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Abstract

The achievable spatial resolution of fluorescence and bioluminescence imaging in deep
tissue is severely limited by strong tissue scattering and absorption. The hybrid tech-
nique ultrasound (US) mediated fluorescence tomography (USMFT) has been investi-
gated in the past decade, with the aim to obtain fluorescence images with optical con-
trast and US resolution. However, the very low modulation depth due to the intrinsic
incoherent properties of fluorescence leads to low signal-to-noise ratio. In this thesis,
the techniques of US mediated luminescence tomography (USMLT, including US me-
diated bioluminescence tomgoraphy (USMBLT) and USMFT) are investigated with the

aim to improve the effect of US on light intensity via application of contrast agents.

The mechanisms of USMBLT are firstly studied through incorporating the effect of US
into NIRFAST, an open source software package for simulation of light propagation.
The influence of US on optical properties (reduced scattering coefficient, absorption
coefficient, and refractive index) and concentration of source particles are studied. Ef-
fects of US pressure, US position, and source particle concentration on the modulation
depth are investigated and the signal-to-noise ratio for in vivo detection is calculated.
It is demonstrated that the dominant effect in the generation of USMBL signal is US
induced variation in the concentration of the source particles, and this effect is at least
two orders of magnitude greater than that caused by changes in the optical properties.
It is also found that modulation depth increases linearly with increase of US pressure.
The maximum modulation depth can be obtained when the US focal zone overlaps
the bioluminescence source region. The modulated fluence rate increases linearly with
increase of the concentration but the modulation depth is independent of the concen-

tration. Results for signal-to-noise ratio calculation confirm the feasibility of applying



USMBLT in preclinical imaging of mice to improve the spatial resolution of biolumi-

nescence imaging.

Secondly, fluorophore labelled microbubbles are studied as a contrast agent to increase
the modulation depth of USMFT. Upon application of US the size of the microbub-
bles oscillate changing the intermolecular distances of the fluorophores labelled on the
monolayer of the microbubbles resulting in modulated fluorescence emission intensity.
Increased modulation depth is observed both from simulation and experiment. The
influence of factors including microbubble radius, US pressure, labelling concentration
on the US modulated fluorescence emission are simulated. It was shown that the ef-
fects of the three factors are closely related to each other, and it is difficult to decouple
their effects. Generally the maximum modulated signal can be obtained within the re-
gion C € (2mol% 5mol%) and Ry € (1.5um 5um). However microbubbles with a
higher fluorophore labelling concentration or a bigger radius require higher US pres-
sure to obtain its maximum volumeric oscillation and the highest modulated signal.
The results suggest that it is desirable to produce microbubble suspensions with nar-
row size distribution, so that most of the microbubbles can be labelled by an optimized

concentration and exposed to an appropriate US pressure.

Thirdly, liposome based contrast agents are studied for use in USMFT for the first time.
Compared with microbubbles, liposomes have the advantages that they have better
stability, less US scattering, and can be manufactured with a defined size in nanome-
ter scale. Liposomes are labelled with pyrene which has well-known concentration
dependent excimer formation characteristic. The acousto-fluorescence dynamics of li-
posomes containing lipids with pyrene labelled on the fatty acid tail group (PyPC) and
the head group (PyPE) were compared. An increase in excimer emission intensity fol-
lowing exposure to US was observed for both cases studied. The increased intensity
and rise time constants were found to be different for the PyPC and PyPE labelled li-
posomes, and dependent on the applied US pressure and exposure time. The greatest
US On-to-Off ratio of excimer emission intensity (130%) and smallest rise time constant
(0.33s) are achieved through the use of the PyPC labelled liposomes. Possible mech-

anisms underlying the observed increase of the excimer emission intensity in PyPC
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system is considered to arise from the "wagging" of acyl chains which involves fast
response and requires lower US energy. This is accompanied with the increased lipid

lateral diffusivity, mechanisms also active in the PyPE system.

Finally, DiD-DiR labelled liposomes based on fluorescence resonance energy transfer
(FRET) are studied. The excitation and emission spectra are located close or within
near-infrared window, where the penetration depth is up to several centimetres. Mea-
surements of emisison spectra show that strong FRET and self-quenching exist in the
DiD-DiR labelled liposomes. The fluorescence emission intensity changes upon appli-
cation of US, with the change trend dependent on fluorophore types, detection wave-
length, and fluorophore concentration. Line scanning of a tube buried at a depth of
1cm in a heavily scattering phantom shows a contrast of 8.5% can be obtained using
0.5mol% DiD-DiR labelled liposomes through detection at DiR emission wavelength
(around 740 nm - 790 nm). The resolution can be improved by a factor of 6.3 compared
with its no US counterpart. These results suggest that DiD-DiR labelled liposome has
potential to be used as contrast agent of USMFT for deep tissue imaging. Further ap-

plication for in vivo imaging is discussed.
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CHAPTER 1

Introduction

Luminescence refers to the creation of light by processes that do not involve heat.
Fluorescence and bioluminescence are the two most commonly used luminescence in
biomedical studies. Compared with the currently available imaging technologies such
as magnetic resonance imaging (MRI), computed tomography (CT), positron emission
tomography (PET), and single photon emission computed tomographic (SPECT), op-
tical imaging is a modality that is cost-effective, rapid, and relatively easy to use [1].
Biomedical optical imaging can provide quantitative information on structural, func-
tional, and physiological changes from microscopic to macroscopic levels for objective
diagnosis and follow-up [2, 3]. The main limitation of optical imaging is that high
imaging resolution cannot be achieved in deep imaging depth, due to the strong scat-
tering of optical radiation in tissues. This thesis investigated a hybrid luminescence and
ultrasound (US) imaging technique named US mediated luminescence tomography
(USMLT). In this chapter, USMLT is introduced and compared with other techniques.
Pure fluorescence imaging (FLI) and bioluminescence imaging (BLI) techniques are
firstly reviewed with a focus on deep tissue imaging in Section 1.1. Several hybrid
techniques that combine luminescence with US are then reviewed and compared in
Section 1.2. Section 1.3 introduces the contrast agents used in biomedical optical imag-
ing, especially in the field of hybrid fluorescence and US imaging. The work and the

contributions of this thesis are then outlined in Section 1.5.
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1.1 Areview of fluorescence and bioluminescence imaging tech-

niques and their applications

During the past several decades, the use of both FLI and BLI has increased tremen-
dously and had a dramatic effect on biomedical research. In fluorescence based tech-
niques, an external light source is used to excite fluorescent agents (genetic reporters or
exogenous fluorophores), which undergo a transition from an excited electronic stage
to a lower electronic state and emit light. The emitted fluorescence is measured by
highly sensitive optical detectors such as photomultiplier tube (PMT) or charge cou-
pled device (CCD) camera using appropriate filters to eliminate the bleed-through of
the excitation light. The detected signals are then analyzed or post-processed to form
an image. Fluorescence has been used for many years for in vitro studies such as cell
culture assays, cell imaging, and tissue staining. In recent years it has been extended to
in vivo imaging, offering non-invasive visualization of specific biological processes in

their intact and native physiological state [4-6].

BLI is another optical imaging technique used for in vivo small animal studies. It is
based on the generation of visible light by a living organism (bioluminescence) result-
ing from enzyme-catalysed oxidation reactions [7]. Bioluminescence is a biological pro-
cess that requires an enzyme known as luciferase, a substrate known as luciferin, and
oxygen. Some luciferases require other cofactors such as adenosine-5-triphosphate
(ATP) and magnesium ions for full activity [8]. Bioluminescence can be regarded as
a particular case of chemiluminescence, which designates emission of light through a
process that a chemical reaction produces the electronically excited substance. Biolu-
minescence therefore does not require external light source and there is an extremely

low background [1].

1.1.1 Challenges of fluorescence and bioluminescence imaging

An important part of the research conducted in FLI and BLI is concerned with the de-
velopment of novel approaches to improve sensitivity, spatial resolution, optical con-

trast, imaging depth and quantification. These parameters are limited by factors in-
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cluding tissue scattering, absorption, and autofluorescence.
Scattering

It has been widely known that the use of FLI and BLI in biological studies is limited
by the interaction of light with various tissue components (e.g. membranes, different
organelles). In the fluorescence process, both the excitation light and the emitted fluo-
rescence are scattered, which blurs fluorescence images limiting the spatial resolution.
Therefore, for example, when the tumor foci are close to one another, the fluorescence
signals can merge and appear to originate from a single focus. The scattering is stronger
for fluorophore targets that located further away from the illumination and detection
area [6]. Another important consequence of scattering is that it amplifies the effect
of the wavelength-varying absorption spectrum of tissue chromophores, causing the
shape and peak position of detected fluorescence spectra to vary depending on the
path lengths traversed by light in tissue [6]. In the bioluminescence process there is no
excitation source, therefore scattering only along light propagation path from biolumi-
nescence emitters to the detector needs to be considered. As a result BLI has a higher
sensitivity than FLI for in vivo detection of tumors and is able to indicate microscopic

nodules [9].
Absorption and near-infrared (NIR) spectral window

Absorption by tissue components, in particular hemoglobin, in the wavelength (1)
range of visible light limits effective light penetration to hundreds of micrometers up
to a few millimeters. Other biological components such as water and lipids are opti-
cally transparent from the visible to the NIR spectral range but strongly absorb light in
the infrared. The combined absorption of these components translates into an optical
imaging window from approximately A = 650nm to 1000 nm where the absorption
coefficient of tissue is at a minimum [10]. Tissue scattering also decreases with increase
of wavelength [11]. For example, the reduced scattering coefficient of skin decreased
from around 7mm~! at A = 500 nm to around 1 mm~! at A = 900 nm [12]. Therefore
for whole-body or deep tissue imaging fluorescence and bioluminescence emitters that
operate in the NIR spectral window are desired. Extensive efforts have been devoted

to study such imaging agents [13, 14]. Fluorophores are relatively more available than
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bioluminescence emitters and there have been a wide variety of NIR fluorophores de-
veloped (e.g. indocyanine green [15], porphyrin [16-18], BODIPY analogs [19]). There
have been also some red-shifted luciferin analogues investigated, but most of them
peaked at wavelengths less than 645nm [20]. Recently a novel firefly luciferin ana-
logue has been synthesized which produces different far-red to NIR bioluminescence
emission, with a maximum wavelength up to 706 nm [20]. Apart from the novel syn-
thesized luciferin, bioluminescence resonance energy transfer (BRET) has also been in-
vestigated as a method to obtain NIR emission [21]. It was demonstrated recently that
when directly attached to a NIR quantum dot (QD), firefly P. pyralis luciferase variants
(PPyGRTS) can effectively transfer bioluminescence energy with high efficiency to the

QDs (emitting wavelength maximum: A = 800 nm) [22].
Autofluorescence

Another challenge of FLI is autofluorescence, namely, the natural emission of light
by biological structures when they have absorbed light. There are a wide variety of
molecules present in living tissue (e.g. tryptophan, NADH, pyridoxine, collagen) that
can act as biochemical sources of autofluorescence [6]. Desired fluorescence signals
from the molecular probe of interest can be masked or overestimated by non-specific
signals coming from autofluorescence of tissue. Because the main excitation peaks for
the natural fluorophores are usually in the visible part of the spectrum, their impact
on NIR FLI is often negligible [6]. This is another advantage of NIR fluorophores. In
the case of BLI, there is no autofluorescence since no external light source is used, and
there is virtually no endogenous bioluminescence from mammalian cells. This intrin-
sic characteristic of BLI makes it a more sensitive technique than FLI with the ability
to detect tumors significantly earlier [1]. However signal levels of bioluminescence are
typically two to three orders of magnitude smaller than that of FLI [6]. This makes US

modulation of bioluminescence extremely difficult to achieve.

