to understand metastasis
development mechanisms, assist cancer diagnosis & prognosis, and monitor response to therapy
[71]. However, due to the rarity of CTCs in blood ( ~1- 10 CTCs per mL compared to millions of
white blood cells and almost 1 billion of red blood cells per mL), methods with both high

sensitivity and specificity are in urgent need for detection of CTCs.

Secondly, multimodality imaging and/or detection may be needed for efficient research on
tumor metastasis. A forte of photoacoustic imaging is high resolution and optical absorption
contrast, however, differentiation of signals is non-trivial hence specificity can be poor. In contrast,
SERS imaging has the nature of high specificity, high sensitivity, and is an ideal tool for molecular
imaging. Developing multimodality imaging methods, combining the advantages of existing

imaging approaches is crucial for cancer research, molecular diagnostics and personal medicine.
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3. Optical resolution photoacoustic microscopy using
novel high-repetition-rate passively Q-switched
microchip and fiber lasers

3.1 Introduction

During the last decade remarkable progress has been made in the area of photoacoustic imaging
and its biomedical applications. This is due to the demand for safe, high-contrast, and high spatial
resolution techniques for the early diagnosis and monitoring of disease. Photoacoustic imaging
uses non-ionizing waves which pose no health hazard, compared with ionizing x-ray radiation.
Moreover, photoacoustic imaging presents advantages over traditional pure optical and ultrasound
imaging techniques. Several groups have developed photoacoustic imaging technologies in
different forms[1]. Photoacoustic tomography (PAT) has shown potential to generate images with
optical contrast and ultrasonic spatial resolution at significant tissue depths[2][3]. Maslov et al. [4]
and Zhang et al. [5] demonstrated dark-field photoacoustic microscopy (PAM), where high-
contrast photoacoustic images were produced by raster-scanning a light-delivery and acoustic
detection probe mechanically. Advances in PAM and PAT technology include optical detection of
photoacoustic signals[6], and the use of ultrasound arrays to improve imaging speed[7], among
others. Due to optical contrast, photoacoustic imaging offers considerable opportunities for
functional and molecular imaging, including imaging of blood oxygen saturation, imaging of gene
expression, and imaging of contrast agents and optically-absorbing nanoparticles [8]. In PAM and
PAT, the lateral spatial resolution is determined by the ultrasonic focal width, while the axial

spatial resolution is determined primarily by the transducer reception bandwidth.

Recently, a paradigm shift in photoacoustics has abandoned probing deep tissues in favour of
pushing the limits of spatial resolution. In this vein Maslov et al [9] demonstrated Optical-
Resolution Photoacoustic Microscopy (OR-PAM), where lateral spatial resolution is determined
by the size of a focused light spot rather than the width of the ultrasonic focal zone. Because optical
focusing is required, the technique is only suitable in the quasi-ballistic regime (to depths of ~Imm
in tissue). Xie et al. [10] extended the pioneering work of the L.V. Wang group to introduce laser-

scanning optical-resolution photoacoustic microscopy. A fast-scanning mirror was used to scan
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the optical spot relative to a fixed ultrasound transducer. OR-PAM has been demonstrated to probe
tissue microvasculature and function down to the single capillary level. Because scanning of an
optically-focused laser spot is required, the imaging speed of OR-PAM is limited by laser pulse-
repetition rate. Present flashlamp-pumped laser systems offer repetition rates of 10-100 Hz while
diode-pumped solid-state Q-switched lasers can provide kHz-level repetition rates. These
repetition rates are inadequate for real-time frame-rates, which are desirable for clinical
applications. Unfortunately, lasers with high-repetition rates (>100 kHz) and suitable pulse
durations and energies are not widely available and can be cost-prohibitive and bulky. To solve
this problem, we are developing high repetition rate, inexpensive, compact laser sources for
realizing high frame-rate photoacoustic imaging. We present experimental data to demonstrate the
feasibility of performing high frame-rate OR-PAM with two novel laser sources: a microchip laser
(~10 kHz repetition rate) and a passively Q-switched fiber laser (>100 kHz repetition rate) [11,
13]. The novel contributions of this paper include: (1) a unique light-delivery probe design with
high optical and acoustic efficiency for OR-PAM (2) demonstration of a custom microchip laser
for optical-resolution photoacoustic imaging. In conference papers, our group and Billeh [13] et
al. recently demonstrated microchip lasers for use in photoacoustic imaging. Billeh [13] et al. also
used supercontinuum generation from nonlinear photonic crystal fibers to demonstrate
wavelength-tunable photoacoustic imaging. Their work, however, did not quantify spatial
resolution and did not demonstrate imaging in optically turbid media. In this article, we
demonstrate a custom 532-nm microchip laser-based OR-PAM system and quantify imaging
spatial resolution in optically turbid media. (3) We demonstrate for the first time to our knowledge
use of a passively Q-switched fiber laser for use in OR-PAM. The microchip and fiber-lasers
discussed here are quite inexpensive compared to many competing laser architectures, and could
be developed into highly compact and rugged systems, offering the advantage of fiber-coupling.
We demonstrate that such lasers have the potential to enable real-time OR-PAM, which could open

doors to many significant clinical and biological applications.

3.2 Methods

3.2.1 Probe design
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Fig.3.1. (a) Minimal-loss probe design (OL: objective lens, P: prism, IMF: index-matching fluid,
UST: ultrasound transducer, M: ~25-um-thick Saran Wrap membrane, F: focal point of both light
and ultrasound). Ultrasound transducer faces a downfacing optical prism such that photoacoustic
signals directed upwards to the prism’s diagonal will be deflected to the transducer. An optical
index-matching fluid ensures that light can be focused without refraction at the prism’s diagonal
interface, and provides a low acoustic-loss medium for acoustic signal propagation. (b) Computed
curve of acoustic power reflection coefficient Cy, (i.e. fraction of incident power reflected) versus
incident angle of ultrasound signal on prism. This calculation was made using the acoustic
impedances of the fused silica and index-matching fluid media, as based on the speed of sound in,
and density of, these materials. Vertical dashed lines represent the acceptance angles of our
transducer (about the optical or acoustic axis).

A low-loss light-delivery and ultrasound detection system is required to enable detection of weak
phtotoacoustic signals. In 2008, Maslov et al. [9] presented a probe with two prisms. This probe
successfully achieved focusing gain, minimal path-length in water/tissue, and negligible acoustic
attenuation in fused quartz. However, owing to acoustic impedance mismatch, acoustic losses at
water-fused quartz interfaces can be high. Additionally, since longitudinal waves are converted to
shear waves at liquid-solid interfaces, wave-mode conversion at a prism-fluid 45-degree interface
produces further losses. In 2009, Z. Xie et al, [10] designed a probe technique which enabled laser
scanning in a photoacoustic microscopy system. They used an unfocused transducer obliquely
positioned to receive photoacoustic signals. As a result of the long pathlength in water and the lack
of any focal gain, the acoustic and diffractive losses are not negligible, and a low frequency

transducer was used, which results in a sacrifice in depth-resolution.
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Fig.3.2. To study the effects of the prism-index-fluid layer of Fig.3.1 on the potential optical
focusing power of the system, we performed a ray-tracing simulation. We simulated a doublet lens
(f = 18 mm, A= 532 nm) focusing a top-hat beam through a 1-cm prism-index-fluid slab with air
between the lens and the slab. The dashed curve is the spot size at the focus versus input beam
diameter. The solid curve represents the spot size possible according to diffraction theory if no
aberrating layer were present. The intersection of the curves represents a region where diffraction-
limited performance is possible.

In this study, we designed a unique probe with minimal loss which is illustrated in Fig.3.1(a).
This probe i1s somewhat similar to the light-delivery system described by Maslov et al. [9] and is
adapted from our previous work [14]. Our ultrasound transducer faces an oblique 10-mm fused
silica prism such that photoacoustic signals directed upwards to the prism’s diagonal will be
deflected to the transducer [14]. Fig.3.1(b) presents the calculation of optical reflectivity of prism
versus incident acoustic signal angle. The calculation result shows the reflectivity is almost 100%
for incident acoustic signal angles within 45+13.4° (the angular acceptance angles of the transducer)
[14][15]. Therefore, all of the acoustic energy is preserved at the prism interface. In our design
optical index-matching fluid (Catalog No. 19569, Cargille Labs, Cedar, Grove, New Jersey) is
used as ultrasonic coupling, and hence allows for top-down laser illumination to be directed to the
tissue surface without optical refractive path variation. The loss caused by acoustic attenuation in
index-matching fluid is only slightly more than water [14]. Our probe therefore exhibits minimal

loss, which will be critical for sensitive photoacoustic imaging.

49



In our probe design, to focus the light to a diffraction-limited spot we need to consider the
optical aberration, especially due to the prism and matching fluid. In this study, we used the ray-
tracing software Beam4 (Stellar Software, Inc, Berkely, CA) to analyze the beam waist as it is
focused through a 1-cm slab (modeling the prism and index fluid). In Fig.3.2, the plot based on
the Beam4 data is shown for a doublet lens of 18mm focal length (at 532nm). While the input
beam diameter to the lens increases, aberrations due to the prism-fluid layer become cubically
worse, as measured by the full-width-half-maximum spot size of the beam at the focal waist
(dashed line). On the other hand, in a diffraction-limited system without aberrations, the focal spot
size decreases with increasing numerical aperture (or input beam diameter), as shown by the solid
curve. Diffraction-limited performance may be nearly achieved in the neighbourhood of the

intersection of these curves.

3.2.2 Experimental setup with microchip laser
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Fig.3.3 (a) Experiment setup for the photoacoustic imaging system employing our microchip laser
(ML: microchip laser, DL: diode pump laser, L1: 8-mm lens, L2: 11-mm lens, A: Nd:Cr:YAG
micochip, F1: long-pass filter blocking 808 nm pump light, L3: 10-cm lens, M: mirror, L4: 10-cm
lens, KTP: KTP frequency-doubling crystal, L5: 30-cm lens, G: glass, PD: photodiode, F2:short-
pass filter blocking 1064 nm light, SM: scanning mirror, OL: objective lens, Pr: imaging probe, UST:
ultrasound transducer). A diode-pumped Nd: Cr: YAG Micro-chip laser is frequency-doubled by a
KTP frequency doubling crystal to 532 nm output. (b) Photograph of the fast-scanning mirror,
objective lens, and imaging probe.
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The experimental setup for the photoacoustic imaging system employing our microchip laser is
illustrated in Fig.3.3(a). The output mode diameter of the 808 nm pump laser was ~100 um. Lens
1 of 8-mm focal-length was used for pump collimation. The collimated pump light was focused
onto the Nd: Cr: YAG Micro-chip which includes the gian medium and saturable absorber (SA)
using 2 lenses of 11-mm focal-length. A long-pass filter 1 was used to block the 808 nm pump
light, while 10-cm focal length lenses 3 and 4 were used to focus the laser onto a KTP frequency-
doubling crystal. The KTP crystal produces a green 532-nm wavelength output, along with residual
fundamental light. This 532-nm wavelength exhibits strong hemoglobin absorption contrast.
Although we did not need it for our imaging experiments, we demonstrated amplification of the
1-ns microchip laser pulses to 60 pJ using a large mode-area Yb-doped fiber amplifier. The pulse
repetition rate was determined by the power of the microchip laser pump source at 808 nm and
may exceed 10 kHz. After collimating the output light from the KTP frequency doubling crystal
by 30-cm focal-length lens 5, a glass slide was used to reflect a fraction of the light onto a
photodiode which was connected to an oscilloscope (DPO 7054, Digital Phosphor Oscilloscope,
Tektronix) as a trigger signal input. Filter 2 was inserted before the scanning mirror system to
block incident light at 1064 nm. The scanning mirror system (6230H, Cambridge Technology Inc.)
is driven by a function generator (AFG3101, Tektronix Inc.). It can reach 300 Hz at mechanical
angles of +5 degree although we used much lower rates (3-5 Hz) for our experiments at this time
to ensure dense sampling. An 18-mm-focal-length objective lens (NA: 0.15, K16033703, Mitutoyo
Co.) was used to focus light through the prism and index-fluid and was positioned ~11 cm away
from the scanning mirrors. The minimal-loss probe with a 10 MHz ultrasound transducer (19-mm
focus, 6-mm active element, f#=3.17, CD International Inc) was used for photoacoustic signal
detection. The photoacoustic signals were amplified by 54 dB using an ultrasound pulse-receiver
(5900PR, Olympus NDT Inc). The signals from the photodiode, ultrasound pulse-receiver and the
position-feedback signals from the scanning mirror system were recorded by the oscilloscope. The
data acquired by the oscilloscope were analyzed by a MATLAB program (Mathworks, Inc).
Because the pulse-repetition intervals of the passively Q-switched lasers are somewhat variable, it
is important to know where each laser pulse occurs relative to the scanning mirror motion
trajectory. To form an image, we register the position of photoacoustic A-scan lines based on the

time-location of photo-diode-recorded laser pulses relative to the mirror position-feedback signals.
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A calibration curve relating laser-spot location and mirror position (assessed by the feedback signal,
which is a function of voltage) is formed by stepping the mirror angle to several fixed intervals
then using a micron-precision translation stage to move the position of a carbon-fiber target to the
light spot to maximize the photoacoustic signal. Fig.3.3(b) shows a photograph of the scanning

mirror, objective lens and probe.

3.2.3 Passively Q-switched fiber laser experimental setup
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Fig.3.4. (a) Experimental setup for the photoacoustic imaging system employing a fiber laser (PL:
pump laser, Fb: fiber, L1:11-mm lens, DM 1: dichroic mirror reflecting 1075 nm light, L2:8-mm lens,
DF: Yb-doped single mode fiber, L.3:6.24-mm lens, L4:15-mm lens, SA: saturable absorber, L5:15-
mm lens, HRM: high reflectivity mirror, L6:10-cm lens, KTP: KTP frequency-doubling crystal,
DM2: dichroic mirror reflecting 537 nm light, L7:15-cm lens, SM: scanning mirror, OL: objective
lens, Pr: imaging probe, UST: ultrasound transducer). A Yb-doped fiber of ~6.5 um mode diameter
with an external saturable absorber is pumped by a 976 nm diode laser. The 1075 nm output pulses
are coupled out of the laser using a dichroic mirror, and then frequency-doubled with a KTP crystal.
The minimal-loss probe with a 10-MHz ultrasound transducer was used for photoacoustic signal
detection. (b) Fiber laser signals as measured by a fast photodiode and oscilloscope: 250 ns pulse
duration, 100 kHz repetition rate.

Fig.3.4(a) shows the experimental setup for the photoacoustic imaging system employing a novel
passively Q-switched fiber laser. As described in previous work [12] by Pan, L. et., the active
medium in our fiber laser was a Yb-doped SM DC fiber with core and inner cladding diameters of
6 and 125 um and core and inner cladding numerical apertures of 0.15 and 0.46, respectively. In
our study, however, the length of Yb-doped SM DC fiber was around 5 m instead of 3 m as in

previous work, which resulted in a slightly longer pulse duration of ~250 ns. The 976 nm pump
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light from the fiber coupled diode pump laser (25-W maximum output power) was coupled to the
Yb fiber by dichroic mirror 1 with 96% transmission at 976 nm and 99% reflectance at 1075 nm.
The SA used in this experiment was a Cr:YAG crystal with transmissions of 30% at 1075 nm. One
broadband high-reflectance dielectric mirror and the perpendicularly cleaved fiber end face of the
laser medium composed a laser resonator. The other end of the fiber was angle cleaved to avoid
feedback. Lens 1 of 11-mm focal length was used for pump light collimation. Lens 2 of 8-mm
focal length was used to couple the pump light into the active medium. Lens 3 of 6.24-mm focal
length was a collimation lens at the other end of the fiber. The 15-mm focal length lens 4 and lens
5 were used to focus the laser onto the SA. In our experiment, as shown in Fig.3.4(a), the 1075 nm
output pulses reflected from the dichroic mirror were frequency-doubled with a KTP crystal. The
10-cm focal length lens 6 was used to focus the laser onto the KTP crystal. Before collimating the
output light from the KTP crystal by 15-cm focal-length lens 7, dichroic mirror 2 was inserted to
transmit 1075 nm and reflect 537 nm light. The 1075 nm light was detected by a photodiode, which
was connected to an oscilloscope for trigger signal input. The pulse-repetition rate was determined
by the power of the fiber laser pump source at 975 nm and was 100 kHz for 4.1 W coupled pump
power in our experiments. Repetition rates from this laser system up to 300 KHz are demonstrated
in [12]. Fig.3.4(b) shows the fiber laser signal. The minimal-loss probe with a 10-MHz ultrasound

transducer was used for photoacoustic signal detection.