1.1.2 Fluorescence microscopy

Fluorescence microscopy can provide cellular and subcellular images with extraordi-

nary contrast, single-molecule sensitivity, and molecular specificity with high spatial
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resolution (approximately 200 nm laterally, 500 nm axially [23]). With the increasing
availability of genetically encoded fluorescent proteins, dyes, and probes, it has be-
come possible to image protein expression, localization, and a large number of ac-
tivities in living cells in real time. Confocal fluorescence microscopy has the ability
to produce thin (0.5 to 1.5pum) optical sections through fluorescent specimens and
allows researchers to render three-dimensional (3D) images. To improve the resolu-
tion further, some super-resolution fluorescence microscopy techniques such as satu-
rated structured-illumination microscopy, stimulated emission depletion microscopy,
photoactivated localization microscopy, fluorescence photoactivation localization mi-

croscopy, and stochastic optical reconstruction microscopy have been developed [24].

There are also some microscopic methodologies for in vivo imaging developed, namely,
intravital microscopy. Their imaging depth is however limited to less than several
hundred microns due to tissue absorption and scattering. Multiphoton microscopy
is one of the advanced high-resolution intravital microscopy techniques. It is based
on the simultaneous absorption of two or more low-energy infrared photons whose
combined energies induce fluorescence in the visible range in a thin optical section. As
infrared photons can penetrate much deeper into tissue, imaging depth of multiphoton
microscopy can get up to 1 mm [25]. To obtain high resolution fluorescence images in

tissue deeper than 1 mm, hybrid techniques need to be used.

1.1.3 Fluorescence diffuse optical tomography

In vivo FLI has become one of the most commonly used pre-clinical imaging modality
during the last decade. It can be classified into two general categories: planar and to-
mographic imaging [26]. The planar imaging technique can produce two-dimensional
(2D) images of a plane parallel to the sources and detectors but can not resolve depth.
Fluorescence diffuse optical tomography (FDOT, the other name is fluorescence molec-
ular tomography) employs a setup comprising of a set of external light sources and
detectors. By applying a tomographic scheme FDOT can provide cross-sectional or full
3D images. The reconstruction of the distribution of fluorophore concentration and life-

time requires the use and the inversion of an appropriate model accounting for both
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photon propagation (e.g., diffusion approximation of the radiative transport equation)
and fluorescence phenomena. The reconstruction is always ill-posed and underdeter-
mined, and requires complex and computer-intensive reconstruction techniques. Since
FDOT is fast for data acquisition, noninvasive, highly sensitive, and relatively inex-
pensive as compared with MRI and CT, it is very attractive for longitudinal studies of

small animals to track disease progression or drug effects in real time [27].

FDOT approaches can be broadly classified into three groups according to how the

tissue is illuminated and the light is detected [28]:

e Continuous-wave (CW) FDOT is based on the measurement of the attenuation of

a steady state excitation light.

e Frequency-domain (FD) FDOT is based on the measurement of the phase and
demodulation of an amplitude-modulated excitation typically at frequencies of

100MHz - 1 GHz.

e Time-resolved FDOT exploits the measurement of the temporal distortion of an

excitation photon pulses in the 100 fs - 100 ps range.

CW approaches are generally operationally simpler and significantly more economic
and robust. Therefore they are the most frequently used one to recover the concentra-
tion. FD and time-resolved FDOT are more costly, but can derive fluorescence lifetime.
Generally, they provide data set with a higher information content which can lead to

better reconstruction of deeply-embedded markers [28].

There have been several approaches developed to improve the resolution and contrast
of the reconstructed FDOT images. Recently Pontus Svenmarker et. al. [27] used up-
converting nanoparticles doped with rare-earth elements as a contrast agent. It was
demonstrated that the spatial resolution of FDOT can be improved by exploiting the
nonlinear optical emission properties of the upconverting core-shell nanoparticles as
compared with the traditionally used fluorophores. Besides, the upconverting core-

shell nanoparticles are able to emit anti-stokes-shift light at two emission bands. Using
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this as a priori estimation of the fluorescence source depth, an improved image de-
tectability for FDOT was reported [29]. However, the resolution of FDOT is still limited

to several millimeters.

1.1.4 Fluorescence lifetime imaging

The fluorescence lifetime refers to the average time a fluorophore with a single ex-
ponential decay function stays in its excited state before emitting a photon [30]. It is
usually in the range of a few nanoseconds. Importantly, fluorescence lifetime is an in-
trinsic property of the probe molecule and is independent of the excitation light or the
fluorophore concentration. However, fluorescence lifetime is sensitive to many envi-
ronmentally factors, such as local pH, blood supply, viscosity, temperature, refractive
index, ion concentrations, and the presence of fluorescence quenchers [31]. Therefore
the technique of FLIM can be used to measure the molecular environment parameters,
protein-interaction, and the metabolic state of cells and tissues. Advantageously com-
pared with intensity based techniques, fluorescence lifetime based techniques are less
dependent on the local concentration of the probe. It is inherently robust in the pres-
ence of absorption and scattering, and does not have to cope with problems like donor

bleed-through, directly excited acceptor fluorescence, or photobleaching.

The nanosecond time resolution required to measure fluorescence lifetimes can be ob-
tained either in time domain (TD) or in FD. TD-FLIM uses a short pulsed light source
(femtoseconds to picoseconds) to excite the sample and the subsequent fluorescence
emission decay is recorded directly by high-speed detectors (most frequently PMT).
FD-FLIM uses a modulated light source of a certain frequency to excite the sample.
The phase shift and amplitude demodulation ratio of the emission relative to the ex-
citation are measured by gain-modulated detector. Fluorophores with longer lifetimes

have larger phase shift and smaller amplitude demodulation ratio [32].

Extracting lifetime requires time-resolved measurements at the nanosecond timescales,
increasing the complexity of the source/detector systems. Therefore applications of
FLIM have been restricted mainly to microscopy techniques. In very recent years

whole-body lifetime-based molecular imaging also emerged. Rice et. al. [33, 34] ap-
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plied TD fluorescence lifetime multiplexing for the detection of fluorescent proteins in
whole animals. Lifetime multiplexing was demonstrated to be able to separate extrin-
sic fluorescence from autofluorescence. Different fluorescent proteins placed under the
skin of a nude mouse, or in deeper organs such as lungs and brain were simultaneously
discriminated. This is enabled through separation of the decay portion of a measured
TD signal into individual components based on their distinct fluorescence lifetimes. A
greater than 20-fold improvement in sensitivity compared with conventional CW imag-
ing was obtained. However, because identical fluorophores have the same lifetimes, it
is difficult to distinguish these fluorophores which will limit the achievable resolution
of FLIM. Another disadvantage of the lifetime based imaging is that it cannot be used

for BLI.

1.1.5 Bioluminescence imaging

Compared with fluorescence, there is no autofluorescence background for biolumi-
nescence, therefore high detectability down to a few emitted photons is possible [35].
BLI provides valuable insight into biological processes in intact cells and small animal
models. It has been widely applied in cancer research including tumor detection, tu-
mor metastasis, tumor angiogenesis, and induced apoptosis [36]. For drug research,
BLI has been used to image protein-protein interaction, protease activity, and protein
degradation in entire mouse physiological systems for large-scale screening of com-
pounds which may be potential future drugs [36]. BLI has also been used to monitor

gene expression and cellular events in living tissues [37].

As mentioned in Section 1.1.3, traditional planar imaging techniques cannot obtain 3D
localization information such as the depth of the internal light source. Therefore, bi-
oluminescence tomography (BLT) is being investigated based on conventional planar
BLI and appropriate models of light transfer in biological tissues. The goal of BLT is to
locate and quantitatively reconstruct the 3D distribution of the intensity and position
of the internal light source using the scattered bioluminescent signal on the surface of
the small animal [36]. Due to the insufficient measurements and highly diffusive na-

ture of the photon propagation within biological tissues, BLT reconstruction is still a
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very challenging ill-posed inverse problem. There have been several reconstruction al-
gorithms developed to address the ill-posed problem. Multispectral information was
shown to provide a means of estimating the depth of a bioluminescence object, due to
the wavelength-dependent attenuation of tissue [38, 39]. A Conjugate Gradient-based
reconstruction algorithm using Compressive Sensing was designed to take advantage
of the sparsity of the bioluminescent source [40]. It was shown that Compressive Sens-
ing based method improves reconstruction quality, and allows robust reconstruction
from minimal data sets. However, the current reconstruction methods for BLT are usu-
ally time-consuming and require large amounts of storage memory. Besides, it usually
requires knowledge of the optical properties of the heterogeneous tissue to perform
BLT. Therefore combination of BLT with another modalities such as diffuse optical to-
mography is required. However this makes the imaging procedure more complex. In

addition, the resolution of BLT is still limited to millimeter scales.
Bioluminescence brightness

The signal-to-noise ratio (SNR) of BLI is dependent on the amount of light detected by
the photon counting system. Therefore it is critical to use a luciferase that can generate

the brightest bioluminescence inside the tissue.

Widely distributed in nature, luciferase from the North American firefly (Fluc), Renilla
(Rluc), and bacterial (Lux) are the three most commonly studied luciferases. Fluc and
Rluc cells can generate brighter bioluminescence than that of Lux cells. Besides, vari-
ations, stabilized and red-shifted Fluc and Rluc are available. A detailed comparison
of advantages and disadvantages of the three different luciferases can be found in [41].
Other popular luciferases include Gaussia luciferase (Gluc), Metridia luciferase (Mluc),

and Vargula luciferase (Vluc).

To date, elaborate efforts have been directed to establish novel luciferases from new or-
ganisms that can exert a bright, stable, red-shifted bioluminescence [42]. It was exper-
imentally observed that the surface radiance coming out of a mouse can reach 1 x 10®
photons/s/cm?/sr using human brain metastatic NSCLC cell line PC9-BrM3 marked
with the Fluc reporter gene [43]. It can even reach 2 x 10'! photons/s/cm?/sr with

self-inactivating lentiviral construct encoding Fluc, green fluorescent protein (GFP),
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EF-1a promoter and a 2A ribosomal skip sequence, given an intraperitoneal injection
of 150mg/Kg of D-luciferin into preclinical mice [44]. It was shown that in combina-
tion with different mutations of Flug, it is possible to obtain luciferases that generate
more than 10-fold higher luminescence intensity than the wild-type enzyme [45, 46].
An enhanced luciferase (ELuc) emitting green light from cloned Brazilian click beetle
Pyrearinus termitilluminans can also exhibit a light signal in mammalian cells that is over
10-fold stronger than Fluc, by optimizing its cDNA sequence for mammalian expres-
sion [47]. An engineered luciferase derived from a deep sea shrimp Oplophorus gra-
cilirostris, named NanoLuc, was established by Hall et al [48]. This luciferase molecule
can emit approximately 150-fold brighter and more stable bioluminescence than that
of RLuc or FLuc in the presence of a novel coelenterazine analogue. In addition, BRET
has been applied to help solving the low brightness of bioluminescence. In BRET pro-
cess, the excited energy of a luminescent substrate is transferred to an acceptor by a
Forster resonance energy transfer (FRET) mechanism. The brightest luminescent pro-
tein reported to date is Nano-lantern [49]. It is a chimera of enhanced Rluc and Venus,

a fluorescent protein with high BRET efficiency.

Other factors that can influence the light level indirectly include cellular luciferase con-
centration (affected by reporter gene transfer, promotor activity, enzyme degradation,
and enzyme velocity), bioavailability of luciferin (affected by injection route, cardio-
vascular condition and blood composition, intracellular luciferin concentration), local
oxygen/ATP concentrations, and wavelength of bioluminescence [50]. It was shown
that a quantitative correlation between signal strength and cell numbers exists for all
luciferases [41]. It was claimed that the most effective means of obtaining a brighter
signal is to increase the concentration of active luciferase, while decreasing the deacti-

vated one as much as possible [51].

1.2 Areview of hybrid fluorescence and US imaging techniques

Deep-tissue (> 1mm) optical imaging is desirable for both tissue biology studies and

preclinical/clinical applications. However, the resolution obtained by pure FLI and

10
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BLI techniques, described in the previous section, is very limited due to scattering
and absorption of the tissue. Since US in the few MHz range has a scattering coef-
ficient two to three orders of magnitude less than light [52] in tissue, it can achieve
relatively higher spatial resolution (below a few hundred micrometers). Thus, hybrid
fluorescence and US imaging techniques combining the advantages of fluorescence and
ultrasonic imaging have been investigated during the past years. The relevant tech-
niques include US modulated fluorescence [53, 54], US modulated luminescence [55],
Ultrasound switching fluorescence (USF) imaging [56—60], and Time-reversed ultrason-
ically encoded (TRUE) optical focusing based methods [61-63]. It is worth mentioning
here that this thesis will only discuss techniques related with FLI or BLI. Therefore US
modulated optical tomography (USMOT) using coherent light source based on inten-
sity modulation through fluctuation of speckles formed by multiply scattered coherent
light is not reviewed. Photoacoustic imaging (PAI) is also a hybrid technique com-
bining optics and US. However, PAI is based on detection of acoustical (rather than
fluorescence) emission converted from optical absorption by chromophores (intrinsic
tissue chromophores or exogenous probes). It is not a FLI technique thus is not re-

viewed in this section.

1.2.1 US modulated luminescence tomography

Since it was first proposed in 2006 [53], US modulated fluorescence tomography (USMFT)
has been explored as an approach to increase spatial resolution of FLI while maintain-
ing a large imaging depth. Briefly, a focused US beam is used to modulate the diffused
fluorescence photons in the focal zone in an illuminated scattering medium. The pho-
tons are modulated at the US frequency. By detecting and analyzing the modulated
fluorescence photons, fluorescence images can be obtained with ultrasonic spatial res-

olution.

A current difficulty of USMFT is the weak modulation of light it produces, quantified
by measurement of the modulation depth which is defined as the ratio between mod-
ulated light intensity (AC signal) and unmodulated light intensity (DC signal). The
modulation depth for USMFT is of the order of 100 to 10 [64] as compared to 1073

11
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that is achieved using a coherent laser source. In relation to imaging, the low mod-
ulation depth leads to low SNR and thus high sensitivity is required for the signal

detection device.

To improve the detection sensitivity of USMFT, a quadrature detection approach which
cross-correlates (phase shift by ) the US and a gain-modulated, image-intensified
CCD camera was proposed [65]. The optical detector was gain-modulated at the US
frequency and the photon intensity was measured as the phase shift, A®, between the
US and detector-gain driving signals varied. The maximum and minimum photon in-
tensity were measured at A® = 0° and 180° respectively. Thus, the photon modulation
was M = Ipnp—p° — Inw=180-. The results showed a 0.2 % modulation depth and there-
fore further proved the feasibility of using USMFT to obtain high spatial resolution
fluorescence images. An increase of the modulation depth was also demonstrated by

using microbubbles. This will be discussed in detail later in Section 1.3.3.

US modulated bioluminescence tomography (USMBLIT) is still under investigation but
the first US modulated chemiluminescence tomography (USMCLT) experiment has
been demonstrated [55]. Similar with fluorescence, chemiluminescence is also incoher-
ent light. The difference is that no external light source is used. In the published USM-
CLT experiment [55] ‘Glow sticks” were embedded in tissue phantoms and the chemilu-
minescence was modulated by US and detected using a lock-in amplifier. The SNR was
found to be 80 and the image lateral resolution was 3 mm at a depth of 7 mm within a
tissue phantom with a scattering coefficient of 30 cm~!. This represents a 3.5 times im-
provement in spatial resolution compared to the conventional unmodulated optical to-
mography. US enhanced chemiluminescence was demonstrated recently [66]. A perox-
yoxalate chemiluminescence (POCL) system that includes ICG fluorophores to chem-
ically excite the pigment was stimulated by US irradiation and the ultrasonically en-
hanced chemiluminescence intensity was detected. The ultrasonic enhancement mech-
anism of POCL was assumed to involve sonochemistry, which prompts the POCL re-
action that originates in acoustic cavitation derived from the locally emerging high-
temperature and high-pressure region. The full-width-at-half-maximum (FWHM) of

the scanning image of a buried target is 6 mm and is comparable with the applied US
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focal zone. A drawback of this technique is that it involves application of hydrogen
peroxide (H>O,, the free radicals produced by socochemical reaction may also produce
long-lived hydrogen peroxide [67]). This molecular is long-lived once produced and
has been shown to induce single strand breaks in DNA in vitro [67]. Therefore dam-
age of cell and tissue may be caused by this technique and it is unlikely to be directly

applicable to biological systems.

In addition to the imaging systems, method for reconstruction of the density of a lu-
minescent source in a highly scattering medium was also presented [68]. The recon-
struction algorithm is based on the solution to a hybrid inverse source problem for the
diffusion equation. The modulation of absorption coefficient, diffusion coefficient and
refractive index by a standing plane wave were included in the diffusion approxima-
tion. It was shown that it is possible to uniquely reconstruct the source. Multiple US
frequencies were used to increase the number of measurements and aid reconstruction.

The spatial resolution was improved by a factor of 10 compared with conventional BLL

These studies provide support to the hypothesis that US modulation techniques could
be applied to improve the spatial resolution of BLT. The inverse problems of USM-
CLT/USMBLT and BLT are very similar as they aim to determine the source den-
sity distribution in the volume from boundary measurements of multiple scattered
light based on radiative transport. Therefore it can be expected that existing BLT re-
construction algorithms can be modified to be applied in the reconstruction of USM-
CLT/USMBLT. The US will introduce small changes in optical properties in local re-
gions of the tissue sample and so the measured data will be weighted by these changes.
By scanning US and detecting US modulated luminescence signal, it is possible to in-
crease the number of measurements that is expected to aid in overcoming the ill-posed
inverse problem. As mentioned earlier bioluminescence has a low light level, therefore

US modulation of bioluminescence is very difficult to achieve.
Mechanisms of US modulation

There are three mechanisms for US modulation of incoherent light proposed at the time

of writing.
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e The first mechanism is similar to the mechanism of USMOT. An US field will in-
duce periodic displacement of tissue components such as scatters, absorbers, and
surrounding medium. This can lead to variations of the scattering coefficient,
absorption coefficient and refractive index and a further modulation of the exit
location and amplitude of the exit photons [69, 70]. Specifically, the modulated
reduced scattering coefficient and absorption coefficient can lead to a change of
the total mean free path and thus lead to a change of the exit location of sur-
vival photons [69]. The modulated refractive index can distort the light path that
would be straight in the absence of US modulation and thus also affect the exit
location [69]. The modulated signal due to modulation of the exit position is con-
tributed by individual survival photons that periodically switch the status from
being detected to not being detected, while the modulated signal due to modula-
tion of amplitude is by the weight change due to ultrasonic modulation [69]. The
modulated exit position and amplitude can thereby lead to a modulation of both
the excitation and the emission light. For a coherent light source the modulated
scattering coefficient and refractive index can also lead to a change of the optical
path length and thus induce a phase variation. A modulated excitation light and
the corresponding modulated fluorescent signals can thereby be induced for the
coherent light. Results obtained from a Monte Carlo based method [69] show that
the modulation depth contributed by the variations of exit location are three or-
ders of magnitude higher than that contributed by amplitude variations, but two

to three orders lower than that due to phase variation for coherent light.

e Secondly, when the fluorophore concentration is low, the oscillation of ultrasonic
pressure can cause an oscillation of the fluorophore concentration, thus inducing

a modulated emission light [71].

e Thirdly, when the fluorophore concentration is high or quenchers are adopted,
the quenching efficiency will be modulated as a result of the volumetric oscilla-
tion of the contrast agent used, or the position vibration of polystyrene micro-

spheres [71]. The quenching from volume oscillation is by the non-radiative en-
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ergy transfer between fluorophores, and thus is termed as FRET quenching. The
quenching from polystyrene microspheres is due to physical interactions (colli-
sions) between the emission light with microspheres, and thus termed as colli-

sional quenching [72].

The effect of variation of the refractive index, scattering coefficient, and the fluores-
cence concentration on the modulated fluorescence signals was investigated by solv-
ing a modified diffusion equation describing the photon transport in the US field with
a finite element method (FEM) [70]. The simulation results show that the power of the
modulated fluorescence signal is proportional to the square of the acoustical pressure,
and the pressure is proportional to the variation of the refractive index or fluorescence
concentration. The linear relationship between the modulated fluorescence signal and
the average fluorophore concentration in the US focal zone were also demonstrated in
previous experiments by Kobayashi et al. [73] and theoretically derived by Yuan et al.

by solving a rate equation with a two-energy-level model [71].

For the third mechanism, the quenching can be self-quenching (SQ) or quenching caused
by other quenchers. It was demonstrated that when the distance between two fluo-
rophores is short enough (around nm order) and the Stokes shift is not large enough
- i.e. there is an overlap of the excitation spectrum and the emission spectrum - the
excitation-induced emission will be absorbed by an adjacent fluorophore, and thus re-
sults in SQ [74]. If fluorophores are labelled on the outside surface of a contrast agent
such as microbubbles, the ultrasonic field can lead to a volume vibration of the mi-
crobubbles and thus cause a change of the fluorophore concentration, therefore modu-
lating the SQ efficiency. If quenchers exist, the fluorescence lifetime will decrease dras-
tically with change of concentration, due to energy transfer to quenchers [75]. There-
fore the fluorescence modulation efficiency could be significantly improved when us-

ing microbubbles labelled with fluorophores and quenchers.
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1.2.2 US switchable fluorescence imaging

US switchable fluorescence (USF) imaging [56, 59, 60] (or Temperature modulated fluo-
rescence tomography (TMFT) [57, 58]) is another hybrid approach which combines the
high intensity focused US (HIFU) as heater of the medium with the recently emerged
temperature-sensitive fluorescence contrast agents. If the temperature of the medium
in the US focus is increased above a temperature threshold, the fluorescence emission
intensity and lifetime can change significantly, while the fluorophores outside of the fo-
cal volume remain the same. By scanning the HIFU across the interest region, the distri-
bution of the contrast agents can be imaged in a highly scattering medium. The resolu-
tion depends on the physical size of the volume in which fluorophores are switched on,
and it is generally smaller than the physical size of the US focus. Using contrast agent
with excellent switching properties, a spatial resolution beyond the acoustic diffraction
limit was obtained [59]. It was estimated that the thermal bio-effect can be ignored
however non-thermal bio-effect is higher than requirement of United States Food and

Drug Administration (FDA) for human diagnostic US scanners.

A light-pulse-delay-technique was used in TMFT to reduce the unwanted background
fluorescence generated by non-100%-off fluorophores [56]. The light-pulse-delay-technique
took advantage of the increased lifetime of the switched-on fluorophores. Briefly, the
sample was illuminated by pico-second (ps) light pulses, and only late arriving photons
were acquired. Compared with FDOT, the depth-to-resolution of TMFT was improved
from ~ 10 to ~ 100.

Despite the above mentioned advantages of TMFT, it has one main issue that it has
very strict requirement for the sensitivity of the applied contrast agent to temperature.
For example, the contrast agents need to have a large ON-to-OFF ratio in fluorescence
intensity, a sharp temperature transition between OFF and ON states and an adjustable
switching threshold [59]. In addition, thermal and non-thermal bio-effects of HIFU can
be a concern for further preclinical and clinical in vivo applications and need to be fully

investigated.
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1.2.3 Time-reversed ultrasonically encoded optical focusing (TRUE) based

methods

Time reversed ultrasonically encoded (TRUE) optical focusing is a novel concept pro-
posed in 2011 [76] that aims at delivering light into any dynamically defined location
inside a scattering medium by combining ultrasonic encoding with optical phase con-
jugation [77-80]. In this method, a laser light is first modulated by an acousto-optic
modulator (AOM). The light illuminating the scattering medium thus has a frequency
of fs = fo — fa (fo and f, are the laser frequency and the frequency shift due to AOM re-
spectively). A focused ultrasonic wave of the same frequency f, traverses the medium
and modulates part of the diffused light to frequencies of f, = f, and f_ = f, — 2f,.
The light coming out from the medium gets to a selective phase conjugation mirror
and only the light with the frequency of f; is holographically recorded and reversed
(phase conjugated). Due to the reversibility principle of beam path, the time reversed
light traces back the original trajectories and therefore is focused to the US focal zone.

The US focal zone therefore becomes a virtual source inside a scattering medium.