3.3 Results

3.3.1 Microchip laser experimental results

Without a fiber-amplifier stage the microchip laser produced ~1.84 pJ, 0.6 ns, 1064 nm laser pulses
with 7.4 kHz repetition rate at ~1.8W pump power. After frequency doubling and filtering, we
obtained 0.21 pJ, 0.6 ns, 532 nm laser pulses, measured after the scanning mirrors and before the
objective lens. With our objective lens, the calculated light spot size at the focus is ~6 um. A
phantom study was performed using 7.5-um carbon fiber targets positioned 1.5 mm below the
probe membrane. To mimic the turbid medium of human tissue (which has a reduced scattering
coefficient ps of around 10 cm™) at 0.5 mm imaging depths, a solution of intralipid was created
with pus = 3.33 cm™ to be used at the 1.5 mm depth. This solution was based on a reference

intralipid concentration of 20% with measured s and ps of 1674 cm™ and 334 cm™, respectively.
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Oblique-incidence reflectometry was used to perform these scattering measurements [16]. It can
be seen from Fig.3.5 that the measured photoacoustic signal amplitudes were around 1.9 V, 1.2 V
and 0.9 V, in clear water, turbid media with ps = 3.33 cm™ and turbid media with ps = 6.67 cm™,
respectively. Photoacoustic signal FWHMs (full-width-half-maximums) were 8+2 um, 1112 um
and 7£2 um in the aforementioned media. The mean photoacoustic signal FWHM in our study
(for media ranging from water to turbid media with ps up to 7.94 cm™) is 942 um. The measured
widths of curves shown in Fig.3.5 are partly due to the width of the carbon fibers themselves. To
estimate the true optical resolution, we computed the convolution of a 2D Gaussian beam with a
carbon fiber (simulated as a 2D rectangular absorption region). We plot the true FWHM of the
Gaussian beam versus the FWHM of the convolution result in Fig.3.6, which shows the
corresponding lateral Gaussian Probe spot resolution is 7 +2 pum, which is within error of the

predicted spot size of 6 um.

Water 2 Intralipid, Water * Intralipid,
Water w' =333 cm  at 1.5 mm depth w '=6.67 cm  at 1.5 mm depth
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Fig.3.5. Photoacoustic signals (circles) at 1.5 mm depth below the probe membrane with Gaussian
fits (lines) (a) in clear water, FWHM = 7.9 um, amplitude = 1.9 V; (b) in turbid medium with ps =
3.33cm!, FWHM = 11.3 pm, amplitude = 1.2 V; (¢) in turbid medium with ps = 6.67 cm’!, FWHM
=7.5 um, amplitude = 0.9 V.
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FWHM of Beam Spot versus FWHM of Phofoacoustic Signal
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Fig.3.6 Optical resolution as a function of full width at half maximum (FWHM) of measured
photoacoustic signal. This plot was generated by taking the convolution of a 2D Gaussian with a
rectangle (simulating the beam spot and carbon fiber, respectively). The photoacoustic FWHM is
larger than the corresponding beam FWHM due to the non-zero width (7 — 8 um) of the carbon fiber
targets; the true optical resolution of the system is found to be 7 um for the measured photoacoustic
FWHM of 9 um.

3.3.2 Fiber laser experimental results
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Fig.3.7. Edge-spread function of photoacoustic signal from graphite foil; lateral 10% - 90% PA
resolution is 15+5um.

In our study, the passively Q-switched fiber laser produced ~13 pJ, 250 ns, 1075 nm laser pulses
with 100 kHz repetition rates at 4.1 W coupled pump power. The output mode diameter of the
single-mode Ytterbium-doped fiber is around 6.5 um. After intentional attenuation (via a neutral

density filter) and measuring before the objective lens, we obtain a mere 0.06 pJ, 250 ns pulse of
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537 nm laser light. Using an objective lens with 18-mm focal length, the calculated light spot size
at the focus is ~10 pum for the fiber-laser system. To measure the photoacoustic signal resolution
in a phantom study, we plot the edge-spread function of the photoacoustic signal, shown in Fig.
3.7, as the optical spot is scanned relative to a graphite foil sample. From the plot, we can see that
the photoacoustic resolution is 15+5 um, which is significantly better than the ultrasonic lateral

resolution of ~580 um.

3.4 Discussion

In our experiments with the microchip laser system the mean spot size on the carbon fiber targets
is 742 pum. With this spot size and 0.21 pJ pulses the predicted fluence is 546 mJ/cm?, which is
comparable to that found in other OR-PAM experiments[9][10], but above the ANSI limit for laser
exposure to human skin. In our experiments with the fiber laser system, the photoacoustic
resolution is 15+5 pum. This corresponds to a fluence of roughly 20 mJ/cm?, which is the ANSI
limit for pulsed laser exposure to human skin. As demonstrated with the above two laser systems,

lower fluences can be used at the expense of signal-to-noise ratio.

One disadvantage present in both the laser systems used here is irregular pulse repetition
intervals, which is a consequence of passive Q-switching. This should not be a significant problem
for many photoacoustic imaging applications, however, as data acquisition is typically triggered
off of photodiode signals. It could be problematic in cases where synchronization of the laser pulse-
repetition clock and the clock of the data acquisition system with minimum jitter is required, such
as with photoacoustic flow imaging. Use of polarization maintaining doped fibers could improve
pulse-to-pulse energy stability, and improve frequency doubling efficiency; our fiber laser system

did not use polarization maintaining fibers, principally to minimize cost.

The fiber laser based OR-PAM system displayed poor photoacoustic signal-to-noise ratio,
making it necessary to use time-averaging when recording data; this is undesirable for real-time
imaging purposes. One possible cause of the weak photoacoustic signals is that the pulse-width of
the fiber laser, which is quite long, may violate thermal and stress-confinement conditions for
efficient photoacoustic signal generation. Additionally, the excitation due to such long pulses may
be produce photoacoustic signals with frequency characteristics which are too low for our present

10-MHz transducer (the equivalent bandwidth of the 250-ns pulse-width is ~2 MHz). Therefore it
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may be advantageous to use a lower frequency transducer, which could improve signal to-noise at
the expense of axial resolution. This trade-off may be tolerable since the depth-of-field of the
optical focus can potentially be made very tight so that axial resolution is optically-defined rather
than acoustically-defined. Future work may build on recent developments in exploiting distributed
Stimulated Brillouin Scattering to produce sub-nanosecond pulses [17], or may use seeding pulses

from diode-laser sources.

3.5 Conclusion

In our studies on photoacoustic imaging systems with a microchip laser and a fiber laser, we have
demonstrated: a) a unique probe design with minimal loss; b) a unique microchip laser which is
highly compact and potentially inexpensive; c¢) a fiber laser which is also potentially inexpensive
and should offer considerable advantages due to fiber coupling. The microchip laser’s repetition
rate is around 7.5 kHz and can be increased to 30 kHz at the expense of pulse energy, while the
passively Q-switched fiber laser’s repetition rate can range between 100 — 300 kHz, which is the
suitable range for real-time OR-PAM imaging (for a 1-mm by 1-mm imaging area scanned with a
lateral resolution of 15 um and a real-time scanning rate of 30 frames per second, a laser pulse
repetition rate of ~130 kHz is required). Both laser systems can potentially be miniaturized to a
shoe-box size apparatus. The above photoacoustic systems present optically-defined lateral
resolution of around 7 um and 15 pm respectively, which is over 33 times higher than that of
ultrasound resolution. All these results show that these systems have adequate laser parameters in
terms of energy, spatial resolution, and repetition rate to be used for real-time optical-resolution

photoacoustic microscopy.
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4 In vivo near-realtime volumetric optical-resolution
photoacoustic microscopy using a high-repetition-rate
nanosecond fiber-laser

4.1 Introduction

Photoacoustic imaging is an emerging technology that involves firing short laser pulses into
tissue and recording acoustic signals due to light absorption-induced thermoelastic expansion.
Image contrast is principally due to optical absorption. High-resolution photoacoustic imaging has
captured considerable attention in the imaging community as its utility is extending to areas of
interest to biologists and clinicians. One embodiment, termed Dark-Field Photoacoustic
Microscopy (PAM) [1] achieves high resolution by using a mechanically-scanned high frequency,
high numerical aperture single-element ultrasonic transducers to receive photoacoustic signals. In
2006, Zhang et al. [2] reported a lateral resolution of 45 pm at a maximum depth of 3 mm by using
a 50 MHz focused ultrasonic transducer to demonstrate functional imaging of hemoglobin oxygen
saturation. To realize micron-scale acoustic resolution, the transducer frequency would need to be
in the hundreds of MHz to GHz range, where penetration depth is limited to less than ~100 pm
due to high ultrasonic attenuation in tissue at high frequencies. An alternative technology to
achieve high resolution is referred to as Optical-Resolution Photoacoustic Microscopy (OR-PAM).
OR-PAM is capable of realizing high optical resolution images because its lateral spatial resolution
is determined by the focused optical spot size (limited by the diffraction-limited focal spot size)
rather than the width of the ultrasound focal zone. OR-PAM systems are depth-limited to
approximately one transport mean-free path (~1 mm in tissue). Because of multiple scattering,
diffraction-limited focusing is difficult to achieve past this depth. Beginning with the work of
Maslov et al. [3], OR-PAM has been used for structural [4] and functional [4-8] imaging in mice.
Oxygen saturation imaging, and imaging of blood velocity has been demonstrated [6][7], and
stunning trans-cranial images of whole-brain murine cortical capillary networks have shown the
potential power of the technique for neuro-functional imaging [8]. Other applications have
included in vivo imaging of amyloid plaques in a transgenic murine model of Alzheimer’s disease
[9], high-resolution functional imaging and chronic monitoring of angiogenesis in a transgenic

mouse model [10], ocular microvasculature [11], and others. E. Zhang et al [12] demonstrated a
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unique Fabry-Perot etalon-based approach for OR-PAM. Xie et al. [13], developed a laser-
scanning OR-PAM (LS-OR-PAM) system based on the pioneering work of L.V. Wang’s group.
In Xie’s studies, a lateral resolution of 7.8 um in a 6 mm-diameter circular field-of-view (FOV)

was achieved.

For clinical applications, OR-PAM should be developed into a realtime technique.
Unfortunately, present volumetric OR-PAM systems have low imaging frame-rates. Since the
separation between successive pixels within the image area should be no bigger than the optical
spot size, even a relatively small image area <I mm % 1 mm requires tens of thousands of PA
signals (A-scan lines) for each frame. Laser PRR and/or high scanning speeds are thus keys to high
imaging frame-rates. Recently, Wang et al. [14], reported a real-time OR-PAM B-scan imaging
system with voice-coil scanning speed up to 40Hz over a Imm range or 20 Hz over 9mm. The LS-
OR-PAM system described by Xie et al. showed no frame-rate advantages over previous OR-PAM
systems due to limitations of the laser PRR. Presently, the PRR of flashlamp-pumped laser systems
can reach 10-100 Hz while that of diode-pumped solid-state Q-switched lasers is at kHz range. For
real-time volume-scanning frame-rates which are desirable for clinical applications, these
repetition rates are still not high enough. Recently we demonstrated the use of custom-built
passively Q-switched microchip (10’s of kHz PRRs) and fiber lasers (100’s of kHz PRRs)
operating at the frequency-double wavelength of 532-nm for OR-PAM [15]. Since then, Wang et
al. [16], reported a 50-kHz fiber-laser operating at 1064nm for OR-PAM. Unfortunately, optical
absorption of hemoglobin at 1064nm is comparatively low. Here we present experimental data to
demonstrate the feasibility of performing high frame-rate OR-PAM by employing 532-nm fiber
laser source with high repetition rate of up to 600 kHz. Combined with a fast-scanning mirror
oscillating at 800 (B-scan) lines per second, we demonstrate an OR-PAM system capable of
volumetric imaging at 4 fps. The imaging frame-rate can be higher if the FOV is sacrificed. This
imaging speed may be adequate for some clinical applications and is one to two orders of
magnitude faster than previous systems. Besides frame-rate advantages, we use a unique light-
delivery acoustic probe system. Previous laser-scanning OR-PAM systems used an unfocused
transducer positioned a significant distance from the sample to collect photoacoustic signals.
Signal attenuation, diffraction and lack of transducer focal gain are significant disadvantages of

this technique. In contrast, other OR-PAM systems use clever probe designs [17] to attain high
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numerical aperture focusing, offering considerable signal-to-noise advantages, but relying on
mechanical scanning of the probe, limiting frame-rates. In our approach, we combined the signal-
to- noise- ratio-advantages of focused transducers with the speed advantages of laser-scanning by
using a unique low-loss light-delivery and ultrasound-detection probe. A laser-spot from our high-
repetition-rate fiber laser is scanned across the focal zone of the ultrasound transducer. Due to our
near realtime imaging frame-rates, our system may pave the way to more widespread acceptance
by biologists and clinicians, and provide new opportunities for studying dynamic processes in

clinical and pre-clinical settings.

4.2 Methods

The system diagram for our unique system is shown in Fig.4.1. Laser pulses are generated by
a diode-pumped pulsed Ytterbium-doped fiber laser (GLP-10, IPG Photonics Corporation.) with
PRR ranging from 20 kHz - 600 kHz. The 1064-nm fundamental wavelength is frequency-doubled
to 532-nm via a built-in compact laser head with output collimator for free-space light delivery.
Laser pulse widths are ~ 1 ns and pulse energies are programmable up to 20 pJ by adjusting the
amplifier pump power, referred to by the manufacturer as the set-point. A glass slide was inserted
in the beam path to reflect a small amount of light onto a high speed custom photodiode, used for
triggering and pulse-to-pulse energy normalization if required. Raster scanning is realized by using
a 2D galvanometer scanning mirror system (6230H, Cambridge Technology Inc.) with XY mirrors
driven by analog sinusoidal signals from two function generators (AFG3101, Tektronix Inc.). The
scanning speed of each mirror can reach hundreds of Hz depending on the scanning angles required.
The amplitude of the function generator output determines the maximum scanning angle, which
in-turn determines the FOV in the image. An 18-mm-focal-length objective lens was positioned
~3.6 cm below the centers of the scanning mirrors to focus light through our unique light-delivery
probe adapted from our previous work [15][18]. As seen in Fig.4.1, a 10 MHz focused ultrasound
transducer (19-mm focus, 6-mm active element, f#=3.17, CD International Inc) faces a downfacing
10-mm optical prism which reflects the upward photoacoustic signals to the transducer [18]. The
acoustic reflectivity is almost 100% for the incident acoustic signal angle within the angular
acceptance angles of the transducer [18]. The optical index-matching fluid (Catalog # 19569,
Cargille Labs, Cedar, Grove, New Jersey) used for ultrasonic coupling, allowed top-down laser

illumination to be directed to the tissue surface without optical refractive path variation. Acoustic
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attenuation of this fluid was measured to be only slightly higher than that of water [18]. A thin
transparent plastic membrane was used to hold the index-fluid in place using O-rings to make a

water-tight seal.
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Fig 4.1. Experiment setup for the photoacoustic imaging system with focused transducer (FL: fiber
laser; FLD: fiber laser driver; RM: high reflectivity mirror; GS: glass slide; PD: photodiode; FG1,
FG2: function generator; DX, DY: galvanometer scanning mirror driver; SM1, SM2: scanning
mirror; OL: 18-mm objective lens; P: prism; IF: index-matching fluid; M: membrane; UST:
ultrasound transducer; Amp: amplifier). A diode-pumped pulsed Ytterbium fiber laser generates 532
nm output. A glass slide was inserted to reflect some light into high speed photodiode detector. We
used 2D fast scanning mirrors and an objective lens to realize scanning and focusing. We used a
uniquely designed minimal-loss probe with a 10 MHz ultrasound transducer (US-TX) for
photoacoustic signal detection.