The application of TRUE method in FLI was later demonstrated by several groups [61-
63]. A focused fluorescence excitation by phase conjugating the US modulated photons
travels ‘time reversely’ to the US focus. All of the fluorescence emission from the fo-
cused excitation was collected and measured outside the tissue. Fluorescent objects
located at 2.5mm depth inside biological tissue were imaged with a lateral resolu-
tion of 36 pm x 52 um and an axial resolution of 657 pm was achieved [61]. There are
two phase conjugation schemes. One is the digital optical phase conjugation scheme
(DOPC) which consists of a CMOS camera and a spatial light modulator [61, 62]. The
other is the analogue scheme which uses phase conjugation mirror made from photore-
fractive polymer or Bij2SiOyg crystal [63]. Both of the two schemes have been used in
FLI with TRUE method. DOPC has the advantage that it has high optical gain there-
fore can provide high excitation light to excite detectable fluorescence at the US focus,
which is compensation for the low US modulation efficiency. However, the response

time of analogue phase conjugation mirror is faster than DOPC [63].
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One limitation of TRUE method is that it can only be used with coherent light source.
Therefore it can not be used for BLI or FLI involving incoherent excitation light. Be-
sides, the holographic methods require more complex setup than USMFT and TMFT.
In addition, the dynamic in vivo environment might make time reversal of light vulner-
able. This is because the movements due to breathing, heart beats, or blood flow can
change the speckle and make the hologram blurred. However, this might be overcome
by using a Nd:YVO4 laser crystal which has a response time around 50 ps, faster than

the speckle decorrelation time of around 1 ms caused by movements [81, 82].

A comparison of Fluorescence microscopy, FDOT, FLIM, BLT, USMLT(USMFT, USM-
CLT, USMBLT), USF, and TRUE are shown in Table 1.1.

1.3 A review of contrast agents

Contrast agents are materials that interact with the incident radiation to produce visi-
ble changes on the resulting imaging [83]. For high resolution imaging in deep tissues
contrast agents are the other major component apart from the optical imaging system.
Ideal contrast agents should significantly increase contrast, effectively improve imag-
ing depth or accuracy, and provide molecular specific information [84]. In this thesis
various contrast agents are used to increase modulation depth or On-to-Off ratio of
USMLIT. In this section contrast agents in the field of biomedical optical imaging are

reviewed, with a focus on hybrid fluorescence and US imaging.

1.3.1 Types of carriers for contrast agents

It is essential to use microparticulate carriers to reach the required local concentration
of fluorophores that respond to US. Using carriers can also improve the effective deliv-
ery of contrast agents. Carriers that offer potential for USMLT include microbubbles,
liposomes, and polymeric micelles (PMs), all of which comprising a core-shell struc-

ture.

Microbubbles are gas-liquid emulsions consisting of a gaseous core surrounded by a
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shell and are usually 1 to 10 micrometer in size. They are widely used for US imaging
as the gaseous core causes a very high echogenic response that results in a high contrast
on US images [85]. However, microbubbles stay within the vascular compartment and
do not leak into the extra-vascular space due to their micro size. This limits their use

for imaging of disease that are reflected on vascular endothelial cells only [86].

Liposomes are artificial vesicles of spherical shape. Their size can be controlled to vary
from 30nm to several micrometres [87]. They can pass through vascular walls due to
their nanoscale size, making microvascular targeting possible, even potentially over-
come the formidable blood brain barrier. Liposomes are formed traditionally from am-
phiphilic lipids. One part of the lipid molecule is hydrophilic and the other part is hy-
drophobic [88]. Therefore lipids have the unique feature to be able to compartmentalise
and solubilise both hydrophilic and hydrophobic materials by nature. Liposomes have
a liquid core surrounded by either a single lipid layer, bilayer, or multiple layers. The
liquid inside the liposomes can be the same or different from the outside buffer. Due
to their small size, amphipathic characteristic, good biocompatibility and biodegrad-
ablity, liposomes have been widely used in biomedical, biophysics, and biochemistry
research. For example, liposomes were used to construct animal cell models filled with
biochemicals and macromolecules [89]. They were used widely as drug delivery carri-
ers in medicine and pharmacology [88, 90, 91]. Incorporated with other functionalised
lipids or proteins, liposomes are being developed for the creation of biosensing plat-

forms [92, 93].

PMs are colloidal dispersions built from amphiphilic block copolymers (i.e., polymers
consisting of a hydrophilic segment and a hydrophobic segment) [94]. The copolymers
self assemble in aqueous environments into spherical structures (micelles) at concen-
trations equal to or above critical micelle concentration. Contrast/imaging agent can
be partitioned into the hydrophobic core and utilize it as a depot, while the hydrophilic
shell is a physical barrier that prevents micelle aggregation. PMs have been extensively
developed to deliver various drugs. By modifying the block copolymers to contain
chemicals that can sense a specific biological environment, PMs may be designed for

target site triggered drug release [95]. Similar to liposomes, the size of PMs can be con-
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trolled to be in the range of several tens to hundreds of nanometers. This significantly
affects their longevity in the blood stream and their efficiency of tumor tissue accumu-
lation and penetration. The disadvantages of PMs include difficult polymer synthesis

and possible chronic liver toxicity due to slow metabolic process [96].

1.3.2 Behaviour of microbubbles and detection techniques

Microbubbles behaviour

Microbubbles will be forced into a volume pulsation when insonified by an US wave [97].
In the simplest situation, the size of the microbubble decreases in the positive half cycle
of the US wave, and increases in the negative half cycle. For small amplitude of US, the
size oscillation varies linearly with the US pressure. However, for high amplitude of
US, non-linearity can occur with size compression either weaker [98] or stronger [99]
relative to expansion. The scattered US can have harmonic, sub-harmonic, and ultra-
harmonic components, with the frequency being integer multiples of the fundamental
frequency (harmonic frequency), half the driving frequency (sub-frequency), and odd
multiples of half the driving frequency (ultra-frequency) respectively [100]. If the am-
plitude increases further, the insonified microbubbles will expand from the negative
pressure of the US field and collapse in a violent and rapid implosion, which is termed
as inertial cavitation(IC) [101]. All of the three states (linear, non-linear, and collapse)
of microbubble oscillation can be used for imaging. On the other hand, bubble col-
lapse can radiate damaging shock waves and cause the gas within the bubble to attain
a very high temperature (thousands of Kelvin), thereby producing large numbers of
potentially highly destructive free radicals [102]. Therefore it is very important to un-

derstand the transmission threshold between these states.

The mechanical index (MI) [102] was defined to determine IC, which is the estimated
peak refaction pressure amplitude (PRPA, in MPa) divided by the square root of the US
frequency (in MHz). An MI of 0.4 is the lowest IC value for which inertial cavitation is
expected from diagonostic US when optimally sized gas bodies are present and an MI
of 1.9 is the highest diagnostic US maximum exposure limit allowed by the FDA [103].
The MI uses only two factors: PRPA and US frequency. Church [102] investigated the
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effect of another factor, pulse length, on MI and gave a modified MI equation which
divides the above mentioned MI by the IC threshold for multiple cycles of US. The IC
threshold was based on the maximum radius criterion (R,;;x = 2Rp) and the maximum
temperature criterion (T, = 5000 K), which are the lowest and highest thresholds for
air bubbles [102]. Bader et al. [103] developed the cavitation index (Icav) to predict the
thresholds for microbubble rupture and stable cavitation (sustained small amplitude
oscillations of the bubble about its equilibrium). The cavitation index is defined as
PRPA (in MPa) divided by the US frequency (in MHz). Briefly, if the US frequency is
between 800 kHz and 14 MHz, microbubble rupture is predicted for Ic4y > 0.02, and
stable cavitation is predicted for 0.09 < Ic4y < 0.45. The former is most appropriate
for contrast imaging applications, and the latter is associated with potential beneficial
bioeffects. An 'IC dose” was also defined to quantitatively measure the amount of the
IC activity [101, 104]. The IC dose was calculated as the cumulated root mean squared
broadband noise amplitude in the frequency domain. It was investigated that IC dose
will increase with increase of PRPA, pulse length, exposure time and the microbubbles

concentration [104].
Detection techniques

The most direct detection technique of oscillation of microbubbles is using ultra-fast
framing camera or a streak camera combined with an optical microscope. Optical ob-
servations of microbubbles during acoustic insonation have been performed by several
groups to study microbubble dynamics [105-109]. Capturing the compression, expan-
sion and breakup of the microbubbles requires a frame rate in the MHz range and
shutter duration of the order of tens to hundreds of nanoseconds. Precise timing of the
frames with respect to a streak image, which shows the diameter of a single microbub-
ble as a function of time, allows visualization of the changes of the microbubble. The
effect of microbubble resting diameter, pressure, frequency, and pulse length of US on
microbubble oscillation and rupture can thus be analyzed. The parameters available
for optical analysis include resting diameter, peak expansion diameter, and final state

of microbubble.

However, these cameras are very expensive, with approximately $200,000 - $400,000
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for an ultra-fast framing camera and $150,000 - $200,000 for a fast streak camera, de-
pending on the performance of the system [110]. This prohibits their widespread use

for high throughput microbubble characterization.

Light scattering techniques have been developed as a practical and simple approach
for measurements of dynamics of an individual microbubble [111-113]. The intensity
of the light scattered by an individual microbubble depends on factors such as particle
size, optical index of refraction of the core and shell, and shell thickness. A pressure
induced size change of the microbubble will induce a change in the scattered light in-
tensity which can be predicated using a combination of Mie theory with microbubble
models. A microfluidic system combined with the light scattering technique was devel-
oped which enables the measurement of single echogenic microbubble response to US
excitation isolated from physical boundaries and other microparticles [114]. This sys-
tem facilitates high throughput for collection of large data sets suitable for statistical

analysis.

It was also demonstrated that the acoustic response at a certain distance away from
the microbubble is a function of its radial dynamics [106, 115]. The emitted pressure
wave from the microbubble can be determined from the second time derivative of its
volume [115]. By recording the acoustic response using a calibrated transducer, the
radius response can thereby be reconstructed. However, this requires a known initial
microbubble radius and thus needs to be combined with an optical system. Compared
with the ultra-high speed optical detection, the acoustical method is better for detecting
higher harmonic oscillations which can be invisible in the optical method. However
low frequency features might not be captured due to a limited frequency band of the

transducer.

Another technique, demonstrated recently, is an optical confocal microscope system
combined with an ultra-bright xenon strobe light with a ~ 10 pm pulse width, and a
ps-gated and intensified charge-coupled device (ICCD) camera [110]. The strobe light
illuminated the microbubbles and the transmitted light through the microbubble was
detected by the ICCD camera triggered and gated on/off by a high rate imager. The

camera capture window was determined by the gate-on width, which was set to be
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20ns. The gating pulse was subsequently delayed by 100 ns relative to each ultrasonic
pulse and a total of 44 images were acquired to reconstruct a bubble oscillation. Using
this system the high-speed microbubble oscillation along both the horizontal (via the
ICCD camera) and vertical (via the confocal system) directions can be investigated on

the same microbubble.

1.3.3 Contrast agents in hybrid fluorescence and US imaging

It has been demonstrated that USMF signal can be significantly enhanced when mixing
the fluorescent solution with microbubbles [116]. This is because the volumetric oscil-
lation of microbubbles can significantly enhance the modulation of the fluorophore
concentration. The possibility of enhancing the USMF signals in a scattering medium
further by labeling microbubbles with fluorophores and quenchers was analyzed the-
oretically [54] and demonstrated experimentally [117, 118]. The fluorophore-labelled
microbubbles were produced by conjugating NHS-ester-attached fluorophores on the
surface of amine-functionalized microbubbles [117], or by using ATTO 532-NHS and
ATTO 647N-NHS dyes as donor and acceptor respectively [118]. A similar maximum
modulation depth of around 35% was observed at 405 kPa US pressure for the two
protocols. Compared with the considerably low USMF signal when no microbubbles
are adopted, the modulation depth is much increased. This is because the oscillation of
microbubbles leads to a change of the proximity of fluorophores on the surface of the

microbubble, which further modulates the fluorescence emission.

There have been several contrast agents investigated for TMFT, such as the temperature-
sensitive ICG loaded pluronic nanocapsules [58]. As the temperature changes, the
interiors of nanocapsules made from PM (Pluronic-F127) change their hydrophobic-
ity /hydrophilicity, which in turn changes the quantum efficiency and lifetime of the
loaded ICG. Another contrast agent used in TMFT is the DBD-AA (fluorophore) la-
belled PNIPAM (thermosensitive polymer) [56]. The fluorescence lifetime of the DBD-
AA remains almost constant at ~4ns when the environment temperature is below
31°C, and jumps quickly to another constant of ~14ns for temperatures above 32 °C.

Similar results are found for the fluorescence intensity, which is ~4-5 times stronger
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when temperature is above 32 °C than for temperature below 31 °C. More recently a
family of contrast agents for TMFT based on ICG-encapsulated PNIPAM NPs was syn-
thesized [59]. These contrast agents have good switching properties and enable FLI in
deep tissue beyond the acoustic diffraction limit. However, several problems need to
be overcome before these TMFT contrast agents can be used for further in vivo appli-
cations. For example, the transition temperature of these contrast agents need to be

adjusted to be slightly higher than the body temperature (37 °C).

Endogenous optical absorption (e.g. hemoglobin) may be used to form various types
of images in PAI. To further enhance the absorption or obtain complementary informa-
tion, contrast agents have been investigated substantially. Fluorescent molecules such
as ICG, Alexa Fluor 750, and Evans blue were used directly or were conjugated to other
contrast agents. Noble metal nanoparticles (e.g. gold nanoparticles) have been widely
used due to their intrinsic optical absorption, spectral selectivity based on their sur-
face plasmon resonance, effective surface modification, and high technical maturity of
preparation [84]. The optical properties and optical-to-acoustic conversion efficiency
of nanoparticles are sensitive to their size and shape, therefore a variety of them have
been investigated including nanosphere, nanoshell, nanorod, nanocage, nanocluster,
nanostar, and nanobeacon [84]. More recently, photosensitizer based contrast agents
were also evaluated for PAI and showed a strong photoacoustic signal [119]. These
photosensitizers preferentially accumulate in tumors due to the enhanced permeation

and retention effect and therefore offer tumor-targeted imaging.

1.4 Conclusion

FLI and BLI are non-ionizing, rapid, inexpensive imaging techniques that can provide
unique structural, functional, and physiological information. However, high imaging
resolution can hardly be achieved in deep tissue using the current state-of-art tech-
niques due to tissue scattering and absorption. The hybrid imaging technique, USMLT,
that uses US to modulate diffusely propagating light has the potential to improve

the spatial resolution of fluorescence or bioluminescence images. The bottleneck for
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USMLT is the very low modulation depth due to the intrinsic incoherent characteris-
tics of the light used. To increase modulation depth contrast agents that have good
acousto-optical property (can change light intensity significantly once exposed to US)
need to be developed. The work of this thesis focuses on studying the underlying mod-
ulation mechanisms of USMLT and increasing the effect of US on the variation of light
intensity of USMLT. This is achieved firstly through developing a model that can sim-
ulate the luminescence intensity with or without application of US. This model is used
to calculate modulation depth and analysis the mechanisms of USMBLT. A contrast
agent that has already been developed, fluorophore-labelled microbubbles, is studied
theoretically and its influence on modulation depth is experimentally demonstrated.
Pyrene labelled liposomes is then first proposed as a contrast agent in this work and
its acousto-optical property is characterized. This is further improved by developing
donor-acceptor labelled liposomes that has a NIR fluorescence emission which is es-

sential for deep tissue imaging.

1.5 Outline of the thesis

In this thesis, the hybrid imaging technique USMLT is investigated. Several contrast
agents to improve the effect of US on the fluorescence variation of USMLT are devel-

oped and the underlying mechanisms are discussed.

In this chapter, FLI and BLI techniques are reviewed. Several hybrid fluorescence and
US imaging techniques are reviewed and compared. The contrast agents that have
already been developed for hybrid fluorescence and US imaging techniques are also

reviewed.

In the second chapter the mechanisms of USMBLT are studied numerically by modi-
fication of an open source tool for simulation of diffusely propagating light, Near In-
frared Fluorescence and Spectral Tomography (NIRFAST). Influences of US on optical
properties (reduced scattering coefficient, absorption coefficient, and refractive index)
and concentration of source particles are analysed. The US modulated bioluminescence

fluence rates are simulated. Effects of the optical properties, source particle concentra-
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tion, US pressure, and US position on the modulation depth are investigated. The SNR
for in vivo detection is also calculated to explore the feasibility of applying USMBLT for

imaging pre-clinical models.

In the third chapter the application of fluorophore labelled microbubbles in USMFT
is theoretically investigated. Initial experiments were also performed to demonstrate
the increased modulation depth. The fluorophores were labelled on the shell of the
microbubbles, which were tuned to be self-quenched. Upon application of US the
microbubbles oscillate changing the intermolecular distances of the fluorophores re-
sulting in a modulated fluorescence signal. The volumetric oscillation of fluorophore
labelled microbubble and its fluorescence emission intensity with or without appli-
cation of US are simulated. The influences of factors including microbubble radius,
fluorophore concentration, and US pressure on the US modulated fluorescence signal
are studied. The theoretical modulation depth and SNR with fluorophore labelled mi-

crobubbles located inside a scattering medium are simulated.

In the fourth and fifth chapters a new approach to enhancement of fluorescent signals
by US based on the use of nanoscale fluorophore labelled liposomes is proposed and
demonstrated experimentally. Liposomes containing lipids with pyrene labelled on the
fatty acid tail group and the head group are optically excited and the excimer fluores-
cence emissions are compared in the absence and presence of an US field. An increase

in excimer emission intensity following exposure to US is observed.

In the fifth chapter another contrast agent which is donor-acceptor labelled nanoscale
liposomes is investigated. The FRET without applying US is estimated from the spec-
tra of donor only liposomes, acceptor only liposomes, and donor-acceptor labelled li-
posomes at a range of fluorophore concentrations. The acousto-fluorescence character-
istics are studied by measuring and analyzing the instantaneous fluorescence variation
when applying US. The influence of US on the fluorescence variation is studied by
varying US pressure and exposure time. Line scanning images of a tube buried deep
inside a scattering phantom are obtained with the donor-acceptor labelled nanoscale

liposomes located inside the tube. Possible mechanisms are also discussed.

In the final chapter, the research findings developed in this thesis are summarized. Pos-
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sible future work such as application of the developed fluorophore labelled liposomes

for in vivo imaging are discussed.
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CHAPTER 2

Numerical investigation of the

mechanisms of USMBLT

2.1 Introduction

Unlike fluorescence, bio- (or chemi-) luminescence does not require the use of excitation
light to produce emission. In relation to imaging this eliminates the possibility of cross-
talk detection of the bleed-through of the excitation light and any light generated by
autofluorescence. In addition, there is no intrinsic bioluminescence generated by mam-
malian cells. Therefore BLT has a high sensitivity and can achieve very high SNR [120].
This enables accurate detection of as few as a thousand tumor cells in vivo [50] or subtle
changes non-invasively. However, due to light scattering and absorption in biological

tissue, BLT has a limited resolution (several millimeters).

As introduced in Section 1.2.1 USMLT has been investigated to improve the resolution
of luminescence imaging in deep tissue. US was used to modulate the luminescence
light generated within an optically scattering medium and the modulated light was
detected using a PMT and a lock-in amplifier. Line-scans of one sample containing
two luminescent targets show a 3.5 times improvement in spatial resolution compared
with conventional BLI [55]. A reconstruction algorithm for the source distribution for

USMBLT was also investigated [68]. US with various wave vectors is used to modulate
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the density of the medium. Unique recovery of the source distribution was achieved
and the resolution was improved by a factor of 10 compared with conventional BLI.
These studies provide support to the hypothesis that US modulation techniques could

be applied to improve the spatial resolution of BLT.

The propagation of light has been modeled mainly through two ways. One is Monte
Carlo simulations in which light moves as ballistic photons going through a random
walk [121]. It will encounter absorption and scattering events with the probability of
an event depending on the optical properties. The other is diffusion theory in which
light is treated as a concentration of optical energy and diffuses down a concentration
gradient [122]. Monte Carlo model is believed to be the best estimation of light distri-
bution in tissue however the computation takes a long time, while models based on
diffusion theory require a shorter time and are still accurate for most cases for tissues
when using visible to NIR wavelength of light [123]. Comparison of Monte Carlo sim-
ulation and diffusion theory shows that in a region near the source, diffusion theory
fails to accurately describe the light distribution. However, the two approach agree-
ment at distances exceeding one transport mean free path (1/[p, + us(1 — g)]) [123].
The majority of models based on diffusion theory falls into two categories of being ei-
ther analytical or numerical. Analytical models are limited to simple geometries with
nearly homogeneous distribution, while numerical models have the advantage of be-

ing able to model complex geometries with heterogeneous distribution.

In this chapter, a numerical method is used to study the mechanisms of USMBLT. NIR-
FAST [124], which simulates light propagation in biological tissue based on the finite
element method (FEM), is modified to incorporate the effects of US modulation. The
dominance of four factors (reduced optical scattering coefficient, optical absorption co-
efficient, refractive index, and concentration of the bioluminescent target (luciferase))
on the strength of light modulation is studied. The influences of US pressure, fre-
quency, and position on the modulation depth of the detected light are analysed. The
feasibility of applying USMBLT for imaging pre-clinical models is also investigated by
calculating the SNR of USMBLT using the optical properties of mouse tissue reported

in literature.
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2.2 Simulation methods

2.21 Forward light modelling

The fluence rate of the US modulated bioluminescence (USMBL) signal from a source
located inside a tissue sample is calculated through modification of the numerical
model of light transport NIRFAST. The fluence rate (W/ mm?) of bioluminescent pho-
tons detected at the surface of a tissue sample is calculated using the forward model in
NIRFAST, which solves the following diffusion approximation of the radiative trans-

port equation in the frequency domain [124]:

—Vk(r)VO(r,w) + (pa(r) +iw/cu(r))®(r,w) = qo(r, w) (2.2.1)

where k(r) = 1/3(pa(r) + pl(r)) is the diffusion coefficient, y,(r) is the absorption co-
efficient, u.(r) is the reduced scattering coefficient, ®(r, w) is the photon fluence rate at
the position r, w (radians/s) is the angular frequency of modulation, ¢, (1) = co/n(r)
is the speed of light in the medium, ¢y is the speed of light in vacuum, n(r) is the re-
fractive index, and qo(#, w) is an isotropic source term. Each term on the left of Eq. 2.2.1

is a loss of photons, and the term on the right describes the source of the light.

To solve the diffusion approximation by FEM, a tetrahedral mesh comprised of a num-
ber of elements joined at vertex nodes is generated representing the tissue sample. The
mesh is assigned the optical properties of the sample and contains an internal biolumi-

nescence source. The simulations in this chapter are based on Eq. 2.2.1.

2.2.2 Ultrasound modulation of sample optical properties and luciferase

concentration

In order to investigate the underlying mechanisms of USMBLT the NIRFAST model
is modified to account for the US induced temporal oscillation of the sample optical
properties (reduced scattering coefficient, absorption coefficient, and refractive index).
Changes in the bioluminescence intensity due to the oscillation of luciferase concentra-

tion are also taken into account.
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In this chapter the US field is considered to be generated by a focused US transducer
with the focal zone being approximated as a thin cylinder (2-mm diameter, 18-mm
long). Only the US focal zone is considered and it is assumed to propagate without
attenuation in a linear manner as a plane wave with stratified pressure amplitude vari-
ation along the long axis of the cylinder. The acoustic pressure of an US field at spatial

position r and time f can thus be expressed as:

Pys(r,t) = Pasin(kr — wyst + @) (2.2.2)

where k is the US wave vector with the corresponding scalar being k = 271/ Ay, Ays
is the US wavelength, w,; is the US angular frequency, ¢ is the phase of the US. P4 is
the US pressure amplitude. In this simulation only linear US propagation is considered
so P, represents the pressure amplitude at the fundamental frequency at the US focal

zone.

Ultrasonic modulation physically causes the compression and rarefaction of the tissue
which modifies its optical properties. The particle displacement A(r,t) caused by the

acoustic wave propagation can be expressed as:

A(r, t) = Apsin(kr — wyst + @) (2.2.3)

Ay is the particle displacement amplitude, which is related to P4, w,s, the mass density

of the sample py, and the acoustic velocity in the sample v, such that Ag = P4/ (wyspova) [125].