An eight channel PCI data acquisition card (CS8289, Gage Cobra, Gage Applied Systems,
Inc.) with 12-bit dynamic range and up to 125 MSamples/s sample rate was used to acquire the
photodiode signal (to trigger data acquisition), the feedback positions of the scanning mirrors (to
determine laser spot position on the image plane), and the photoacoustic signals which were
detected by an ultrasonic transducer, and amplified by an ultrasound pulser-receiver (5900PR,
Olympus NDT Inc). Further data processing and analysis were conducted by using MATLAB

programs (Mathworks, Inc) in the data acquisition PC.

4.3 Results

Fig.4.2(a) shows a maximum-amplitude-projection (MAP) image of a human hair target

positioned 1.5mm below the probe membrane in a clear medium. By setting the 2D scanning
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galvanometer mirror system with scanning frequencies of 2 Hz and 400 Hz in the Y direction (slow
scanning axis) and X direction (fast scanning axis), respectively at optical angles within +1.6
degrees, the OR-PAM system realized raster scanning at 4 fps. The image in Fig.4.2(a) shows the
target diameter of around 100 um which is roughly the size of a hair. For resolution studies, an
MAP image of a ~7.5-um carbon fiber target positioned ~1.5 mm below the probe membrane was
obtained as shown in Fig.4.2 (b). To analyze the photoacoustic signal resolution, we extracted out
a slice of data on the image perpendicular to the carbon fiber. The circles in Fig.4.2 (c¢) indicate
the photoacoustic signals along the slice direction, and the line curve is its Gaussian fitting which
shows the photoacoustic signal full width at half maximum (FWHM) as ~9 um. Since the
measured FWHM shown in Fig.4.2 (c) are partly due to the width of the carbon fiber itself, we
computed the convolution of a 2D Gaussian beam with a carbon fiber (simulated as a 2D

rectangular absorption region) [15], which shows the corresponding lateral resolution as ~7pum.

For in vivo studies, we used pulse energies of ~0.15 pJ (measured after the scanning mirror
system). While 4 fps were achieved in phantom studies, we chose to image a larger field of view
(1 mm x 1 mm) for in-vivo studies. We set the 2D scanning galvanometer mirror system with
scanning frequency in Y direction as 1 Hz, and in X direction as 400 Hz at optical angles of £1.6
degrees, which enabled raster scanning at 2 fps. Frame-rates for this FOV are limited by the fast-
scanning mirror system but higher frame-rates are possible for smaller field of view. All
experimental animal procedures were conducted in conformity with the laboratory animal protocol
approved by the University of Alberta Animal Use and Care Committee. The Swiss Webster
mouse was anesthetized using a breathing anesthesia system (E-Z Anesthesia, Euthanex Corp.)
during image acquisition. Fig.4.3 shows snapshots from 2 volumetric images of the
microvasculature in a Swiss Webster mouse ear in vivo. The volumetric images were processed by
using 3D Vesselness filtering [19] and displayed using Volview software (Kitware, Inc., Volview
3.2). Fig.4.3(a) clearly depicts a pair of parallel arteries or veins surrounded by many capillaries,
while a corresponding volumetric rending is shown in Video 1. Fig.4.3(b) shows another snapshot
with photoacoustic signal FWHM of ~6 um obtained from resolution studies, while a

corresponding volumetric rending is shown in Video 2.
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Fig.4.2. (a) Image of a human hair; (b) Image of a 7.5-pum carbon fiber target positioned 1.5 mm
below the probe membrane; (c) Photoacoustic signal (circles) of a slice of data selected
perpendicular to the carbon fiber on 2D image with Gaussian fit (line) in clear water, FWHM =9
pum.

4.4  Discussion

In our studies on photoacoustic imaging systems with fiber laser, we have demonstrated an OR-
PAM system with lateral resolution of ~ 6um, which is close to the objective lens diffraction-
limited focal spot size of ~ 4.3 um at 532 nm. A smaller optical focal spot size can be achieved by
using an objective lens with higher numerical aperture; however, this would require adjustment of

the light delivery system.

Also, our OR-PAM system is capable of C-scan and 3D imaging at 4 fps by using a high PRR
532 nm fiber laser and a high speed 2D galvanometer mirror system. Our in vivo images have a
FOV of 1 mm x I mm, with an average pixel size of 2.5 um X 2.5 um, imaged at a frame-rate of

2 fps. Recently, Hu et al. [20] reported second-generation optical-resolution photoacoustic
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microscopy which takes 70 min. for 7.8 mm x 10 mm FOV at a pixel size of 2.5 um x 2.5 um.
Taking into account the different number of pixels in each image, our setup would be on the order
of 100x faster. Ref. [16] uses a 50 kHz fiber laser (25x faster than previous dye-laser-based
systems butl2x slower than our 600 kHz maximum repetition-rate laser), however their imaging
frame rates are further limited by mechanical scanning and some signal averaging due to the lower

signal strength at 1064nm.

100 pm

100 m

(b)

Fig.4.3. (a) in vivo image of microvasculature in a Swiss Webster mouse ear acquired at 2 fps, which
shows an image of a pair of parallel arteries or veins surrounded by capillaries; Video 1 shows the
volumetric visualization of the Swiss Webster mouse ear microvasculatures by OR-PAM; (b)
Another in vivo image of microvasculature in a Swiss Webster mouse ear; Video 2 shows
corresponding volumetric visualization of the Swiss Webster mouse ear microvasculature.
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The diode-pumped pulsed Ytterbium fiber laser with PRR ranging from 20 to 600 kHz is of
compact size, potentially inexpensive, and should offer considerable advantages due to fiber
coupling. It should be noted that the distance traveled by photoacoustic signals during the time
between laser pulses at 600 kHz PRF is ~2.5mm, only slightly more than the optical transport
mean-free path (which defines the penetration depth of OR-PAM). Hence, repetition-rates much
higher than this may be complicated by deep-tissue signals from previous pulses interfering with

those due to superficial structures.

The pixel separations along the Y-axis were determined by the ratio of the fast axis scanning
speed over the slow axis scanning speed. The maximum scanning speed of around 500 Hz within
optical angles of 1.6 degrees limits the maximum frame rate to 2.5 fps for an image area of 1 mm
x 1 mm at average pixel pitch of around 2.5pum. We chose not to push these scanning-speed limits
to prevent heat buildup in the galvanometer system. If active cooling higher speed 2D
galvanometer mirror systems are used, with our fiber laser operating at its maximum PRR of 600
kHz, this system is capable of achieving a maximum frame rate of ~15 fps at an average pixel pitch
of 2.5 um for an image size of 500 um x 500 pm, which provides near-realtime volumetric
imaging. Realtime or near-realtime frame-rates will be possible in the near future, which will

permit clinical applications.

For our 2 fps in vivo images, each 3D frame takes nearly 96 Mbytes. This is calculated as
follows: we used 100 samples per A-scan, and 160,000 laser-shots per 3D image (with laser rep-
rate of 320 kHz at 2 fps, with a higher number of laser shots needed for 600 kHz PRR). Note that
we also acquire position feedback signals and laser-diode signals for a total of 4 channels. Thus
each frame requires (100 % 160,000 x 4) samples/image x 12 bits/sample / (8 bits/byte) = 96
Mbyte/image. Since we have only 128 Mbytes on-board storage capacity we are limited in the
number of frames we can acquire before transferring data to the PC RAM. To sustain realtime
imaging rates, very high data transfer rates between the data acquisition card and the PC RAM are
required and these transfer rates are beyond the capabilities of our current hardware. Future work
will aim to store only peak-to-peak values, reduce the number of data channels required, increase
the onboard RAM, and use higher data-throughput data acquisition hardware for sustained realtime

acquisition and display.
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In our in vivo studies, the laser pulse energy was tuned to 0.15 pJ. Assuming that the depth
of the laser focus is ~120 um below the tissue surface, the calculated surface laser fluence is 18
mJ/cm?, which is less than the 20 mJ/cm? safety standard set by American National Standards
Institute (ANSI) [21], also less than that reported in other OR-PAM studies [20]. The average
power delivered to a 1 mm x 1 mm FOV using the maximum laser PRR is ~9 W/cm?, significantly
higher than the 100 mW/cm? (ANSI-recommended exposure for CW light delivery), but
comparable to other in vivo microscopy methods such as fluorescence confocal microscopy. In
addition, focal peak power densities (assuming lossless focusing) of 540 MW/cm? are still less
than those used in 2-photon microscopy [22]. In our work, light delivery is confined to a localized

area and no tissue damage is visible after imaging.

Future work will involve demonstrating imaging of dynamic processes, minimizing the
channel count and system complexity by eliminating mirror position feedback, increasing the
imaging FOV, developing multi-wavelength high-repetition-rate sources for functional imaging
by using nonlinear photonic crystal fibers [23] or Raman shift crystals, exploring nonlinear
photoacoustic phenomena for single-wavelength functional imaging, minimizing the system

footprint [24] and expanding clinical and biological applications.
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S In vivo dynamic process imaging using real-time
optical-resolution photoacoustic microscopy

5.1 Introduction

Optical-resolution photoacoustic microscopy (OR-PAM) is an emerging imaging technology with
high lateral resolution due to tightly focused micron-scale laser spot size, and high contrast in
tissue based on optical absorption. Maslov et al. [1], first demonstrated in vivo imaging of the
microvasculature including single capillaries in mice using OR-PAM with a lateral resolution of 5
pm at imaging depths > 0.7 mm. Later, more studies on using novel OR-PAM techniques for
structural [2] and functional [2-6] imaging were reported. OR-PAM has demonstrated its potential
applications for neuro-functional imaging, oxygen saturation imaging [3][4], blood velocity
imaging[5], transcranial imaging of whole brain murine cortical capillary networks [6]. In addition,
OR-PAM was reported to realize in vivo imaging of amyloid plaques in a transgenic mouse model
of Alzheimer’s disease [7], as well as longitudinal monitoring of angiogenesis in a transgenic
mouse model [8][9], demonstrating the potential to monitor the efficacy of anti-angiogenic

therapies.

In order to extend the applications of OR-PAM to clinical applications, ease of use and real-
time operation will be key factors to be implemented. Both laser pulse repetition rate (PRR) and
scanning speed are important factors affecting the imaging speed. Recently, Hu et al. [10]
developed a second-generation OR-PAM system based on mechanical translation of an imaging
head. They reported a 70 minute image acquisition time for a 7.8 mm x 10 mm FOV with a pixel
size of 2.5 um x 2.5 pm. Translating the imaging head instead of the living object accelerated the
scanning speed by a factor of 5[10]. However, despite high image quality, imaging speed was far
below real-time rates. Xie et al. [11] reported a laser-scanning OR-PAM with only laser light being
raster scanned by an x—y galvanometer mirror system while keeping the ultrasonic transducer
stationary. The system enabled fast scanning speed but with imaging speed limited mainly by their
kHz PRR laser. In 2010, our group demonstrated laser-scanning OR-PAM imaging using passively
Q-switched microchip lasers with PRR exceeding 10 kHz and fiber lasers with 100 kHz PRR [12].
Later, a 50 kHz fiber-laser operating at 1064nm for OR-PAM is reported by Wang et al. [13]. In

2011, our group demonstrated an OR-PAM system using a fiber laser source with high repetition
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rate of up to 600 kHz capable of C-scan imaging at 4 frames per second [14]. However, the system
was limited to acquisition of only 2-3 volumetric datasets due to memory limitations and sustained
real-time imaging was not possible. Rao et al. [15] reported a high-speed OR-PAM system in an
inverted microscope configuration with Au nanoparticle-assisted sub-diffraction-limit resolution.
With a 100 kHz pulsed laser, a stationary ultrasonic transducer and a two dimensional (2-D) -
Galvo system scanning the collimated laser beam through the pupil of objective lens, their system
demonstrated its ability to achieve in vivo imaging of microcirculation in mouse skin at 18 three-
dimensional volumes per second with repeated 2-D raster scans of 100 by 50 points for 100 pm x
50 um image size with 0.23 micron point size and 256 A-line measurements at each points.
However, their setup worked only in transmission mode, which limits its applications for thick soft
tissue. Also, imaging microcirculation in their system required the assistance of nanoparticle
agents. In [16] a second generation OR-PAM system was used to acquire ECG-gated
measurements of blood pulse-waves in small vessels. This novel approach offered outstanding
image quality and provided for the first time, estimates of pulse-wave velocities using
photoacoustic imaging, however, real-time C-scan visualization was not possible. Yao et al [17]
demonstrated an immersible MEMS-mirror scanning system capable of high volumetric frame
rates, and imaging of carbon particles and red blood cells, however, they did not correlate
microvascular hemodynamics with cardiac pulsations, which could be important in pulse-wave
velocity studies. In our previous studies [14], we were not able to image dynamic processes due to
previous data acquisition limitations of our system. In this paper, we demonstrate an improved fast
C-scan OR-PAM system which enables both sustained imaging and real-time imaging. We report
in vivo label-free reflection-mode real-time OR-PAM imaging of micro-hemodynamics correlated
with cardiac pulsations and anticipate this system can play an important role in future functional

imaging studies of neuronal-hemodynamic coupling.

5.2 Methods

Fig.5.1 shows the schematic of the real-time OR-PAM system. Laser pulses with high repetition
rate ranging from 20 kHz - 600 kHz are generated by a diode-pumped pulsed Ytterbium-doped
fiber laser (GLP-10, IPG Photonics Corporation.). Via a built-in compact laser head, the 1064-nm
fundamental wavelength is frequency-doubled to 532-nm and is then collimated for free space

output. Laser amplifier pump power can be adjusted to provide nanosecond laser pulses with
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programmable pulse energy up to 20 pJ. A small amount of light is reflected by a glass slide onto
a high speed custom photodiode to generate trigger signals for a data acquisition card (PCI 6221,
National Instruments Corporation). A 2D galvanometer scanning mirror system (6230H,
Cambridge Technology Inc.) deflected the incident laser beam onto an 18-mm-focal-length
objective lens positioned ~3.6 cm below. With 2D XY mirrors driven by analog sinusoidal signals
from a dual channel function generator (AFG3022B Tektronix Inc.), the raster scanning of laser
beam on the objective lens focal plane was realized. The scanning angles are determined by the
amplitudes of the sinusoidal signals outputs from the function generator. Together with the focal
length of objective lens, the maximum scanning angles on both axes determine the image FOV.
Also, the maximum scanning angles limit the maximum scanning speed that the mirrors can reach
up to several kHz for small angles. The laser beam scanned onto the objective lens is focused
through our unique light-delivery probe adapted from our previous work [12][14][18]. As shown
in Fig.5.1, a downfacing10-mm silica prism together with optical index-matching fluid (Catalog #
19569, Cargille Labs, Cedar, Grove, New Jersey) and a thin transparent plastic membrane to hold
the index-fluid in place enabled top-down laser beam be directed to the object without optical
refractive path deviation. The object is positioned underneath the membrane at the focal plane of
both the objective lens and a 3.5 MHz focused ultrasound transducer (19-mm focus, 6-mm active
element, f#=3.17, CD International Inc.). The generated upwards photoacoustic signal was
reflected by the optical prism and then received by the ultrasound transducer. According to our
previous work [18], acoustic attenuation in the index matching fluid is measured to be only slightly
higher than that in water. Also, for acoustic signal within the angular acceptance of the transducer,

the acoustic reflectivity on the prism and index matching fluid interface is almost 100% [18].

Two data acquisition methods were developed on the system configured in Fig.5.1: long
acquisition mode and multiple-record acquisition mode. In long acquisition mode, for each frame,
the system collects photoacoustic signals from large number of laser shots in one long acquisition
and then block-transfers data to the PC random-access memory (RAM). With this method, data
acquisition time is based on both the data collection time and data block-transferring time. The
fast (~200MB/sec) data block-transfer rate capabilities of the high speed digitizer (CS8289, Gage
Cobra, Gage Applied Systems, Inc.) enable sustained data acquisition. High frame rate is

achievable for small FOV where data block-transfer time is short due to the small amount of data
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need to be transferred. In multiple-record acquisition mode, the system collects photoacoustic
signals for each laser shot in one acquisition and transfers data when all data collection is done.
With this method, high frame rate is achievable since there is no data transfer time between
acquisition records. However, transfer of all data collection at the end requires substantially longer
time than transfer of a large single acquisition data in long acquisition mode. Therefore, sustained
real-time acquisition is difficult to realize in this method. Nevertheless, it can be used to realize
real-time imaging for a small FOV with limited number of frame acquisitions limited by memory

buffer size of 128 Mbytes. Its real-time nature can be used for imaging of microcirculation
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Fig 5.1. Experiment setup of the real-time OR-PAM system (FL: fiber laser; RM: high reflectivity
mirror; GS: glass slide; PD: photodiode; SM1, SM2: scanning mirror; DX, DY: galvanometer
scanning mirror driver; FG: 2-channel function generator; DAQ: data acquisition card; OL: 18-mm
objective lens; P: prism; IF: index-matching fluid; M: membrane; UST: ultrasounic transducer; Amp:
amplifier; HSD: high speed digitizer).

5.3 Results

The OR-PAM system is utilized for imaging in vivo dynamic processes. Seven-week old SCID
Hairless Outbred (SHO™, Charles River, MA, USA) mice were used for our in vivo imaging
studies. The animals were anesthetized using a breathing anesthesia system (E-Z Anesthesia,
Euthanex Corp.) during image acquisition. All experimental animal procedures were conducted in
conformity with the laboratory animal protocol approved by the Animal Use and Care Committee

of the University of Alberta.
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Fig.5.2. (a) An in vivo image of micro-vasculatures obtained from a hairless SCID mouse ear to
demonstrate the imaging capability of our imaging system; (b) A snapshot from the in vivo movie
composed of 41 frame Immx Imm images of microvasculature in a SCID hairless mouse ear when
the mouse was in a vertical movement; video 1 displays at 2fps while the actual system frame rate
is about 0.5 fps; some small capillaries come out and disappear during the vertical translation.

Animal imaging experiments demonstrated the dynamic imaging capability of our system.
During the experiments, the diode-pumped pulsed Ytterbium-doped fiber laser generated 320 kHz,
~Ins, 532-nm laser pulses with ~0.1 pJ (measured after the objective lens). The raster scanning
frequencies on two axes were set as 1 Hz on the Y axis and 400 Hz on the X axis, and both
maximum optical scanning angles were ~1.6" which corresponds to 1 mm x 1 mm FOV. A high-
precision motorized translation stage (not shown in Fig.5.1) was used to translate the mice each
time after one frame scan was finished. The position of the stage was sensed by encoders and
recorded. The long acquisition mode technique was used for sustained imaging of translations. For
the repeated 2D scans of 400 by 400 points with 156 A-line measures at each point, the
photoacoustic data collection time was 0.5 s. Block-data transfer time was a slightly over 0.5 s,
resulting in a fame rate of 0.5 fps which means 1D A-scan rate of 80,000 Hz. Fig.5.2(a) shows a
maximum-amplitude-projection (MAP) snapshot of microvasculature in a SCID mouse ear to
demonstrate the imaging capability of our system. It clearly depicts the vessels including small
capillaries. This is consistent with previous resolution studies using our OR-PAM system with ~6-
pm resolution [12][14]. Fig.5.2(b) shows a snap shot taken from a movie of microvasculature MAP
images in a SCID mouse ear as well but with mouse under 6 micron per step vertical translation
for focusing. Vessels including capillaries are visualized. The corresponding movie is displayed at
2 fpsin video 1. It includes a total of 41-frame 1mmx 1mm images acquired at 0.5 fps. Some small

capillaries show up and disappear in the video as the mouse is translated.
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Fig.5.3. (a) A snapshot from the in vivo movie composed of 42 frame 250 um x 250 um images of
microvasculature in a SCID hairless mouse ear acquired at 30 fps; video 2 displays at 15 fps, while
microvasculature motions and blood intensity changes are clear to see. (b) Mean photoacoustic
signal amplitude inside the dash box A indicated area in (a) versus time. (c) Mean photoacoustic
signal amplitude inside the dash box B and C indicated area in (a) respectively versus time.

In our studies on imaging dynamic processes of micro-hemodynamics, the diode-pumped
pulsed Ytterbium-doped fiber laser generated 300-kHz, ~1-ns, 532-nm laser pulses with ~0.1 pJ.
Raster scanning frequencies of the fast-scanning mirrors were set as 15 Hz for the Y axis and 1.5
kHz for the X axis. Therefore, the data collection rate can reach 30 fps (2 times the slow axis scan
rate). Also, due to the limitation of the scanning galvanometer mirror system, the maximum optical
scanning angles of both mirrors are set as ~0.4°. The resulting imaging area was 250 umx 250 pum.
The mice were kept stationary during the experiment. Multi-record acquisition mode was adapted
as the data acquisition method to reach a frame-rate of 30 fps over a limited number of frame
acquisitions with 156 A-line measures at each point for 100 by 100 repeated 2D scans. The
corresponding 1D A-scan rate was 300,000 Hz. Fig.5.3(a) shows a single frame from a movie
representing MAP images of microvasculature in a SCID mouse ear. The corresponding movie
(video 2) is composed of 42-frame 250 pm x 250 um images taken at a frame rate of 30 fps. A
periodic variation in photoacoustic intensity was observed, which we hypothesize is the flow of
blood cells through the vessels due to cardiac cycle-induced pulse waves propagating through
arterioles. We examined the photoacoustic signal amplitude over time within the dashed box
region A indicated in Fig.5.3(a) by averaging the intensity as seen in Fig.5.3(b). The intensity
variation is about 35% with ~5 peaks clearly depicted in ~1.4s, which is consistent with the heart
rate of an anaesthetized mouse measured independently by a pulse-oximeter. For comparison, we
examined the photoacoustic signal amplitude over time within the dashed box region B and C

indicated in Fig.5.3(a) respectively, while region C did not include visible blood vessels. The
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intensity variation for B is similar to that of A, while the intensity variation for C is within 5%,
much less compared with studies on region A and B. In addition, the pulse energy instability of

the diode-pumped pulsed Ytterbium-doped fiber laser used here is within 1%.

5.4 Discussion

In vivo images of microvasculature in SCID mouse ears under translations, with an average
pixel separation of 2.5 um within a FOV of I mmx 1 mm, were obtained at a frame-rate of 0.5 fps.
Higher frame rate with sustained imaging is achievable for smaller FOV (~7 fps for a FOV of 250
x 250 um). The step size for the vertical translation in Fig.5.2 is 6 um. So for 41 frames, it moved
~ 240um in total. Some small vessels including capillaries are seen to come into and out of focus
with vertical translation. However, this is less evident for larger vessels. One explanation of this
is that for targets larger than the spot size, with OR-PAM (which, like conventional microscopy
uses one-way focusing) the photoacoustic axial depth of field is effectively much larger than the
optical depth of field of the focused beam (estimated as ~35 um) [19]. This, coupled with poor
axial resolution (~500 um) leads to lack of clear axial focusing/defocusing for large targets. The
sustained high resolution fast imaging demonstrated the capability of our system to be used for
real-time focusing and positioning. Near real-time positioning will permit panning over large areas

with mm FOV windows and then locating regions of interest for further studies.

Video 2 is the label-free reflection-mode OR-PAM demonstration of imaging micro-
hemodynamics. One observation, already noted, is the intensity variations which correlate with
cardiac cycle. This may in part be explained by surges of blood periodically surging through
arterioles due to cardiac-induced pulse-waves. Another observation is that some vascular branches
seem to have negligible flow then seemingly random transient surges. These effects deserve
additional study and could be due to microhemodynamic regulatory mechanisms. The effects seen
can be discounted as artifacts, however, because laser pulse-to-pulse intensity variation is less than
1% and scanning of stationary phantom structures shows no motion. It is noteworthy to point out
that optical coherence tomography can provide excellent structural images of microvasculature
[20][21]. However, to date, these systems have not been able to provide video-rate imaging of
comparable tissue volumes due to the necessity of requiring multiple A-scan lines to extract motion

of scatterers. Intravital microscopy is a powerful technique which has been capable of studying
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microhemodynamics [22]. However, this technique requires surgical exposure of thin transparent

membranes and is not suitable for non-invasive reflection-mode imaging.

The unique capabilities of our system may prove important for imaging cortical
hemodynamics in functional brain mapping studies. Real-time focusing and positioning should
facilitate translation of the technique to clinical settings. While FOV is limited in our real-time
scanning, mosaicing of small patches should provide larger-FOV images, as described by our

recent work [23].

For 2D laser scanning OR-PAM systems using a focused transducer, the FOV is limited by
the focal width of the ultrasonic transducer. Therefore, we used a low frequency (3.5 MHz)
ultrasonic transducer to achieve a large FOV. The axial resolution of the 3.5 MHz ultrasonic
transducer can be calculated as near 500 pum, sacrifice of axial resolution is tolerable for MAP
images. A future design could match the receiver bandwidth to the bandwidth of the high-

frequency photoacoustic signals to improve signal-noise-ratio (SNR) at the expense of FOV.

In our in vivo studies, given that the optical focus is ~ 150 um beneath the tissue surface, with
an objective lense NA of 0.15, the surface spot size is ~ 45 um in diameter, and the calculated
surface laser fluence is ~5 mJ/cm?, below the single pulse limit of 20 mJ/cm? set by the American
National Standards Institute (ANSI) [24]. The spatial peak optical fluence at the focus in water is
~ 500 mJ/cm?, which is still less than the damage threshold observed in small animals [25]. In our

work, light delivery is confined to a localized area and no tissue damage is visible after imaging.

In addition, for an average pixel separation of 2.5 um, there are on average N=45um/2.5pum~
18 adjacent laser pulses overlapping on the skin surface. For 320 kHz laser PRR, the exposure

"3 =95mJ | em®, where ¢,is a

time is t~56ps, so the MPE for a pulse train is MPEpein=1.1C 4t
wavelength-correction factor equal to unity for 400-700nm wavelengths. The average power limit
set by ANSI is calculated as A/PE 4.raec = MPE1rain! N ~ 5mJ/cm? which is our estimated fluence
per pulse at the skin surface. This means that we are essentially at our theoretical upper limit for

pulse-repetition rate, however, the repetition rate could be increased if pulse-energy can be lowered

and SNR improved. In future studies, careful selection of focusing, repetition rate, and pulse

78



energy parameters must be considered to avoid exceeding ANSI limits. On the other hand, for

some pre-clinical applications, exceeding these limits may be acceptable.

5.5 Conclusion

We have demonstrated an optical-resolution photoacoustic microscopy system capable of near
real-time sustained imaging to aid focusing and positioning, and a real-time frame-limited mode
capable of imaging micro-circulation pulsatile hemodynamics. This OR-PAM system enabled
label-free reflection-mode imaging of micro-hemodynamics at real-time rates. The fast acquisition
capabilities of the system may pave the way for clinical adaptation and pre-clinical studies such as

functional brain imaging.

79



Bibliography
[1] K. Maslov, H. F. Zhang, S. Hu, and L. H. V. Wang, “Optical-resolution photoacoustic

microscopy for in vivo imaging of single capillaries,” Opt. Lett. 33(9), 929-931 (2008).

[2] S. Hu, K. Maslov, and L. V. Wang, “Noninvasive label-free imaging of microhemodynamics
by optical-resolution photoacoustic microscopy,” Opt. Express 17(9), 7688-7693 (2009).

[3] S. Hu, K. Maslov, and L. V. Wang, “In vivo functional chronic imaging of a small animal
model using optical-resolution photoacoustic microscopy,” Med. Phys. 36(6), 2320-2323 (2009).
[4] L. Song, K. Maslov, and L. V. Wang, “Multifocal optical-resolution photoacoustic microscopy
in vivo,” Opt. Lett 36(7), 1236-1237 (2011).

[5] J. Yao, K. Maslov, Y. Shi, L. Taber, and L. V. Wang, “In vivo photoacoustic imaging of
transverse blood flow using Doppler broadening of bandwidth,” Opt. Lett. 35(9), 1419-1421
(2010).

[6] S. Hu, K. Maslov, V. Tsytsarev, and L. V. Wang, “Functional transcranial brain imaging by
optical-resolution photoacoustic microscopy,” J. Biomed. Opt. 14(4), 040503 (2009).

[7]S. Hu, P. Yan, K. Maslov, J. M. Lee, and L. H. V. Wang, “Intravital imaging of amyloid plaques
in a transgenic mouse model using optical-resolution photoacoustic microscopy,” Opt. Lett. 34
(24), 3899-3901 (2009)

[8] S. Oladipupo, S. Hu, A. C. Santeford, J. Yao, J. Kovalski, R. V. Shohet, K. Maslov, L. V.
Wang, and J. M. Arbeit, “Conditional HIF-1 induction produces multistage neovascularization
with stage-specific sensitivity to VEGFR inhibitors and myeloid cell independence, ” Blood
117(15), 4142-4153 (2011).

[9] S. Oladipupo, S. Hu, J. Kovalski, J. Yao, A. C. Santeford, R. Sohn, R. V. Shohet, K. Maslov,
L. V. Wang, and J. M. Arbeit, “VEGF is essential for hypoxia-inducible factor mediated
neovascularization but dispensable for endothelial sprouting, ”P NAS 108(32), 13264-13269
(2011).

[10] S. Hu, K. Maslov, and L. V. Wang, “Second-generation optical-resolution photoacoustic
microscopy with improved sensitivity and speed,” Opt. Lett. 36(7), 1134-1136 (2011).

[11] Z. X. Xie, S. L. Jiao, H. F. Zhang, and C. A. Puliafito, “Laser-scanning optical-resolution
photoacoustic microscopy,” Opt. Lett. 34(12), 1771-1773 (2009).