The particle displacement consequently leads to variations in the optical parameters
including the absorption coefficient, scattering coefficient, and refractive index. Ex-

pressions for these US induced variations can be expressed as [69]:

An = nonkA(r, t) (2.2.4)
Apy = ul[1+ 0.377]kA(r, t) (2.2.5)
Apg = paokA(r,t) (2.2.6)
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where An, Au; and Ay, are the changes in the refractive index, reduced scattering coef-
ficient and absorption coefficient respectively, and ny, iy, and 40 are the correspond-
ing equilibrium values in the absence of US modulation. 7 is the elasto-optic coefficient
which is related to the adiabatic piezo-optical coefficient of the sample 9n/9dp, po, and
v, such that 7 = 9n/dppgv? [126]. Here it was assumed that (1) the size of the scatterer
in tissue is not changed with US; (2) 5 < 2717/ (A/Nyeq) < 50 and 1 < np/nyeq < 1.1,
where r and 7, are the radius and the refractive index of the scatterer respectively, 71,,.4
is the refractive index of the medium; (3) the refractive index change of the scatterer is
equal to that of the medium [69]. These assumptions could approximately represent
the case of real tissue. It also needs to be noted that these equations are only valid for
plane US wave without considering attenuation and nonlinear frequency components.
The particle displacement amplitude in Eq. 2.2.3 needs to be changed if nonlinear US

components are induced.

US also has an effect on the bioluminescence intensity from the bioluminescence source.
In the unmodulated case the bioluminescence intensity generated from an ATP /luciferin-

luciferase bioluminescence reaction solution can be expressed as [51]:

Iimo = QYkeatCo (2.2.7)

where ;o (photons/s/L) is the bioluminescence intensity from unit volume of the so-
lution, QY (photons/molecule) is the quantum yield of bioluminescence reactions, de-
fined as the efficiency of the production of a photon from a single reactant molecule. k.,
(s~ 1)is the catalytic constant, which represents the turnover molecule number of the re-
action for the substrate by a single enzyme molecule per second [51]. Cy (molecule/L)
is the concentration of the active enzyme (luciferase that reacts with luciferin) at the site
of interest in the tissue. QY and k., (s~1) are constants, therefore the bioluminescence

intensity is only influenced by the concentration of the active enzyme.

The active enzyme concentration under the interaction of an US field can be written
as [71]
C =Co(1+ ﬁgpug(i’, £)) (2.2.8)
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where B, = 7] + Ba is the effective compressibility. The first part of

172 "4 is the radius of

B! describes the influence of particle oscillation. & = (wysa®/27)
the enzyme molecule, 7 is fluid kinematic viscosity, p = p;/po, p; is the enzyme density
which can be estimated from the molecule radius and the molar mass. The second
part of B, describes the influence of volume changes of tissue, where f, = 1/K is the
compressibility of tissue and K = v2pj is the bulk modulus. Replacing Cy in Eq. 2.2.7
with C; in Eq. 2.2.8, the bioluminescence intensity under the interaction of the US field

is expressed as:

L = QYkeatCo(1 + B, Pus(r,t)) (2.2.9)

The relative variation of the bioluminescence intensity can then be expressed from

Eq.2.2.9 and Eq. 2.2.7 as:

Aq/q0 = [Tim — Lo/ limo = BaPus(r, t) (2.2.10)

2.2.3 Methods of numerical simulation

The simulation in this chapter is based on an experimental system for USMLT using
a chemiluminescent source [55]. The schematic of the simulated experiment is shown
in Fig.2.1. The tissue phantom is modeled as a rectangular slab (55mm x 55mm x
15 mm) containing a cylindrical bioluminescent source (1-mm diameter, 5-mm height)
in the centre of the slab. The detector is modeled as a circular disk of 8 mm diameter
located on the surface of the tissue phantom. Mesh creation tool in NIRFAST is used
to create the meshes of the tissue phantom slab, cylindrical bioluminescent source, and
the circular detector. Generally the tissue slab and cylindrical source are discretised
into tetrahedral elements with average edge lengths of 0.3 mm and 0.1 mm respectively
using the Delaunay Triangulation method. The circular detector is discretised into tri-
angles of average edge length of 0.2mm. These element sizes are chosen as they are
sufficiently small to confer numerical stability and accuracy to the diffusion computa-
tions without being computationally expensive. The vertices of the Delaunay Triangu-

lation are used as point sources and point detectors forming the source and detector
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Figure 2.1: Simulated experimental setup based on the USMLT system in [55]. The
tissue phantom is modeled as a rectangular slab (55 mm x 55mm X 15 mm) containing
a cylindrical bioluminescent source (1-mm diameter, 5-mm height, red) at a depth of
z = 0.5mm. The US focal zone (green) is simplified as a 2-mm diameter, 18-mm long
cylinder and the detector (blue) as a disk located at z = 7.5 mm.

respectively.

The temporal and spatial variation of the tissue optical properties are calculated through
Eq.2.2.4,Eq.2.2.5,and Eq. 2.2.6. The US modulated optical properties are then assigned
to nodes in the 3D mesh representing the tissue phantom. This assignment is achieved
through identification of nodes that lay inside the US field by comparing the spatial
coordinates of the individual nodes to that of the cylindrical US focal zone. Nodes out-
side the US field are assigned equilibrium properties of the tissue being modeled. The
region of the bioluminescence source is divided into several layers along the direction
of US propagation, each with an allocated pressure and thus a modulated biolumi-
nescence intensity determined using Eq. 2.2.9. The bioluminescence fluence rate at a
particular time is then calculated at the detector at the boundary in the presence and
absence of US (®y;s and ®pc) respectively using Eq. 2.2.1. The US modulated fluence

rate ® 4¢ is then calculated as:

@0 = Dys — Ppe (2.2.11)

Note that optical parameters in Eq. 2.2.1 and bioluminescence concentration are time-

independent, however, under the influence of US pressure they will change with time.
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In this chapter the temporal change is simulated by calculating ® 4 at different phases
of US within a period. Each of the calculated values represents the US modulated
bioluminescence fluence rate at one time point within the US period. The temporal
changes are then obtained by connecting the US modulated fluence rates at all these
phases in sequence. The modulation depth is obtained through dividing the amplitude
of the US modulated fluence rates by the bioluminescence fluence rate in the absence
of US, namely:

m = max{®ac}/Ppc (2.2.12)

2.2.4 SNR analysis of in vivo application of USMBLT

In this section the method used to calculate the SNR that could be achieved in the in
vivo application of USMBLT is described. The detection system is considered to consist
of a PMT, a transimpedance amplifier and a lock-in amplifier (LIA). The SNR for such
a system can be expressed as:

SNR = P,,/P, (2.2.13)

where Py, is the power of the detected modulated signal, P, = Pys + P;. + P, is the total
noise power, with Py, P;. and P, relating to the power of the noise arising from the
bioluminescence light (modulated signal and unmodulated signal), dark current and

ambient light respectively.

The output voltage of the transimpedance amplifier relating to the bioluminescence

modulated by US with a frequency of fys is:

VAC = VAcsin(qust) (2214)

where

VAC = ZNSLActhAnoRM (2.2.15)

S is the effective area of the PMT, Luc (photons/s/cm?/sr) is the modulated surface
radiance, 1 is Planck’s constant, f = c/A is the light frequency with A being the light

wavelength. E 4, is the anode radiance sensitivity of the PMT at the bioluminescence
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wavelength, R and M are the input impedance and gain of the transimpedance ampli-
tier respectively. The power of the optical modulated signal can therefore be expressed

as:

Py = V3c/2 (2.2.16)

For a PMT, the current measured at the anode is the result of the multiplication of
electrons emitted at the cathode. The number of electrons generated at the cathode
follows a Poisson random process. Within a time period of At the number of electrons

at the cathode can be expressed as:

N = Icant/e (2.2.17)

where

Icatn = 2tS(Lac + Lpc)hfEcam (2.2.18)

is the cathode current, e is the electron charge, Lpc is the unmodulated surface ra-
diance, Lsyc = mLpc, m is the modulation depth, and Ec,y, is the cathode radiance

sensitivity. The shot noise X can then be expressed as:

X=N-N (2.2.19)

where N is the mean number of electrons generated.

The noise current at the anode and the noise related to the voltage output from the

transimpedance amplifier can then be expressed as:

T = XeG/At (2.2.20)

and

V = IupRM (2.2.21)

respectively, where G is the PMT gain.
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Therefore the variance of the noise voltage is:

6% = (eGRM/At)?5% (2.2.22)

According to the property of Poisson process 6% = 6%, = N. Following Parseval’s
theory the total noise power equals twice the variance of the noise voltage, thus the

output noise power due to signal is:

Py = 26%, (2.2.23)

The calculations in this chapter are based on the assumption that a lock-in amplifier is
used in detection, therefore the bandwidth of the system is determined by the lock-in
amplifier. The bandwidth of the lock-in amplifier is given by B = 1/ (2At), and the

output noise power due to signal can then be expressed as:

Pus = (2+/elcan BGRM)? (2.2.24)

2.3 Simulation results

In this section the US modulated bioluminescence signal and modulation depth are
calculated. The effects of factors including US pressure, US frequency, US position,
and luciferase concentration on modulation depth of USMBLT are investigated. The

SNR of USMBLT is calculated to analyze its feasibility for in vivo application.

The parameters used in the simulations are listed in Table 2.1. The optical properties
are based on typical literature values observed in biological tissue [127]. Calculation of
the SNR in the simulated experiment is based on the calculated modulation depth and
the parameters of instrumentation used in previous experimental studies [55]. Table 2.2
shows parameters from the datasheets of a Hamamatsu H5783-20 PMT and Stanford
Instruments SR445A transimpedance amplifier. The radiance emitted at the surface of
the mouse is based on literature values from BLT which are found to lie in the range of

10° photonss~! em 2 sr~! to 10!! photonss~! cm =2 sr—1[44, 128].
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Table 2.1: Parameters used to simulate the tissue phantom and bioluminescence source.
Values taken from the literatures.

Symbol Meaning Value
on/ap adiabatic piezo-optical coefficient | 1.466 x 10~ "m? N~! [126]
Vg acoustic velocity in water 1500ms~!
00 medium density 1000kgm >
no equilibrium refractive index 14
equilibrium reduced scatterin
s 1 coefficient ® 1mm™ [127]
Ha0 equilibrium absorption coefficient 0.02mm ™ [127]
v kinematic viscosity of water 10~ °m?s~1[129]
. 0.48
QY quantum yield photons/molecule [51]
keat catalytic constant 3 x 10251 [51]
( C,,?ITISO/ k_Da] luciferase concentration 20mgml~! [130]
Ba compressibility of medium 4.6 x 107 1°Pa—1[131]
m molar mass of luciferase 62kg mol T [132]
70 radius of luciferase 3nm [133]
T temperature 293K

Table 2.2: Parameters used in SNR calculations based on instrument datasheet.

Symbol Meaning Value
EAno PMT anode radiance sensitivity 39 x 10°AW1T
Ecatn PMT cathode radiance sensitivity 78 mAW!

G PMT gain 4 x10°
R input impedance of transimpedance amplifier 500 O

M gain of transimpedance amplifier 5

A light wavelength 650 nm
B lock-in bandwidth 0.1Hz

2.3.1 Effect of US on optical properties and bioluminescence intensity

The US induced changes in the reduced optical scattering coefficient, optical absorp-
tion coefficient, refractive index, and luciferase concentration dependent biolumines-
cence emission intensity relative to their equilibrium values (A, / ply, Apa/ prao, An/ny,
and Ag/qo) are calculated using Eq. 2.2.4, Eq. 2.2.5, Eq. 2.2.6, and Eq. 2.2.10 respec-
tively. The applied US field is calculated using Eq. 2.2.3. Au,/ ko, Apia/ thao, An/ng, and
Aq/qo against the maximum US pressure over a medically relevant pressure range up
to 10 MPa with an arbitrary US frequency of 1 MHz are shown in Fig. 2.2. It should be

noted that these relative changes are independent of US frequencies.