80


javascript:searchAuthor('Maslov,%20K')
javascript:searchAuthor('Maslov,%20K')
javascript:searchAuthor('Maslov,%20K')
javascript:searchAuthor('Maslov,%20K')
javascript:searchAuthor('Maslov,%20K')
javascript:searchAuthor('Maslov,%20K')
javascript:searchAuthor('Maslov,%20K')
javascript:searchAuthor('Maslov,%20K')
javascript:searchAuthor('Maslov,%20K')
javascript:searchAuthor('Maslov,%20K')
javascript:searchAuthor('Maslov,%20K')
javascript:searchAuthor('Maslov,%20K')
javascript:searchAuthor('Maslov,%20K')
javascript:searchAuthor('Maslov,%20K')
javascript:searchAuthor('Maslov,%20K')
javascript:searchAuthor('Maslov,%20K')
javascript:searchAuthor('Maslov,%20K')
javascript:searchAuthor('Maslov,%20K')
javascript:searchAuthor('Maslov,%20K')
javascript:searchAuthor('Maslov,%20K')
javascript:searchAuthor('Maslov,%20K')
javascript:searchAuthor('Maslov,%20K')
javascript:searchAuthor('Maslov,%20K')
javascript:searchAuthor('Maslov,%20K')
javascript:searchAuthor('Maslov,%20K')
javascript:searchAuthor('Maslov,%20K')

[12] W. Shi, S. Kerr, I. Utkin, J. C. Ranasinghesagara, L. Pan, Y. Godwal, R. J. Zemp, and R.
Fedosejevs, “Optical resolution photoacoustic microscopy using novel high-repetition-rate
passively Q-switched microchip and fiber lasers,” J. Biomed. Opt. 15, 056017 (2010).

[13] Y. Wang, K. Maslov, Y. Zhang, S. Hu, L. Yang, Y. Xia, J. Liu, and L. H. V. Wang, “Fiber-
laser-based photoacoustic microscopy and melanoma cell detection,” J. Biomed. Opt. 16(1),
011014 (2011).

[14] W. Shi, P. Hajireza, P. Shao, A. Forbrich, and R. J. Zemp, “In vivo near-realtime volumetric
optical-resolution photoacoustic microscopy using a high-repetition-rate nanosecond fiber-laser,”
Opt. Express 19(18), 17143-17150 (2011).

[15] B. Rao, K. Maslov, A. Danielli, R. Chen, K. K. Shung, Q. Zhou, and L. H. V. Wang, “Real-
time four-dimensional optical-resolution photoacoustic microscopy with Au nanoparticle-assisted
subdiffraction-limit resolution,” Opt. Lett. 36(7), 1137-1139 (2011).

[16] C. Yeh, S. Hu, K. Maslov and L. V. Wang, “Photoacoustic microscopy of blood pulse wave,”
J. Biomed. Opt. 17(7), 070504 (2012)

[17] J. Yao, C.-H. Huang, L. Wang, J.-M. Yang, L. Gao, K. I. Maslov, J. Zou and L. V. Wang,
“Wide-field fast-scanning photoacoustic microscopy based on a water-immersible MEMS
scanning mirror,” J. Biomed. Opt. 17(8), 080505 (2012)

[18]J. C. Ranasinghesagara, Y. Jian, X. H. Chen, K. Mathewson, and R. J. Zemp, “Photoacoustic
technique for assessing optical scattering properties of turbid media,” J. Biomed. Opt. 14(4),
040504 (2009).

[19] L. V. Wang and H. Wu, Biomedical Optics: Principles and Imaging, John Wiley & Sons,
Inc.,Hoboken, New Jersey (2007).

[20] A. Mariampillai, M.K.K. L. M. Jarvi, B.A. Standish, K. Lee, B.C. Wilson, A. Vitkin, and
V.X.D. Yang, “ Optimized speckle variance OCT imaging of microvasculature,” Opt. Lett. 35(8),

1257-1259 (2010).

[21] G. Liu, W. Jia, V. Sun, B. Choi, and Z. Chen, “High-resolution imaging of microvasculature
in human skin in-vivo with optical coherence tomography,” Opt. Express 20(7), 7694-7705 (2012).
[22] A. M. Iga, S. Sarkar, K. M. Sales, M. C. Winslet, and A. M. Seifalian, “Quantitating
therapeutic disruption of tumor blood flow with intravital video microscopy,” Cancer Res. 66(24),

11517-11519 (2006).

81


javascript:searchAuthor('Maslov,%20K')
javascript:searchAuthor('Maslov,%20K')
javascript:searchAuthor('Maslov,%20K')
javascript:searchAuthor('Maslov,%20K')
javascript:searchAuthor('Maslov,%20K')
javascript:searchAuthor('Maslov,%20K')
javascript:searchAuthor('Maslov,%20K')
javascript:searchAuthor('Maslov,%20K')
javascript:searchAuthor('Maslov,%20K')
javascript:searchAuthor('Maslov,%20K')
javascript:searchAuthor('Maslov,%20K')
javascript:searchAuthor('Maslov,%20K')
javascript:searchAuthor('Maslov,%20K')
javascript:searchAuthor('Maslov,%20K')
javascript:searchAuthor('Maslov,%20K')
javascript:searchAuthor('Maslov,%20K')
javascript:searchAuthor('Maslov,%20K')
javascript:searchAuthor('Maslov,%20K')
javascript:searchAuthor('Maslov,%20K')
javascript:searchAuthor('Maslov,%20K')

[23] P. Shao, W. Shi, R. K. Chee, and R. J. Zemp, “Mosaicing acquisition and processing for
optical resolution photoacoustic microscopy,” J. Biomed. Opt. 17(8), 080503 (2012).
[24] Laser Institute of America, American National Standard for Safe Use of Lasers ANSI Z136.1-

2007 (American National Standards Institute, Inc. 2007).
[25] V. P. Zharov, E. 1. Galanzha, E. V. Shashkov, N. G Khlebtsov, and V. V. Tuchin, “In vivo

photoacoustic flow cytometry formonitoring of circulating single cancer cells and contrast agents,”

Opt. Lett. 31(24), 3623-3625 (2006).

82



6 Investigation of photoacoustic signal strength as a
function of scan-speed and laser-repetition-rate

6.1 Introduction

Photoacoustic effect was first reported by Alexander Graham Bell in 1880[1]. When short laser
pulses are fired on a sample, optically-absorbing structures convert the energy into heat causing
thermo-elastic expansion and inducing acoustic pressure waves detectable with ultrasound
transducers. Photoacoustic signal depends on the absorption of light and the subsequent emission
of an acoustic wave. The pressure rise of the generated acoustic wave is proportional to the
Greneisen parameter, which is temperature dependent. Based on temperature dependence of
photoacoustic signal, some studies have been conducted on photoacoustic detection based
temperature measurements and photothermal cancer therapy, especially with enhancement of

nanoparticles [2-4].

By tightly optical focusing of laser beam onto target, photoacoustic imaging pushes the limits
of the lateral resolution to micron-scale, which is determined by the size of a focused light spot
(limited by diffraction-limited focal spot size) rather than the width of the ultrasonic focal zone.
This novel imaging technology is referred to as optical resolution photoacoustic microscopy (OR-
PAM). The ability to resolve capillaries enables OR-PAM to detect earlier stages of cancer than
traditional photoacoutic imaging [5][6]. For clinical adaptation and pre-clinical studies, OR-PAM
is developing into a real-time technique, where laser with high pulse repetition rate and fast optical
scanning of the focused laser spot are required[7-9]. High laser pulse repetition rate may cause
overlapping of adjacent laser pulses on targets, where subsequent laser pulses may generate higher
photoacoustic signals due to the temperature rise caused by previous laser pulse absorption.
Therefore, for OR-PAM using high laser pulse repetition rate, besides local optical absorption and
laser fluence, photoacoustic signal also depends on scanning speed and laser-repetition-rate which
affect the overlapping of adjacent laser pulses on targets. The purpose of this investigation is to

study photoacoustic signal strength as a function of scan-speed and laser-repetition-rates.
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6.2 Theory

6.2.1 Thermal Confinements and Stress Confinements

Upon irradiated by a short pulsed laser beam, the tissue produces thermal and acoustic impulse
responses. The excited photoacoustic signal is locally determined by the electromagnetic
absorption and scattering properties, the thermal properties, and the elastic properties of the
sample[10].

There are two crucial conditions which must be met as to efficiently generate photoacoustic
signals: thermal confinements and stress confinements[11]. Thermal confinement: the pulse width
(tp) should be shorter than heat dissipation time scale (t), i.e. heat diffusion is negligible during
the excitation pulse. Stress confinement: the pulse width (t,) should be shorter than the time for
the stress to transit the heated region (ts), i.e. high thermoelastic pressure in the sample can build

up rapidly[11].
6.2.2 Gruneisen Parameter

When the laser excitation is in both the thermal and stress confinements, the pressure rise caused

by optical absorption via thermal expansion can be expressed as [11][12]:
2
Po = "o taF = TioF (M

where B denotes the thermal coefficient of volume expansion coefficient in K™!, vgis the speed of
sound in m/s, C, denotes the specific heat capacity at constant pressure in J/ (kg K), p, is the

2
optical absorption coefficient in cm™, F is the optical fluence in J/em?. T = %, is the Gruneisen

p

parameter. Thus, the strength of photoacoustic signals is proportional to optical absorption

coefficient, optical fluence and Gruneisen parameter which is temperature dependent.

For water and diluted aqueous solutions, Gruneisen parameter can be estimated by the

following empirical formula:
[w(Tp) = 0.0043 + 0.0053T, (2)

where Tjis the temperature in degree Celsius.
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6.2.3 Temperature Rise

The temperature rise caused by optical can be expressed as [11][12]:
Ae
pCy’

AT = 3)

where A. =pa F, denotes the specific optical absorption (J/cm?), p denotes the mass density
(~1g/cm?® for water) and Cy denotes the specific heat capacities at constant volume (~4J/(g K) for

water).

6.3 Methods

"m_'—> w o L[]

Fig.6.1. Experiment setup (FL: fiber laser; RM: high reflectivity mirror; GS: glass slide; PD:
photodiode; SM1, SM2: scanning mirror; DX, DY: galvanometer scanning mirror driver; FG: 2-
channel function generator; DAQ: data acquisition card; OL: 18-mm objective lens; P: prism; IF:
index-matching fluid; UST: ultrasounic transducer; A: amplifier; HSD: high speed digitizer).

The system diagram is shown in Fig.6.1. Laser pulses are generated by a diode-pumped 532-nm
pulsed Ytterbium-doped fiber laser (GLP-10, IPG Photonics Corporation.) with laser-repetition-
rate ranging from 20 to 600 kHz and ~ 1 ns pulse widths. A small amount of light was deflected
onto a high speed custom photodiode for triggering and pulse-to-pulse energy normalization by a
glass slide. A 2D galvanometer scanning mirror system (6230H, Cambridge Technology Inc.) is
used to raster scan the laser beam onto an 18-mm-focal-length objective lens. XY mirrors are
driven by analog sinusoidal signals from a two channel function generator (AFG3022B, Tektronix
Inc.). The scanning speed of each mirror can reach up to several kHz depending on the scanning

angles required. The field of view on the imaging plane (focal plane of objective lens) is
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determined by the maximum scanning angle corresponding to the amplitude of the function
generator output. Laser beam is focused by the objective lens (~3.6 cm below the centers of the
scanning mirrors) through a unique light-delivery probe adapted from our previous work [13]. The
generated photoacoustic signals were detected by a 3.5-MHz ultrasound transducer, amplified by
an ultrasound pulser-receiver (S900PR, Olympus NDT Inc) and finally acquired by a 12-bit eight
channel rate PCI data acquisition card (CS8289, Gage Cobra, Gage Applied Systems, Inc.) with
sample rate up to 125 MSamples/s. The photoacoustic signal acquisition was triggered by the
photodiode signals along with the feedback positions of the scanning mirrors. MATLAB programs

(Mathworks, Inc) were used for further data processing and analysis.

6.4 Experiments and results

In our experiments, the diode-pumped pulsed Ytterbium-doped fiber laser generated ~1Ins, 532-

nm laser pulses with 100nJ pulse energy (measured after the objective lens).

Condition Laser Laser X-axis Y-axis Field of Average Focal
repetitio pulse Scanning Scannin View {um Pixel Spot Size
n rate energy speed {Hz) | gspeed xpm) Interval {um)
(kHz) (n]) (Hz) {pm)
1 32 100 40 800 250X 250 12.5 ~6
2 320 100 1 400 1000 X 1000 2.5 ~6

Tab 6.1. Two sets of experimental parameters in our experiments, referred as condition 1 and
condition2, corresponding to non-overlapped and overlapped mode respectively.

To realize non-overlapping of laser pulses on target during imaging, the laser pulse repetition
rate was set to 32 kHz. The fast scanning speed was set as 800 Hz, while slow scanning speed was
40 Hz, referred as condition 1 shown in table 6.1. The raster scanning amplitudes on both axes
were set as 100 mV, and hence maximum optical scanning angles were ~0.4° which corresponds
to 250 pm x 250 pm FOV. The pixel numbers per imaging was 20 x 20. Therefore, the average
interval between pixels was 12.5 um, about twice large as the focused optical spot size (~6 um)
and hence can be considered as no overlapping of laser pulses happened. As shown in table 6.2,
the average photoacoustic signal from black tape, human hair and rat blood were 333mV, 347mv,

361mV respectively for condition 1.

To realize overlapping of laser pulses, the laser-repetition-rate was set to 320 kHz. The fast

scanning speed was set as 400 Hz, while slow scanning speed was 1 Hz, referred as condition 2
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shown in table 6.1. The pixel numbers per imaging was 400 x 400. The raster scanning amplitudes
on both axes were set as 400 mV, and hence maximum optical scanning angles were ~1.6° which
corresponds to 1000 um x 1000 um FOV. Therefore, the average interval between pixels was 2.5
um, less than half of the focused optical spot size and hence the space overlapping of laser pulses
occurred. Since the ~3us pulse time interval (for 320 kHz pulse repetition rate) is much less than
thermal relaxation time of targets used in our experiments, the temperature effects on
photoacoustic signals by Greneisen parameter exist between consecutive overlapping laser pulses.
As shown in table 6.2, the average photoacoustic signal from black tape, human hair and rat blood

were 484mV, 432mv, 563mV respectively for condition 2.

Photoacoustic
Photoacoustic Signal Change
Condition Signal (mV) from Condition
Sample 1 to Condition 2
1 333 T ~a5%
Black Tape 2 484
1 347 T~24%
Human Hair 2 432
Rat Blood 1 361 T ~56%
2 563

Tab 6.2. Average photoacoustic signals from black tape, human hair and rat blood, under condition
1 and condition 2 respectively.

6.5 Discussion and conclusion

Photoacoustic signals in condition 2 (overlapping mode) showed more than 50% increase
compared to that in non-overlapping mode in our phantom studies with rat blood, and the increase

was more than 40% and more than 20% for our studies with black tape and hair respectively.

In our experiments, for 100-nJ laser pulse energy and focal spot size of ~6 um, optical fluence
F on targets was ~350mJ/cm?. Take rat blood for example, assuming p.= 180 cm’!, the specific
optical absorption Ac=pa F, ~60J/cm®. From formula (3), we can calculate the resulting
temperature rise AT was ~15°C. Thus, by using formula (2), the Gruneisen parameter increase due
to 15°C temperature increase is AI'/T = [I,(40°C) — I, (25°C)] /T, (25°C) , ~ 60%. Also, from
formula (1), we know that pressure rise change Ap,/p, < Al'/T . Hence the calculated

photoacoustic signal increase can be calculated also as ~60%. In our experiment result with rat
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blood sample, in condition 1, where no overlapping of laser pulses happened and no temperature
rising effects on photoacoustic signal caused by previous laser pulses, the photoacoustic signal
was 361 mV. While in condition 2, where the temperature effects on photoacoustic signals by
Greneisen parameter exist between consecutive overlapping laser pulses, the photoacoustic signal
was 563 mV, ~ 56% increase compared to that in condition 1. Therefore, our experiment result

with rat blood is consistent with theoretical calculation of ~60% increase in photoacoustic signal.

Our experimental results shows that laser-repetition-rate and scanning speed in OR-PAM
system may cause overlapping of adjacent laser pulses on targets within thermal relaxation time,
and thus generate higher photoacoustic signals. Therefore, we demonstrated the dependence of
photoacoustic signal strength on laser repetition rate and scanning speed in OR-PAM system, due
to the temperature dependence of Gruneisen parameter. In the future, this may be used for

improving imaging quality and may lead to a novel super-resolution technique.
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7 Detection of circulating tumor cells using targeted
surface-enhanced-Raman-scattering nanoparticles and
magnetic enrichment

7.1 Introduction

Metastasis, the spread of cancer cells from the primary tumor to distant sites in the body, is known
to cause >90% of cancer-associated deaths [1]. Circulating tumor cells (CTCs) are a marker of
cancer metastasis and hence a source of biomarkers for tumor research and diagnosis. Detecting
CTCs helps in diagnosis at the early stages of metastasis and may have important prognostic and
therapeutic implications [2]. However, directly identifying CTCs is difficult due to their low
concentration in blood, which may be on the order of 1-10 CTC per mL compared to millions of
white blood cells and nearly a billion of red blood cells per mL of blood [3]. Both capture

sensitivity and specificity are critical for the detection of CTCs.

A variety of enrichment technologies have been developed to separate and identify CTCs [4-
7]. Messenger RNA (mRNA) based strategies with PCR amplification do not allow collection of
cells for further analysis and may miss CTCs that exhibit unexpected phenotypes. In
immunomagnetic methods, iron or magnetic beads coated with monoclonal antibodies (mAb)
specific to cell surface onco-antigens or cell specific cytokeratin (CK) and common leukocyte
antigen (CD45) are used to capture and enrich CTCs [8]. Methods including flow cytometry are
used for enumeration of CTCs in whole blood, which has high sensitivity and reproducibility, but
rely on expensive specific equipment. Additionally, high specificity often requires multiple
fluorescent labels to avoid false positives, yet spectral overlap of absorption and emission spectra
from fluorescent labels can limit multiplexing and hence specificity. Additionally, background
autofluorescence can significantly limit detection sensitivity in tissue. Microfluidic separation
alone or in combination with immunomagnetic assays has also been used to capture and analyze
CTCs [9-10]. Filter based physical methods have been developed to enable capture of CTCs based
on size, keeping the CTCs while filtering out blood cells [11]. However, the above methods are

not suitable for in vivo detection or enrichment.
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In 2009, Galanzha et.al [12] reported rapid photoacoustic detection of magnetically captured
CTCs in vivo using magnetic and optically-absorbing nanoparticles. In 2012, Wei et al. [13]
demonstrated magnetomotive photoacoustic imaging of polystyrene beads using magnetic and
photoacoustic contrast agents. Photoacoustic flow cytometry approaches have also been used to
sort and detect CTCs [14]. However, these photoacoustic approaches have thus far demonstrated

limited multiplexing capacity to improve specificity of detection.

Raman spectroscopy presents high multiplexing capabilities due to the multiple narrow
linewidths of spectral peaks. Surface-enhanced Raman Scattering nanoparticles (SERS NPs)
produce strong Raman-scattering optical signatures unique to each ‘flavor’ of SERS NPs, and offer
a way of spectral fingerprinting that may provide extremely high specificity when targeting
multiple cell biomarkers. In 2009, Zavaleta et.al, [15] demonstrated the ability to produce
multiplexed in vivo images with 10 species of SERS NPs at picomolar (pM) sensitivities with
ultralow background levels. In 2011, Wang et al., [16] reported using SERS NPs to detect CTCs

in human peripheral blood. However, their method lacked an enrichment technique.

In 2010, Jun et al., demonstrated silica-encapsulated magnetic NPs (M-SERS dots) produce
strong SERS signals and have magnetic properties which can be used for cancer-cell targeting and
separation [17]. In 2014, Quaresma et al., reported star shaped gold-coated magnetic nanoparticles
with unique properties demonstrated SERS detection of Astra Blue, and effective magnetic
separation of a histidine-tagged maltose binding protein from a crude cell-extract [18]. However,
neither of these studies examined the magnetic trapping of CTCs. Additionally, previously
developed magnetic-SERS NPs could produce false positive signals during magnetic trapping

when the intention is to detect only targeted CTCs.

To achieve detection of CTCs with high sensitivity and specificity, we propose a combination
of magnetic trapping and multiplex detection of CTCs by using targeted magnetic NPs and SERS
probes. We demonstrate a SERS imaging system with 1 pM sensitivity, 2.5 mm penetration depth,
and high linearity between estimated SERS NPs concentration and actual SERS NPs concentration.
Our magnetic trapping system is able to effectively trap cells at flow velocities ranging from 0.2
cm/s to 12 cm/s. Presently both SERS NPs and magnetic nanoparticles (MNPs) are targeted to

folate receptor, overexpressed on many cancer cells but absent on most normal blood cells. We
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show that only cells targeted with both SERS NPs and MNPs exhibit an increasing SERS signal
due to magnetic accumulation of CTCs. Hence the SERS signal increase correlates with CTC
detection. Free NPs or CTCs targeted with only SERS NPs or only MNPs do not exhibit this optical
increase. In addition, discrete SERS signals were detected in the magnetic trapping zone from a
mixture of flowing dual-nanoparticle labeled HeLa cells and Phosphate buffered saline (PBS) or
rat blood indicative of single cell trapping events. This technology could be used for in vitro or in
vivo detection of CTCs, and may prove important for cancer research, molecular diagnostics and

personal medicine.

7.2 Materials and methods

7.2.1 Folate receptor targeting

Compared to low levels of folate receptors in most normal cells, many cancer cells (breast, lung,
kidney, ovary, colon, brain, and myelogenous leukemia) significantly overexpress folate receptors
to facilitate rapid cell division [19]. We conjugate nanoparticles with folate to target folate

receptors of cancer cells.

7.2.2 MNPs

Raman-active
Molecule Layer

\\W///

Methoxy-PEG-Mal silica ~—r Methoxy-PEG-Mal
Encapsulation >~ [t
S
N
/-/// SN
FA-PEG-Mal FA-PEG-Mal

Magnetic NP Gold Core

(a) (b)

Fig.7.1 Diagrammatic representations of the conjugated (a) MNP and (b) SERS NP. PEG,
polyethylene glycol; Mal, maleimide; FA, folate.

MNPs (screenMAG-Thiol, chemicell™ GmbH, Berlin, Germany) consisted of 500 nm-diameter
magnetic fluorescent silica particles with nearly 1 million SH- groups per particle. To target folate

receptors, thiolated MNPs (1.25 nM, ~7.5 X 10'! particles/mL) were added to a solution of folate-
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PEGS5k-maleimide (Nanocs Inc., New York, USA, PG2-FAML-5k, 0.8mM) and methoxy-PEG2k-
maleimide (Sigma™ Aldrich, Oakville, Canada, 4mM) and mixed at room temperature by a rocker
overnight. Excess folate-PEG-maleimide was separated from MNPs by three runs of centrifugation
(14,000 RPM, 5 min), and resuspension in 2-(N-morpholino)ethanesulfonic acid (MES, Fisher

Science) buffer. The diagrammatic representation of the conjugated MNP is shown in Fig.7.1 (a).

7.2.3 SERS NPs

SERS NPs (S440 & S420, Oxonica Materials Inc., Mountain View, CA, USA) are composed of a
60 nm-diameter Au core with a Raman active molecular monolayer adsorbed onto it. They are
encapsulated with a 30 nm silica shell, with an overall diameter of 120 nm. Each type of SERS NP
consists of a different Raman active molecular layer with its own unique Raman spectrum. To
simplify, instead of nomenclature based on the Raman active molecular monolayer, a three-digit
suffix (e.g., S440, S421) is used to name each type of SERS NP. Using a similar procedure as
MNPs targeting, a solution of folate-PEGSk-maleimide (Nanocs Inc., PG2-FAML-5k, 0.8mM)
and methoxy-PEG2k-maleimide (Sigma Aldrich, 4mM) was added to thiolated SERS NPs (1.3
nM, ~8 X 10! particles/mL) and mixed at room temperature on a rocker overnight, followed by
three runs of centrifugation (14,000 RPM, 5 min) to eliminate excess folate-PEG-maleimide and
re-suspension in MES buffer. The diagrammatic representation of the conjugated SERS NP is

shown in Fig.7.1(b).

7.2.4 Magnetic trapping system

To achieve efficient magnetic trapping, two rectangular neodymium rare earth magnets
(25%5x5mm, Indigo™ Instruments, Waterloo, Canada) separated by a distance of 20mm were
used to provide a 0.07 Tesla external magnetizing field in the tubing area. This was used to
polarize the MNPs for subsequent efficient trapping. A 1” cone magnet (Cone-Cone0100N,
SuperMagnetMan) pointed at the optical focus was used for generating a high magnetic field
gradient for trapping. Cells were flowed inside a 1-mm inner-diameter Tygon™ tubing controlled

by a syringe pump (NE-300, New Era Pump Systems, Inc., Farmingdale, USA).
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7.2.5 Raman imaging system

Sample
Lens 1
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Fig.7.2 Schematic diagram of Raman imaging system.
Our Raman imaging setup (Fig.7.2) uses a 785 nm Raman laser (FB-785-350-FS-FS-1-1,
RGBLase LLC, Fremont, CA, USA) as an excitation source. This laser provides up to 350 mW
(while the power used in our experiment was 54 mW) and has a 20dB spectral linewidth of 0.4 nm
and side lobe suppression ratio > 40dB. The narrow excitation linewidth is important since Raman
peaks have linewidths of only a couple of nm or less. Raman spectra were captured using a custom
Raman imaging spectrometer (RASPPEC -785-HR, P&P Optica Inc. Kitchener, ON, Canada). The
imaging spectrometer is capable of measuring the Raman spectra from each point in a line. The
input aperture is a slit of size 15um x 26mm. Light from this slit is collimated and then passed
through a gel grating then refocused onto a 2D camera sensor array. The imaging spectrometer
presents a 21-degree bend to ensure collection of diffracted light in the desired spectral range. The
gel-grating is a through-transmission grating with 900 I/mm offering a spectral range of 815 nm to
895 nm. The imaging spectrometer offers a spectral resolution of 10 cm™ with an f# of 3.5. A 785
nm ultra-steep long-band-pass cut-off (OD 8) is used to as Raman filter. Spectra are detected using
a liquid-cooled Electron-Multiplying (EM) CCD camera (DU971N-UV, Andor Technology,
South Windsor, USA). This camera has dark current noise as low as 0.0002 e-/pix/sec at -100°C
and a quantum efficiency of ~50% at peak wavelengths, ~30% in the measurement wavelength
range. The sensor head is a 1600%400 pixel front-illuminated EMCCD array. The camera is
mounted such that the spectra are recorded along the short-axis of the sensor. The camera can be
rotated 90-degrees relative to the spectrometer if needed. Pixel elements are 16x16 um. Presently
we use only a few spatial channels (~5 vertical pixels) of our imaging spectrometer system for
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point illumination and collection. The electron-multiplying (EM) gain was set at 10, integration
time was 3s, and sensor temperature was liquid-cooled to -100 °C. An aspheric lens (A240TM-B,
Thorlabs, Newton , USA) with a 0.5 numerical aperture (NA) and 8mm focal length (shown as
Lens 1 in Fig.7.2) was used for both illumination and light collection. Collimated backscattered
light from the sample was redirected via a beam splitter (DMSP805L, Thorlabs) and focused into
the input aperture of the imaging spectrometer via a 0.3 NA lens (AC127-019-B-ML, Thorlabs)
with a magnification of ~2.4. Algorithms to correct for spherical aberrations on the camera sensor
were provided by the spectrometer manufacturer. De-mixing was based on a classical linear least-
squares method with an optional positivity constraint. In experiments, background noise and
fluorescence signals generated from real tissue should be acquired before SERS detection and used
as demixing factors to eliminate interference effects. Sensitivity was evaluated by detecting SERS

signals from serial dilutions of SERS NPs solutions in PCR tubes.

7.3 Experiments and results

7.3.1 Sensitivity
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Fig.7.3 Linearity of estimated SERS NP concentration with actual SERS NP concentration.
The data presents a highly linear relationship between estimated SERS NP concentrations and
actual SERS NP concentrations with R?=0.99 (Fig.7.3). Fig.7.4 is a close up view of the low
concentration part in Fig.7.3. It can be seen that the high linearity was maintained for SERS NPs

concentrations even below 10 pM. Defining sensitivity as the concentration of SERS NPs
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detectable with a unity signal-to-noise ratio, our sensitivity is estimated as ~1pM. To clarify, when
reporting nanoparticle concentrations, we report the number density of nanoparticles and these

concentrations should not be confused with the effective Raman reporter concentrations.
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Fig.7. 4 Sensitivity of detected SERS NP.

Fig.7.5 Photograph setup used to measure maximum penetration depth.

To estimate the maximum depth of penetration of our system for possible future in vivo
applications we used a tissue mimicking phantom with 1.3 nM SERS NPs inside a Tygon tubing.
This high concentration may be achieved by magnetic trapping of tens to hundreds of cells labelled
with hundreds to thousands of SERS NPs. Fig.7.5 shows the photograph setup used to measure
maximum penetration depth. The maximum depth of penetration was 2 mm in a solution of

Intralipid with reduced scattering coefficient measured as pis = 12.5 cm™!. Therefore, the maximum

depth of penetration in tissue with an ps of~10 cm™ is ~ 2.5 mm.
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7.3.2 Crosstalk
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Fig.7.6 Detection of S440 and S421 SERS NPs mixed with concentration ratio of 1:3.
To investigate multiplexing capabilities, we quantified crosstalk from varying types of potential
interfering SERS NPs. Using multiple concentrations from 10pM to 1.3nM of S440 SERS NPs,
the estimated concentration of S420 SERS NPs was below the noise of the system when no S420
SERS NPs were present. Likewise, using multiple concentrations from 10pM to 1.3nM of S420
SERS NPs, the estimated concentration of S440 SERS NPs was below the noise of the system
when no S440 SERS NPs were present. Further, using multiple concentrations of mixed S440 and
S421 SERS NPs with concentration ratio of 1:3, the data presents highly linear relationships
between estimated SERS NP concentrations and actual SERS NP concentrations with R*=0.99
(Fig.7.6) down to ~ 10 pM of SERS NP S440. Other groups have performed additional
investigations to demonstrate 10 or more variants of SERS NPs can be de-mixed with low crosstalk

[15].

7.3.3 Non-specific binding

To quantify the specificity of binding of folate conjugated SERS NPs to folate receptors we used
a commercial Raman microscope (Nicolet Almega XR Micro and Macro Raman Analysis System,
Thermo Fisher Scientific Inc., Waltham, USA). This permitted us to focus on single cells or groups
of cells mounted on a slide after 3 washing steps, while avoiding possible SERS NPs in the

surrounding media. Six samples were prepared by using HeLa (high folate receptor expression)
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and ZR-75-1 (low folate receptor expression) cell lines. HeLa cells and ZR-75-1 cells were
incubated for 4 hours respectively with: a) medium only; b) non-functionalized SERS NPs in
medium; c) folate-conjugated SERS NPs in medium. The SERS spectrum detected from the six
samples are shown in Fig.7.7. HeLa cells incubated with folate-conjugated SERS NPs generated
much higher SERS signals than the other five samples, which prove that folate-receptor positive
cells accumulated more folate-conjugated nanoparticles. The detected SERS signal from HeLa
cells was 12 times higher than the SERS signal from ZR-75-1 cells. This 1:12 non-specific binding
ratio may vary depending on the cell type and it is expected that specificity due to antibody or
peptide targeting could be significantly higher. SERS signal from red blood cells mixed with
equivalent-levels of folate-targeted SERS NPs was not measurable. In addition, fluorescence and
Raman microscopy validate that both MNPs and SERS NPs were bound to HeLa cells even after

washing steps.
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Fig.7.7 SERS signal due to 780 nm excitation wavelength from HeLa cells incubated with medium
only, HeLa cells incubated with SERS NPs in medium, HeLa cells incubated with folate targeted
SERS NPs in medium, ZR-75-1 cells incubated with medium only, ZR-75-1 cells incubated with
SERS NPs in medium, and ZR-75-1 cells incubated with folate targeted SERS NPs in medium,
respectively.