Fig. 2.2 suggests US pressure has a linear influence on all the parameters studied over
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Figure 2.2: Effect of US pressure (peak amplitude, f = 1 MHz) on the relative change
in the reduced optical scattering coefficient, optical absorption coefficient, refractive
index, and concentration of the bioluminescent target, denoted as A/, Apia/ tao,
An/ng, and Aqg/qo respectively.

the pressure range considered. This relationship is clear from inspection of Eq. 2.2.4,
Eq.2.2.5, and Eq. 2.2.6 which describe the optical properties of the tissue phantom. The
absolute value and rate of change for An/ng is the lowest of these parameters which
corresponds to the smallest constant in Eq. 2.2.4. It can be predicted from Eq. 2.2.10
that Ag/qo is proportional to the applied US pressure as well. It is observed that Ag/qo

undergoes the greatest change.

2.3.2 Calculation of the US modulated bioluminescence fluence rate

The US modulated bioluminescence fluence rate ®4¢ as US propagates through the
focal zone is studied and the corresponding modulation depth is calculated in this

section.

The spatial variation of US induced changes in Ag/qg over the bioluminescence source
region along the US propagation direction (x direction) is calculated first. These vari-
ations are a result of the sinusoidal nature of the modeled US wave which produces a
spatial and temporal variation in pressure in the focal zone. Fig. 2.3 shows the vari-
ation in Ag/qo caused by a 0.75MHz, 1 MPa US wave along x direction over a time
frame corresponding to one period of wave oscillation. The US phase ¢ is defined as

zero when the sinusoidal US wave gets to the upper edge of the source area (x = —0.5).
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Figure 2.4: Distribution of Ag/q¢ along x direction at different US phases over one
period. US frequency is 1 MHz.

Different US phases correspond to US distribution at different time points relative to
the US propagation. Similarly Fig. 2.4 and Fig. 2.5 show the distribution of Ag/qg along
x direction for US frequency of 1 MHz and 1.25 MHz respectively.

The observed spatial and temporal variation of Ag/qo in Fig. 2.3 results from the chang-
ing US pressure distribution as the sound propagates and it is dependent on the US
frequency. The pressure distributions set up by each frequency will vary as a result
of their differing wavelengths and their sizes relative to that of the bioluminescence
source. ® ¢ normalized by ®pc (Pac/Ppc) for US frequencies of 0.75 MHz, 1 MHz,
and 1.25 MHz are calculated at 24 phases within one US period and shown in Fig. 2.6.
US induced changes from both the concentration and the optical properties are in-

cluded. For the three frequencies studied, the 1-mm diameter source simulated cor-
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Figure 2.5: Distribution of Ag/q¢ along x direction at different US phases over one
period. US frequency is 1.25 MHz.

responds to distances equal to A/2, 2A/3, and 51 /6 respectively. It needs to be men-
tioned that according to Nyquist theorem, for frequencies above 1.25MHz it requires
the node distance of the mesh to be smaller than 0.3 mm therefore the optical signals

are not presented.

It is found from Fig. 2.6 that the normalized US modulated bioluminescence fluence
rates for all the US frequencies studied oscillate at the US frequency. It is observed from
Fig. 2.6a that at 0.75MHz, |®4¢c/Ppc| is at a maximum when the distribution of Ag/qo
along x direction is even symmetrical to x = 0 (shown in Fig. 2.3a, e). [®ac/Ppc|
is zero when the distribution of Ag/qo along x direction is odd symmetrical to x = 0
(shown in Fig. 2.3¢c, g). A similar conclusion can be drawn from observation of the

other two US frequencies.

The oscillation of the normalized US modulated bioluminescence fluence rates is due to
the summation of USMBL signals originating from each layer of the source region along
the US transmission direction at the detector. When the US pressure distribution is even
symmetrical to the centre axis of the cylindrical source, the USMBL signals from two
symmetrical layers of the source are in phase and sum constructively at the detector
so |[Pac/Ppc| is the highest. When the US pressure distribution is odd symmetrical
to the centre axis, the USMBL signals from the two symmetrical layers of the source
are out of phase and sum destructively at the detector so |®4c/Ppc]| is canceled and
becomes zero. It should be noted that when the phase sum or absolute difference is 7,

|Pac/Ppc| have the same values. This is because the pressure distributions within the
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Figure 2.6: Normalized US modulated bioluminescence fluence rate (®ac/Ppc) over
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source region at these conditions are either odd symmetrical or even symmetrical with

each other (e.g. Fig. 2.3b, Fig. 2.3d, and Fig. 2.3f).

It is also found that the amplitude of the US modulated bioluminescence (modulation
depth) varies with US frequency - the maximum modulation depth is found to de-
crease with an increase in frequency, as shown in Fig. 2.7. This is probably due to the
increased region of Ag/qo that has opposite sign. For example, it can be seen that the
region where Aq/qo has negative values in Fig. 2.5b is more than that of Fig. 2.3a and
Fig. 2.4a. Furthermore, it needs to be mentioned that in this simulation the oscillating
US modulated bioluminescence fluence rates are observed using a detector located at
z axis with the x and y positions right in the center of the US field and the biolumi-
nescence source. If detecting at other boundary positions or changing the size of the
detector, the same conclusion in terms of |®4¢c/®Ppc| can be drawn. This is because
|®ac/Ppcl is an intrinsic characteristic depending only on the US, bioluminescence

source, scattering medium, and is independent of the detector.
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Figure 2.7: Modulation depth as a function of US frequency.

2.3.3 Effect of Ap/ply, Apa/ a0, An/ng, and Ag/qo on modulation depth

In this section the modulation depth arising individually from Ap; / ily, Apa/ pao, An/no,
and Aq/qo is calculated (US frequency: 1MHz) over a medically relevant pressure
range up to 10 MPa (maximum value). It was observed from Fig. 2.6a that for f =

1MHz, the maximum ®4¢ is obtained at ¢ = 7/6. Dividing ®4c at ¢ = 71/6 by
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the unmodulated fluence rate ®pc, modulation depth can be obtained. The calculated
modulation depths are shown in Fig. 2.8. A linear increase in the modulation depth
with US pressure is observed for all the four factors studied. This linear relationship
between modulation depth and US pressure is in agreement with the analytic solution
obtained by Yuan et al. [71] and the experimental demonstration for both the case of
the fluorescent source and an LED source from Jarrett [134]. Although all parameters
studied show a linear trend with pressure, their absolute values and rates of change
vary considerably. Fig. 2.8 shows the parameter with the greatest effect on modulation
depth is the change in the bioluminescence emission intensity, which is due to the US
induced change of luciferase concentration. In fact it can be seen that the modulation
depth due to changes in the bioluminescence intensity is approximately two orders of
magnitude greater than that caused by changes in the reduced scattering coefficient
and absorption coefficient, and of the order of 10° times higher than that related to

changes in the refractive index.

It is useful to briefly compare the simulated data with the experimental results obtained
in phantom studies previously. In [55] a modulation depth of 3.6 x 10~* (AC/DC
= 3.61V/10mV) was obtained for a phantom with ps = 021mm~! and p, = 5 x
10~>mm ™! at an US frequency of 1 MHz and peak pressure at the focal zone of 0.42 MPa.
Using the simulation described in this chapter the modulation depth at the same fre-
quency, pressure and optical properties is calculated to be 2.4 x 10~°. Differences can
be attributed to values of parameters (e.g. parameters used to calculate the effective
compressibility in Eq. 2.2.8), measurement errors in the experiments (e.g. peak US
pressure), and assumptions made in the solutions (e.g. perfectly focused US). It is also
worthy to mention that the modulation depth calculated for the case of change in biolu-
minescence intensity at 1 MPa maximum US pressure is 4.3 x 10~°. This is comparable
to the levels reported previously in fluorescence experimental results [135] and those

predicted theoretically for fluorescence [71].
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Figure 2.8: Modulation depth arising individually from Apl, Au,, An, and Ag with
respect to the maximum US pressure. f = 1 MHz.

2.3.4 Effect of luciferase concentration on modulation depth

In this section the dominance of the bioluminescence intensity on the modulation depth
due to modulation of luciferase concentration is further investigated by studying the
effect luciferase concentration has on the US modulated signal and modulation depth.
Fig. 2.9 shows the results of these calculations over a biologically relevant concentra-
tion range of 10mg/ml to 100 mg/ml. It is found that the USMBL signal varies with
the concentration linearly. This linear relationship of modulated signal with source con-
centration is consistent with the expression (18) derived in [70]. It should be noted that
in [136] the US modulated fluorescence signal was observed to only increase when the
fluorophore concentration is low and it will decrease in the high concentration region.
This is due to the “inner filter effect’, in which the excitation light is mostly absorbed
by the fluorescent molecules near the light input region, and the fluorescence emis-
sion is reabsorbed by the fluorophores along the light transmission path in an optically
dense solution [137]. However, the process of generating bioluminescence does not re-
quire excitation light for light emission thus no “inner filter effect” exists for USMBLIT.
This is an advantage of USMBLT when the USMBL signal is used to quantify the lu-
ciferase concentration because the relationship is much simpler. The modulation depth
is invariant with luciferase concentration as shown in Fig. 2.9b. This is because with
increase of luciferase concentration the unmodulated bioluminescence also increases

with the same rate.
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Figure 2.9: Influence of luciferase concentration on (a) normalised USMBL signal and
(b) modulation depth.

2.3.5 Effect of US position on modulation depth

In this section the effect of US position on the fluence rates is studied by moving the
US focal zone along z direction. The modulated bioluminescence signal (®4¢) and
unmodulated bioluminescence signal (®pc) corresponding to the US position (z) are
calculated. The US position z is expressed as the coordinate of the central point of the
US focal zone. The geometry of the US position is shown in Fig. 2.10. When z = 1,
the left edge of the bioluminescent source is tangential to the US focal zone and the
overlap between the two is the largest; when 1 < z < 2, the bioluminescent source
partially overlaps with the US focal zone; when z = 2, the bioluminescent source is
tangential to the left edge of the US focal zone; when z > 2, the bioluminescent source
is separate to the US focal zone. The signals are obtained using three groups of optical
properties of 1) u; = 0.12mm ™!, , = 0.003mm™~'; 2) /. = 1mm~!, y, = 0.02mm};
and 3) . = 4mm~!, y, = 0.16mm~!. These optical properties are chosen based on
the in vivo optical properties of human tissues which generally vary in the ranges of
ph =012 -4 mm™!, g, = 0.003 — 0.16 mm~! [127]. The luciferase concentration used

in this simulation is 20 mg/ml.

The calculated results are shown in Fig. 2.11. It can be seen from Fig. 2.11al that ® ¢
keeps decreasing while moving the US focal zone away from the bioluminescent source
until there is no overlap between the bioluminescent source and the US focal zone

(z = 2). After this the US modulated bioluminescence signal ® 4 is almost a constant.

47



CHAPTER 2: NUMERICAL INVESTIGATION OF THE MECHANISMS OF USMBLT

fl mm

X X X X
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Figure 2.11: Influence of US position (1 < z < 3) on fluence rates for three groups
of optical properties. (al), (b1l) and (cl) are US modulated signals considering both
concentration and optical properties; (a2), (b2) and (c2) are US modulated signals con-
sidering only concentration; (a3), (b3) and (c3) are US modulated signals considering
only optical properties; and (a4), (b4) and (c4) are unmodulated signals.
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To investigate the reason for this US position dependent characteristic, the effects of
the concentration of the source particles and optical properties are studied separately,
as shown in Fig. 2.11a2 and a3. It can be seen that when taking into account only the
contribution of the concentration, a similar trend is observed. However, when con-
sidering only the influence of the optical properties, ® 4¢ is around two magnitudes
lower than the situation only considering the influence of the concentrations. There
is no obvious dependance of ®4¢c on US position. Therefore it is clear that the de-
crease of ® ¢ along z position of the US is mainly due to the reduced modulation of
the concentration, resulting from the decreased overlap region of the US focal zone and
the bioluminescent source. This observation is significant for application of USMBLT
to improve the resolution of the bioluminescent images, because at the region where

there is bioluminescent target the maximum modulated optical signal can be detected.