7.3.4 Magnetic trapping at 1cm/s mean flow velocity

5x10° HeLa cells were incubated with both folate-conjugated SERS NPs and MNPs (magnetic-
fluorescent bead) for 4 hours, with fluorescence images demonstrating MNP targeting on HelLa
cells. Possible shorter incubation times and in vivo targeting need to be explored in the future. The
mean flow velocity (defined as volumetric flow rate divided by cross-sectional area) of HeLa cells

mixed with 10 mL PBS inside the 1-mm inner diameter Tygon tubing was set as 1 cm/s. The
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detected SERS spectrum changing with the magnetic trapping time is shown in Fig.7.8. SERS
signal intensity was determined by the magnetically-trapped HeLa cells (incubated with both
SERS NPs and MNPs) in the optical focal volume, hence the SERS NPs concentration at the focus.
For comparison, SERS signals from samples of HeLa cells incubated with folate-conjugated SERS
NPs only, and HeLa cells incubated with folate-conjugated MNPs only were detected, as shown
in Fig.7.9. It is clear that only HeLa cells incubated with both folate-conjugated SERS NPs and
MNPs exhibited increasing SERS signals with magnetic trapping time. No such increase was

observed in the absence of a magnetic field gradient.
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Fig.7.8 SERS spectrum from HeLa cells targeted with both SERS NPs and MNPs at different
magnetic trapping time for lcm/s flow velocity inside 1-mm diameter Tygon tubing.

Magnetic trapping and SERS detection were performed using different concentrations of
labelled HeLa cells as shown in Fig7.10. After incubation with both folate-conjugated SERS NPs
and MNPs, serial dilutions corresponding to 1/2, 1/8, 1/16, 1/64, and 1/128 of 2x10° HeLa cells
were re-suspended in 10 mL PBS. These serial diluted samples were flowed through 1-mm
diameter Tygon tubing at 1 cm/s mean flow velocity. The estimated SERS NP concentrations in
the focal zone increased with magnetic trapping time as shown in Fig.7.10, while Fig.7.11 presents
the details for three low cell concentration samples. Discrete trapping events were observed in the
SERS signal for low cell concentration samples, which we believe were due to trapped cells rather
than free NPs or NPs washed off the cells since only Hela cells dual labeled with both folate-
conjugated SERS NPs and MNPs were detectable as shown in Fig.7.9. The discrete increases of
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estimated SERS NP concentration were at least 10 pM which corresponds to ~100 SERS NPs
trapped in the focal zone. Because there may be hundreds or more SERS NP per cell the discrete
increases in SERS signals are most likely due to single cell trapping or trapping of cell clusters.
Variability in the step increases could be due to NP loading variance or cell clustering, however,
if cells are loaded with >100 SERS NPs we are sensitive to single cell trapping. The result also
shows that we are able to detect ~ 300 CTCs per mL in a total volume of 10 mL within 7 min.
Detection of clinically-relevant levels of CTCs (~1-10 CTCs per mL) can be achievable if longer
magnetic trapping times or larger volumes are used. Fig.7.12 demonstrated the relationship
between estimated SERS NP concentrations in focal zone and cell concentrations, using the same
data for Fig.7.10, at magnetic trapping time of 900 seconds and 1200 seconds respectively. The
data presents a highly linear relationship between estimated SERS NP concentrations and cell
concentrations in PBS solution with a coefficient of determination R?=0.99. For in vivo
applications, quantitation of nanoparticle concentrations or CTCs may be more challenging than

present ex-vivo experiments.
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Fig.7.9 Estimated SERS NP concentration at focal zone detected at different magnetic trapping time
for 1cm/s flow velocity inside 1-mm diameter Tygon tubing. Three types of cell preparation were
made: HeLa cells incubated with SERS NPs only, HeLa cells incubated with MNPs only, and HeLa
cells incubated with both SERS NPs and MNPs, respectively.
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Fig.7.10 Estimated SERS NP concentration at focal zone detected at different magnetic trapping
time for different labelled cell concentrations
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Fig.7.11 Discrete events observed in SERS signals from low cell concentration samples.

7.3.5 Magnetic trapping at different flow velocities

We investigated magnetic trapping at different flow velocities ranging from 0.2cm/s to 12 cm/s as
shown in Fig.7.13. These flow velocities are representative of physiological flow velocities in
peripheral vessels where future magnetic trapping experiments could be conducted in vivo. It can
be seen that the magnetic trapping speed increased with the increasing flowing velocity. Therefore,

our system demonstrated its ability to trap flowing cells within a large flow velocity range.
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Fig.7.12 Relationship between estimated SERS NP concentrations in focal zone and cell
concentrations, at magnetic trapping time of 900 seconds and 1200 seconds respectively.
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Fig.7.13 Estimated SERS NP concentration at focal zone detected from HeLa cells targeted with
both folate-conjugated SERS NPs and MNPs as a function of magnetic trapping time inside 1-mm
diameter Tygon tubing for different flow velocities.

7.3.6 Detection of discrete trapping events in blood

Approximately 100,000 dual-nanoparticle labeled HeLa cells were mixed in 10mL of rat blood.
The mixture was flowed through 1mm-inner-diameter Tygon tubing at a flow velocity of 1cm/s
with both incident light and the cone magnet directed at the top of the tubing. Discrete trapping

events were observed in the SERS signal shown in Fig.7.14.
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Fig.7.14 Estimated SERS NP concentration at focal zone detected from HeLa cells targeted with
both SERS NPs and MNPs at different magnetic trapping time mixed with 10 ml rat blood inside 1-
mm diameter Tygon tubing.

7.4 Discussion

To our knowledge, this is the first report of using both SERS NPs and MNPs to achieve magnetic
enrichment and trapping of cancer cells mixed with circulating PBS or blood. The present work
offers significant promise for future SERS-based multiplex detection of CTCs and could have both
ex vivo and in vivo applications. In vivo clinical applications could involve a subject wearing a
magnet for an extended period of time to ensure trapping of adequate numbers of CTCs. For ex
vivo applications, CTC detection in blood samples might be considered similar to present work.
Specificity can be further improved by use of antibodies or peptides and the targeting of multiple
ligands.

SERS signals from HeLa cells targeted with only SERS NPs or only MNPs were well below
the sensitivity of our system, while the SERS signals from HeLa cells targeted with both SERS
NPs and MNPs increased with the magnetic trapping time.

The unity-SNR sensitivity was ~1 pM. The minimum number of SERS NPs detected within

our optical focus is estimated to be only ~100, lower than that reported in [20], which is 600

. [21] reported detection of single SERS NPs. Our data suggests we can detect trapping of single
cells labelled with hundreds of NPs. Indeed, brighter SERS NPs and enhanced-sensitivity detection
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may offer future improvements. Presently for simplicity we use only a few spatial channels (~5
vertical pixels) of our imaging spectrometer system. The detection limit can potentially be further
improved by using a fiber bundle to fully utilize all possible spatial channels on our EMCCD and
by improving matching of numerical apertures between our spectrometer and detection optics.
Additionally, the laser power used in our experiment was about 54 mW measured after the
objective lens, slightly less than other groups [15]. In the future, improved signal-to-noise or
deeper penetration might be achieved by increasing the laser power. Using the long dimension of
our EMCCD for spectral discrimination may facilitate a wider spectral range to improve signal-

to-noise and enhance multiplexing capability.

The overexpression of folate receptor on HeLa cells was reported as ~ 10° receptors per cell
[22]. In our experiments, the ratio of SERS NPs to HeLa cells was approximately 20000 to 1. Since
the minimum number of SERS NPs detected within our optical focus is estimated to be only ~100,
only 1 cell needs to be trapped in order to be detectable using our system if there were 200 SERS
NPs targeted on each HeLa cell. This also helps to explain the discrete trapping events observed
in Fig.7.11 and Fig.7.14. The discrete increases of estimated SERS NP concentration were at least
10 pM which corresponds to ~100 more SERS NPs trapped in the focal zone. The discrete trapping

events indicate one cell or several cells simultaneously trapped by the magnet.

Our present study is limited to using tumor cells pre-labelled with nanoparticles. Future work
should optimize protocols for targeting circulating tumor cells in whole blood, both ex vivo and in
vivo. Serial dilution experiments indicate it should be possible to detect low clinically-relevant

concentrations of CTCs using prolonged trapping times.

Since folate receptor is overexpressed in many cancer cells, MNPs decorated with folate might
target several kinds of tumor cells. Therefore, decorating several flavors of SERS NPs with
different antibodies can be potentially used for targeting different types of tumor cells to achieve
multiplex detection. Targeting different receptors with multiple SERS NPs may additionally
enhance specificity of a single CTC cell type. Immune stealth should also be investigated. For
some applications including ex vivo procedures, immune-suppressants could mitigate immune-cell
non-specific uptake. If extraction methods are developed, the enriched population of cells could

be further sorted with alternative techniques such as flow cytometry. While a number of additional
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research directions appear promising, the present study offers critical feasibility to motivate future

work.

7.5 Conclusion

We have demonstrated magnetic enrichment and detection of CTCs with folate-conjugated MNPs
and SERS NPs. This technique could be used in either ex vivo blood samples or in vivo, where a
patient could wear a magnet for a sufficient time to detect adequate numbers of CTCs. We hope
that present ex vivo experiments may pave the way to create new tools in the detection of and

therefore prediction of high risk malignancy that requires early aggressive systemic therapy.
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8 Multimodality photoacoustic and Raman imaging
of magnetically-trapped tumor cells

8.1 Introduction

Photoacoustic (PA) imaging is a novel imaging technology for visualizing optically-absorbing
structures based on the PA effect: the absorption of electromagnetic energy, such as optical energy,
produces acoustic waves by a pressure rise via thermoelastic expansion. The PA effect was first
reported by Alexander Graham Bell in 1880 [1]. PA imaging poses no health hazard compared
with ionizing x-ray radiation, due to the nonionizing waves PA imaging employs. PA imaging
outperforms traditional optical imaging in spatial resolution feature since the ultrasound scattering
is weaker than optical scattering by two or three orders of magnitude. On the other hand, PA
imaging is of high optical contrast compared to far lower mechanical contrast of ultrasound
imaging. In addition, PA signals are sensitive to hemoglobin concentration and to oxygen
saturation due to different optical absorption spectra of oxygenated and deoxygenated hemoglobin.
There has been remarkable progress on employing PA imaging in biomedical applications in the
last decade, which makes PA imaging a promising technique for early diagnosis and monitoring

of disease [2].

PA tomography generates images with optical contrast and ultrasonic spatial resolution at
significant tissue depths [3] [4]. PA microscopy (PAM) was used to produce high-contrast images
by raster-scanning a light-delivery and acoustic detection probe mechanically [5][6]. Furthermore,
newly developed optical-resolution PAM demonstrated its ability to image single capillaries or
even blood cells with high optical lateral resolution defined by the focused micron or submicron
scale laser spot in real-time [7-10]. However, differentiation of PA signals is non-trivial hence
specificity can be poor. It would be ideal if we could detect and identify the tumor cells inside the
vasculature as well. Surface-enhanced Raman spectroscopy is one of the promising multiplexed

imaging techniques used for this application.

Raman scattering was first reported in 1928 by C. V. Raman et al. [11]. It is the inelastic
scattering of a photon from an atom or a molecule when light interacts with matters, which
provides rich information on the structure and composition of the atom or molecule, a spectral

fingerprint. Raman spectroscopy is based on the measurement of the vibrational energy levels of
110



chemical bonds through Raman scattering. It is a non-destructive and non-invasive technique
which can also be carried out under a wide range of conditions [12]. Multiple narrow line-widths
of spectral peaks of Raman spectrum enables extremely high multiplexing capabilities of Raman
spectroscopy. However, the application of Raman spectroscopy is limited by its inherent weak
intensity. The emergence of surface-enhanced Raman scattering (SERS) broke through the
bottleneck by dramatically enhancing the Raman scattering signal by factors as much as 10'4-10'3,
which is due to laser excitation of molecules adsorbed on nano-patterned metal surfaces or

nanoparticles.

Surface-enhanced Raman spectroscopy with SERS nanoparticles (SERS NPs) has recently
been reported and offers ultralow background and very high multiplexing capabilities, important
for specificity [13-15]. S. Gambhir’s group at Stanford University recently showed that they could
detect and classify multiple types of Raman nanoparticles injected into live mice with picomolar
sensitivities [ 16]. This work demonstrates the ability to detect a multiplicity of optical probes with
high sensitivity in vivo. In 2011, Wang et al., demonstrated using SERS NPs to detect CTCs in

human peripheral blood [17]. However, their method lacked an enrichment technique.

Detection of circulating tumor cells (CTC) is of great importance for tumor research since
CTCs is a common marker of cancer metastasis. However, in vivo detection of CTCs is difficult
due to its low concentration in blood. In 2009, Zharov’s group reported rapid photoacoustic
detection of magnetically captured CTCs [18]. In their experiment, circulating breast cancer cells
were targeted by functionalized magnetic nanoparticles (MNPs) and hence were captured under a
magnet. Also, functionalized gold-plated carbon nanotubes acted as a second contrast agent for
photoacoustic imaging. Their experiment demonstrated the ability to concentrate CTCs from a
large volume of blood in the vessels of tumor-bearing mice. Recently M. O’Donnell’s group at
University of Washington demonstrated magnetically trapping and manipulating of CTCs-
mimicking flowing polystyrene beads [19]. Magneto-sensitive nanospheres and optical absorptive
gold nanorods were used for targeting the polystyrene beads. Their results showed efficient
magnetic trapping in a stream with a flow rate up to 12 ml/min. However, similar to Zharov’s

group, their setup did not show multiplexing ability to improve specificity of detection.
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To achieve blood microvasculature imaging and improve the specificity for molecular imaging
application with a multi-modality approach, we propose combing PAM with SERS imaging using
targeted magnetic and SERS probes. We demonstrated both phantom and in vivo co-registered
images. This technology may play a key role in cancer research, molecular diagnostics and

personal medicine.

8.2 Methods

8.2.1 System description

Magnet
PAM probe
Sample
Reflection Mirror 2 Lens 1
< E
M
Spectrometer C
BeamSplitter C
D
Lens 2
Raman Laser
(785 nm) Reflection Mirror 1

Fig.8.1. Schematic diagram of photoacoustic and Raman imaging system.
The schematic of our combined PAM and SERS imaging system is shown in Fig.1. The excitation
laser source for SERS imaging is a 785 nm Raman laser (FB-785-350-FS-FS-1-1, RGBLase LLC,
Fremont, CA, USA) with 0.4 nm 20-dB spectral line-width and up to 350mW output (while the
power used in our experiment was 54mW). A custom Raman imaging spectrometer (RASPPEC -
785-HR, P&P Optica Inc. Kitchener, ON, Canada) was used to capture Raman spectra: A 15um x
26mm slit was used as the input aperture (f#: 3.5). The incident light was then collimated and
transmitted through a 900 1/mm gel-grating. The spectral range of the Raman spectrometer is
815nm to 895nm, along with a 10 cm™! spectral resolution. A liquid-cooled Electron-Multiplying
(EM) CCD camera (DU97IN-UV, Andor Technology) was used for detection and signal

acquisition, with very low dark current noise (0.0002 e-/pix/sec at -100°C ) and ~50% quantum
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efficiency at peak wavelengths, ~30% in the wavelength range we used. There are 1600x400 pixels
on the EMCCD array, while pixel element size is 16x16 um. A dichroic beam splitter (DMSP80S5L,
Thorlabs) was used to transmit the incident excitation laser beam while reflect the SERS signals
towards Raman spectrometer. A 0.3 NA lens (AC127-019-B-ML, Thorlabs) was used to focus
reflected SERS signals from beam splitter into the input aperture of the imaging spectrometer. An
aspheric lens (A240TM-B, Thorlabs, 0.5 NA, 8mm focal length) was used for illumination of
excitation laser beam onto sample and collection of the SERS signals from sample. A strong
magnetic field with high magnetic field gradient was generated by a 1” tall, 1”” diameter N50 cone
magnet (Cone0100N, SuperMagnetMan) pointing at the optical focus of lens 1. A custom designed
PAM probe using 532-nm laser source and 50 MHz ultrasound transducer was placed to the other
side of sample to achieve PA imaging. Sample was placed on a three-axis translation stage which

is not shown on the system diagram.

8.2.2 Nanoparticles and cell preparation

Raman-active Silica Methoxy-PEG-Mal

Molecule Layer \ / / Encapsulation
\_/\\. /,J/

. 15\

——

Magnetic NP

FA-PEG-Mal
Gold Core FA-PEG-Mal

(a) (b)

Fig.8.2. Diagrammatic figures of the conjugated (a) SERS NP and (b) MNP. PEG, polyethylene
glycol; Mal, maleimide; FA, folate.

In our studies, SERS NPs (S440 & S420, Oxonica Materials Inc., Mountain View, CA, USA)
consisted of a 60 nm-diameter Au core and a 30 nm silica shell, with an overall diameter of 120
nm. A Raman active molecular monolayer is adsorbed onto the Au core which is unique for
different types of SERS NPs. Since many cancer cells (breast, lung, kidney, ovary, colon, brain,
and myelogenous leukemia) significantly overexpress folate receptors to facilitate rapid cell
division, we conjugated nanoparticles with folate to target folate receptors of cancer cells [20]. To
target folate receptors, thiolated SERS NPs (1.3 nM) were added to a solution of folate-PEG5k-
maleimide (Nanocs Inc., PG2-FAML-5k, 0.8mM) and methoxy-PEG2k-maleimide (Sigma™
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Aldrich, 4mM) and mixed at room temperature by a rocker overnight. Excess folate-PEG-
maleimide was separated from SERS NPs by three runs of centrifugation (14,000 RPM, 5 min),

and resuspension in MES (Fisher Science) buffer.

MNPs (screenMAG-Thiol, chemicell™ GmbH) are composed of 500 nm-diameter magnetic
fluorescent silica particles with nearly 1 million SH- group per particle. Under the similar
procedure as SERS NPs targeting, a solution of folate-PEGSk-maleimide (Nanocs Inc., PG2-
FAML-5k, 0.8mM) and methoxy-PEG2k-maleimide (Sigma Aldrich, 4mM) was added to
thiolated MNPs (1.25nM) and mixed at room temperature on a rocker overnight, followed by three
runs of centrifugation (14,000 RPM, 5 min) to eliminate excess folate-PEG-maleimide and then

re-suspension in MES buffer. Diagrams of SERS NPs and MNPs are shown in Fig. 2.

HeLa (cervical cancer, folate receptor positive) cells were cultured according to the standard
procedure, and were incubated with serum-free medium containing both SERS NPs and MNPs at

37 °C for 4 hours before use.

8.3 Results

8.3.1 System performance

In our multimodality imaging system, the lateral optical resolution of PAM was evaluated by
imaging a ~7.5-um carbon fiber using our previous reported method [21]. The corresponding
lateral resolution was ~ 50um. Demixing and quantitative analysis of Raman spectra were based
on classic least-squares methods. Detected SERS NP concentrations presented a highly linear
relationship with actual concentrations of SERS NPs with R*=0.99, while the lowest concentration
of SERS NPs detected by our imaging setup was 10 pM. Intralipid solution was used to mimic the
turbidity of human tissue, where a maximum imaging depth of ~2.5 mm was obtained by using

1.3 nM SERS NPs inside Tygon tubing.

8.3.2 Phantom studies

In our phantom studies, HeLa cells (~5x10°, in 1mL rat blood) incubated with both SERS NPs and
MNPs flowed inside a 200-um inner-diameter acrylic capillary tubing (CT200-250-5, Paradigm
Optics). A syringe pump (NE-300, New Era Pump Systems, Inc.) was used to set the flow. An
aspheric lens (lens 1 in Fig. 1) focused the excitation laser beam on the acrylic capillary tubing. A
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cone magnet pointed at the aspheric lens focus was used for generating a high magnetic field
gradient for magnetic trapping. PAM probe was co-focused with the aspheric lens to capture the
structure image at the same focus location. Fig. 3 shows the co-registered image with pseudo-color,
demonstrating a 2mmx2mm image of rat blood with targeted HeLa cells flowing inside a 200-pum
inner-diameter acrylic capillary tubing. Signal intensity is normalized. For demonstration, PAM

and SERS signals are shown in red and blue color maps, respectively.

Acrylic 2
Capillary
Tubing ) 15
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|

Magnetic 0.5
Trapping
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Fig.8.3 Co-registered image with pseudo-color showing 2mmx2mm image of rat blood with
targeted HeLa cells floating inside a 200-um inner-diameter acrylic capillary tubing. Signal intensity
is normalized. PAM and SERS signals are shown in red and blue color maps, respectively.

8.3.3 In vivo experiments

51— SERS

5— PAM

Fig.8.4 Co-registered image with pseudo-color showing 7mmx7mm image of rat ear subcutaneous
injected with HeLa cells bound with SERS NPs and MNPs. Signal intensity is normalized. PAM
and SERS signals are shown in red and blue color maps, respectively.

In our in vivo studies, all experimental animal procedures were conducted in conformity with the
laboratory animal protocol approved by the University of Alberta Animal Use and Care Committee.

The rat was anesthetized using isoflurane using a breathing anesthesia system (E-Z Anesthesia,
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Euthanex Corp.) during image acquisition. HeLa cells (~5x10°, in 50 uL PBS) previous incubated
with both SERS NPs and MNPs were subcutaneously injected into a rat ear and imaged using the
same setup as shown in phantom studies. Fig. 4 shows the co-registered image with pseudo-color,
demonstrating a 7mmx7mm image of rat ear. Signal intensity is normalized. For demonstration,

PAM signals are shown in red color map while SERS signals are illustrated in blue color map.

8.4 Discussion and conclusions

To our knowledge, this is the first report of using a multimodality photoacoustic and Raman
imaging system to achieve co-registered PAM and SERS imaging using both SERS NPs and
MNPs. This system is capable to perform PAM imaging with ~ 50 um lateral resolution and SERS
detection at 10 pM SERS NPs concentration limit and up to 2.5 mm imaging depth in tissue mimic
phantom. In phantom studies, HeLa cells targeted with both SERS NPs and MNPs in 1 mL rat
blood flowing inside a 200-um inner-diameter acrylic capillary tubing were imaged. For in vivo
studies, HeLa cells (~5x10°, in 50 pL PBS) targeted with both SERS NPs and MNPs injected into

a rat ear by subcutaneous injection were imaged.

The SERS detection limit of 10 pM can be further improved by up to 160 times when using a
fiber bundle to fully utilize the 160 channels on our EMCCD. In addition, our present study is
focused on one type of SERS NP. Future work should use multiple types of SERS NPs with
different targeting to fully demonstrate high specificity and multiplexing capabilities. Also, we
subcutaneously injected tumor cells pre-labelled with nanoparticles to the rat ear. In the future, we
should work on intravenous injection to mimic magnetic enrichment and SERS detection of CTCs

and native targeting CTCs with nanoparticles in whole blood should be further investigated.

We demonstrated a multimodality imaging system which may be used for clinic applications
to identify the CTCs in the circulatory system and draw out appropriate amount of CTCs for in
vitro studies. We hope that present experiments may pave the way to create new tools in the
detection of and therefore prediction of high risk malignancy that requires early aggressive

systemic therapy.
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9. Conclusion and future prospects

9.1 Work done in this dissertation

The work presented in this dissertation contributes to the long-term vision of multi-modality tools
to detect and characterize metastases. Hallmarks of metastases include circulating tumor cells
(CTCs) and neoplasm angiogenesis. Angiogenesis is a factor in both invasion at the site of the
primary tumor and vascular establishment of metastatic proliferation. To image microvasculature
associated with angiogenesis we contributed to the development of novel photoacoustic
microscopy (PAM) methods. To detect CTSs, we developed magnetic and surface-enhanced-
Raman-scattering (SERS) nanoparticles (NPs) based methods for trapping and optically detecting
CTCs with high multiplexing potential for enhanced specificity. Also, we developed a
multimodality imaging system to achieve structural, functional and molecular imaging by combing
PAM imaging with SERS imaging. Contributions in this dissertation can be divided into three
parts: fast imaging speed optical-resolution PAM (OR-PAM), detection of CTCs and

multimodality imaging system development.
9.1.1 Realtime OR-PAM

o We demonstrated improving imaging speed of OR-PAM by using various lasers, including
a highly compact and potentially inexpensive diode-pumped microchip laser with pulse repetition
rates around 10 kHz, and a passively Q-switched fiber laser producing 250 ns pulses at repetition
rates of 100 - 300 KHz which is suitable for realtime OR-PAM imaging. Phantom studies
demonstrate the ability to image with 7um lateral spatial resolution with the microchip laser system

and 15 pm lateral spatial resolution with the fiber-laser system

. Combined a commercial diode-pumped nanosecond-pulsed Ytterbium-doped 532-nm fiber
laser with PRR up to 600 kHz and a fast-scanning mirrors, we first reported a near realtime 3D in
vivo OR-PAM imaging of mice ear microvasculature at frame rate of 4 frame per second with ~6-

um optical lateral spatial resolution.

. With further development, we demonstrated our OR-PAM capable of in vivo near realtime

substained imaging which can be potentially used for near realtime feedback for focusing and
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positioning, and realtime imaging of cardiac-induced mircrohemodynamics in murine

microvasculature at frame rate of 30 frames per second.

. We studied the effects of scanning speed and laser-repetition-rate on photoacoustic signals
in OR-PAM system, with phantom studies on black tap, human hair and rat blood. The
photoacoustic signal change caused by overlapping laser spots from adjacent laser pulses due to
temperature-dependent Gruneisen parameter was demonstrated, which may be useful for

improving imaging quality and super-resolution technique.
9.1.2 Detection of CTCs

. We demonstrated first time detection of CTCs in PBS or circulating blood with high
specificity, ~1 pM sensitivity and 2.5 mm penetration depth by targeting cancer cells with both
SERS NPs and MNPs and employing SERS imaging system.

9.1.3 Multimodality imaging system

o We developed a multimodality imaging system combined PAM imaging for visualizing

vasculature with SERS imaging for detecting CTCs.
9.2 Possible applications

PAM is a multi-scale high contrast imaging tool for visualizing optically-absorbing structures with
scalable resolution at accordingly imaging depth. OR-PAM is a novel PAM technique with
microscale resolution at millimeter depth in tissue, which is capable to resolve the smallest
vascular component as single capillaries. This makes OR-PAM a promising candidate for the
diagnosis of cancer at early stages, especially for surficially structures. In addition, OR-PAM
endoscopy has been investigated to imge internal organs as well. Realtime imaging speed may
pave the way of employing OR-PAM for clinical and biological applications. The application of
realtime OR-PAM could involve locating the area of interest by using lower resolution imaging
technique with large field of view, and then followed by high resolution OR-PAM for more etail

information, including structural, functional and molecular imaging.

Detection of CTCs by using SERS detection and magnetic enrichement could have both in vivo

and ex vivo applications. Both applications may involve magnetic entichment of CTCs by the
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subject wearing a magnet for an extend period of time, and then followed by high specificity SERS

detection either on site or on samples extracted outside the subject.

Multimodality SERS and PAM imaging can be potentially used for both imaging the
immobile metastasis and CTCs. For immobilie metastasis, SERS imaging can be used for revealing
the biomark profile, while PAM can be used for providing vascular context. For the detection of
CTCs, PAM can be used for guiding the placement of magnet to facilitate extraction of CTCs for

further ex vivo SERS detection, or to assist in the optimal in vivo SERS detection of CTCs.
9.3 Direction of future work

Future work on realtime OR-PAM will involve increasing the imaging field of view, developing
high-repetition-rate sources with wide tuning range of wavelength for functional imaging. In
addition, a novel super-resolution technique with submicron level resolution may be developed

based on present studies on the scanning speed dependence of realtime OR-PAM.

Future work on detection of CTCs will involve improving specificity by using antibodies or

peptides to target multiple ligands, and demonstrating in vivo detection of CTCs.

Future work on multimodality imaging system will involve improving imaging speed of SERS
imaging by using fiber bundle or cylindrical lens to achieve line illumination and detection,
demonstrating SERS imaging for in vivo imaging with intravenous injection and native targeting
CTCs with NPs in whole blood, developing NP-based contrast enhanced PAM imaging to improve
the penetration depth and molecular imaging capability, and advancing multimodality imaging

system for convenient use and with compact size.
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Appendix

Demixing method

In our experiment, we use EMCCD to record the spectrum from different targets. Since there are
400 pixels along the wavelength direction on EMCCD, each spectrum acquired has accordingly
400 pixels within the spectrometer spectral range from 815 nm to 895 nm. The spectrum thus can

be plotted based on the values acquired from each pixel.

We acquire pure SERS spectrum of each type of SERS NPs used in our experiment. For
example, for SERS NP type A, we can use an array [NPA]=[NPA| NPA; --- NPA,] to present its
spectrum collected by the spectrometer, where the subscripts indicate each pixel along wavelength
direction. In our experiments, n is 400. Also we collect autofluorescence spectrum before each
experiment, which we use an array [AF]= [AF; AF, ---AF,] to present the autofluorescence
background. In addition, we use a third order polynomial to fit the back noise which can also be
represented by [B1]=[1/A1 1/A2 -1/An], [B2]= [1/A12 1/25%--1/An%], and [B3]= [1/A13 1/A231/A0%].

The spectrum acquired from the target can be expressed as an array [S]=[S1 Sz ---Sa].

The spectrum from the target is a linear combination of SERS NP spectrum and background
spectrum. We use an array of weight factors [C]=[C; C2 C3 C4 Cs Cg] to describe the contribution
of the background (C; C> C3), the autofluorescence (C4) and the relative SERS NP concentrations
(Cs Ce) to the target spectrum. Additional coefficients C;, Cg, .... would be needed for inclusion of
more nanoparticles. Therefore, the linear relationship of the target spectrum with background,

autofluorescence spectrum and spectrum of two types of SERS NPs can be expressed as an

equation:
(1/4, 1/, - 1/A,7
1/22  1/A3 - 1/2%
/23 1/ - 1/A3
S S, - S]=[¢, ¢ C3 C Cs Cg]|/7r /72 n
[S1 S n]=[C C (G C (s Cg] AF, AF, - AF,
NPA; NPA, .- NPA,
INPB; NPB, -+ NPB,]

To solve the linear equation, we use classical linear least-squares method with an optional
positivity constraint, by means of using mathlab function Isqnonneg. Classic-linear-least-squares
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method is used to find the linear combination of component spectra that most closely matches the
SERS spectrum of the target. The weight factors derived by the linear-least-squares method are
proportional related to the concentration of each component. This method can generate accurate

results since the change of spectra of each component after mixing is neglectable.
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