Similar trends can be obtained at the other two optical properties studied, as shown
in group b and c of Fig. 2.11. In addition, by comparing the magnitudes of ®4¢ and
®pc for the three groups of optical properties, it can be seen that both ® 4 and ®pc
are lower for higher optical properties. This is because light scattering and absorption

are higher in the simulated phantom with higher optical properties.

The modulation depths for the three groups of optical properties are also calculated.
Fig. 2.12a, Fig. 2.12b and Fig. 2.12c show respectively the modulation depth when con-
sidering influence of both of luciferase concentration and the optical properties, influ-
ence of luciferase concentration only, and influence of optical properties only. It can
be seen from Fig. 2.12a and Fig. 2.12b that modulation depths are roughly at the level
of 10> for all the three groups of optical properties studied. Due to the dominance of
the modulation of the concentration on the overall modulation depth, the optical prop-
erties of the medium have little influence on the modulation depths. The variations
observed in Fig. 2.12¢ are owing to a quantization noise due to a relatively large mesh
size. These variations can be reduced if using a smaller mesh size but with an increased

simulation time.
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2.3.6 SNR analysis of in vivo detection

In this section the effect of diameter of PMT window, surface radiance of biolumines-
cence and modulation depth on the SNR of USMBLT system are analysed based on the
method described in Section 2.2. Fig. 2.13 shows the SNR calculated for six different
surface radiances (10°,107,108,10%,10'°, and 10! photons s~ lem~2sr 1) as a function
of diameter of the PMT window with a modulation depth of 6.1 x 10~ (calculated
from 1 MPa US at 1 MHz frequency) (Fig. 2.13a) and as a function of modulation depth
for a fixed diameter of PMT window of 8 mm (Fig. 2.13b). The region of the surface

2 o1

Lem™2sr7! covers typical values found in the liter-

radiance of 10° — 10! photonss™
ature [43, 44, 138]. The contribution of the ambient light and the dark current to the
noise power are estimated based on a noise voltage level of 0.4 ©V.ns, as detected in a

previous experiment [55].
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Figure 2.13: SNR simulation for USMBLT experiments for different surface radiance
(unit: photonss™!ecm~2sr™!) (a) as a function of diameter of the PMT window with
modulation depth of 6.1 x 10~%; and (b) as a function of modulation depth with diam-
eter of PMT window of 8 mm.

The feasibility of applying USMBLT to pre-clinical imaging is contingent on detection
of modulated optical signals within the noise limits of current detector technologies.
Results in Fig. 2.13 are based on calculations for a mouse model with detector capa-
bilities matching that of a PMT used in previous experimental studies (Hamamatsu

H5783-20). Fig.2.13a shows for a 8 mm diameter PMT window and modulation depth
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1 2 o1

of 6.1 x 107>, SNRs achieved with radiances ranging from 10° photonss™! cm~2sr

1 2

to 108 photons s~ cm 2 sr! fall below the noise level of the simulated detector. How-

Lem~2sr~! the SNRs are comfortably within

ever, for radiances above 10° photons s~
the limits of the detector used in [55]. Apart from changing the radiance, the SNR can
also be improved by increasing the diameter of PMT window as seen in Fig. 2.13a and
the modulation depth as shown in Fig. 2.13b. It is noted that the nonlinear relationship

of SNR with respect to radiance is caused by the 0.4 Vs noise voltage level from dark

current and ambient light.

Overall there are good prospects for the application of USMBLT in pre-clinical imaging.
Besides, considerable effort has been directed to establish novel luciferases that can
exert a brighter, stable, and red-shifted bioluminescence by mutation [46, 139], DNA
optimization [47], or BRET with fluorescent proteins [49]. A novel luciferase Nanoluc
has been established that can emit approximately 100-fold brighter and more stable bi-
oluminescence than Fluc [42]. Such signal improvement will lead to greater SNRs and
enhance the quality of USMBLT images. Other strategies to improve the modulated
optical signal relate to the use of contrast agents such as microbubbles to increase the
compressibility and as such have the capability to increase the US modulation of the

bioluminescent source intensity, as indicated by Eq. 2.2.10.

2.4 Discussion and conclusions

In this chapter numerical simulations are carried out to investigate the mechanisms
dominant in generation of USMBL signals in scattering tissue through modification of
the NIRFAST software tool. The instantaneous change of the US modulated fluence
rate with time is successfully modeled. Results demonstrate that the dominant effect
in generation of USMBL is US induced variation in luciferase concentration. This effect
is determined to be approximately two orders of magnitude greater than that caused
by changes in the reduced scattering coefficient and absorption coefficient and of the

order of 10° times higher than that related to changes in the refractive index.

The effects of US frequency, US pressure, US position and the concentration of the
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source particles on the modulation depth are investigated. It is found that modulation
depth increases linearly with increase of US pressure and decreases for higher US fre-
quency. Maximum modulation depth can be obtained when the US focal zone is over-
lapped with the bioluminescence source region. The modulated fluence rate increases
linearly with increase of the concentration but the modulation depth is independent of

the concentration.

The SNR analysis is based on the detection capabilities of instrumentation used in pre-
vious experimental work. Results confirm the feasibility of applying USMBLT in pre-
clinical imaging of mice to improve the spatial resolution of BLI. The measured USMBL
signal has the potential to provide additional data for BLI reconstruction to make the
inverse problem better conditioned. It is determined that for surface radiances above

Lem=2sr7! the corresponding SNRs are detectable with

approximately 10° photons s~
devices currently used in USMLT experiments. This is a light level that can be achieved
using the current available bioluminescent sources (e.g. firefly luciferase [44]). In addi-

tion, the development of novel luciferases that can exert bioluminescence above such

radiance levels will further aid the practical application of the technique. Surface radi-

1 2

ance lower than 10° photonss~! em 2 sr~! might also be detectable through increasing
the modulation depth (e.g. by increasing the compressibility using microbubbles) or

using a PMT with larger diameter optical window.

Finally it should be noted that these findings are based on simulations of a simplified
experimental situation in which the tissue phantom is considered to be homogenous,
unlike the case of real biological tissue. In addition, US propagation to the focal zone
is not modeled and only the pressure at the fundamental frequency is considered with
lock-in detection being applied to extract this component. It should be noted that, in the
presence of non-linear propagation, generation of harmonic components will mean that
higher US amplitudes will need to be generated at the transducer in order to generate
sufficient pressure at the fundamental frequency. Within the US focal zone the effects
of attenuation, absorption, scattering and beam divergence are also neglected. A more
sophisticated model would make all the speed related parameters in Section 2.2 func-

tions of position and time instead of constants. Further work will involve incorporation
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of these effects into the NIRFAST software tool through the use of an acoustic toolbox
such as k-Wave [140] to model propagation to, and pressure distribution within, the

focal zone more accurately.
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CHAPTER 3

Theoretical and experimental
evaluation of fluorophore labelled

microbubble system

3.1 Introduction

As introduced in Chapter 1 the technique of USMFT has potential to be a useful tech-
nique to obtain fluorescence images with optical contrast and US resolution in deep
tissue. However, due to the intrinsic incoherent properties of fluorescence, this tech-
nique is limited by the very low modulation depth (107% — 10~ [64]) which results of

low signal-to-noise ratios and poor image contrast.

Microbubbles, which have been used regularly as diagnostic US contrast agents, have
been incorporated with fluorophores and used to enhance the modulation depth in
USMEFT [117, 141, 142]. The schematic of such fluorophore labelled microbubble with
application of US is shown in Fig. 3.1. Microbubbles labelled by identical fluorophores
were tuned to be self-quenched at an optimized concentration of fluorophore per mi-
crobubble. With application of US, the fluorophore-labelled microbubble oscillates and
thus results in an alteration in the intermolecular spacing. At negative cycle of US

the microbubble is compressed therefore the self-quenching of microbubble increases,
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leading to a decreased fluorescence emission intensity. At positive cycle of US the mi-
crobubble is expanded, leading to an increased fluorescence emission intensity owing
to the fluorescence recovery of the self-quenched fluorophores. Therefore the modu-
lated fluorescence signal at US frequency is significantly increased. Another similar
method involves unlike quenchers - using one type of fluorophores as donor and an-
other type as acceptor [118]. Volumetric oscillation of microbubble changes the FRET
efficiency between donor and acceptor and thus leads to an increased modulation

depth.

US off US on

Compression cycle Rarefaction cycle

T
L % & "o 2
Gas 2B Gas =2 Q
3 4 G. QQ Gas :j
4> ¢
G

'~ Hydrophilic head U G §'

—> Hydrophobic tail
Lipid Fluorophore

Figure 3.1: Schematic of the fluorophore labelled microbubble without and with appli-
cation of US.

In this chapter the fluorophore labelled microbubble is theoretically and experimentally
evaluated. Theoretical models of microbubble oscillation and fluorescence emission of
fluorophore labelled microbubbles in a scattering medium are firstly described in Sec-
tion 3.2. Section 3.3.1 shows calculation of the fluorescence quenching efficiency and
fluorescence emission from a single fluorophore labelled microbubble in the absence of
US. The volumetric oscillation and modulated fluorescence intensity in the presence of
US are then presented in Section 3.3.2. Section 3.3.3 investigates the influence of param-
eters such as microbubble radius, fluorophore concentration, and US pressure on the
modulated fluorescent signal. The modulation depth and SNR from a population of
microbubbles located inside a scattering medium are also calculated, as shown in Sec-
tion 3.3.4. Finally, fluorophore labelled microbubbles are produced and the modulated

fluorescent signal is experimentally demonstrated in Section 3.4.
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3.2 Theoretical models

When the scattered photons reach the region where fluorophore labelled microbub-
bles are located, the fluorophores in the shell of the microbubble are excited. In this
Chapter the fluorescence emission intensity was calculated from a two-energy-level
model [54]. Due to self-quenching, the fluorescence emission intensity is dependent
on the radius of the microbubbles, which can be varied with application of US. There
are several mathematical models proposed describing the dynamics of microbubbles
in the presence of US field, such as Hoff model [143], Marmottant model [99, 103, 144],
and modified Herring equation [98, 145]. These models differ both in complexity and
in the range of radius increase (ratio of the maximum radius to the equilibrium radius)
for which they can be used [145]. In this chapter, a model based on the modified Her-
ring equation was used to describe the volumetric oscillation of microbubbles because
it can provide satisfactory results for radius increase up to 4.5 [145]. Diffusion theory
of light propagation was used to calculate the propagation of the excitation light and

fluorescent emitted light in a scattering medium.

3.2.1 Fluorescence quenching in fluorophore labelled microbubbles

The emission intensity S(r,t) (photons/s/mm?) at position 7(x,y,z) and time ¢ of flu-

orophore labelled microbubbles when excited can be expressed as [54]:

S(r,t) = PECFNoA“ (r)(1 —exp(—t/71)) (3.2.1)

where ¢ is the extinction coefficient of the tissue at the excitation wavelength, Ny =
NpM is the fluorophore concentration in particles/ml, N is the microbubble concen-
tration in particles/ml, A°*(r) is the photon fluence (photons/s/mm?). ® and 7 are the
quantum yield and lifetime of a fluorophore incorporated on the shell of the microbub-

ble respectively [54]:

IR
M 7y
/47t R

1 706

+[ Mf’o]
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V (3.2.3)

f

where @y and T are the natural quantum yield and natural lifetime of the fluorophore
respectively, 7y is the Forster distance, R is the radius of microbubble. M is the to-
tal number of fluorescent molecules and quenchers per microbubble. Assuming the
quenchers have the same number as fluorophores (e.g. fluorescence self-quenching)

and they are evenly distributed on the shell of the microbubble,

47R3C
D2

M= (3.2.4)

where C is concentration (mol%) of the fluorophores expressed in the molar percentage

of fluorophore and lipid, Ry is the initial radius of microbubble, and D is lipid diameter.

The quenching efficiency can be calculated using FRET equation [141]:

E—— - (3.2.5)

where 7 is the intermolecular distance of Dil molecules. In this study it is assumed
that Dil is distributed on the shell of microbubble evenly, therefore theoretically there
is equation

47TR3 = Mr? (3.2.6)

Replacing M in Eq. 3.2.6 with Eq. 3.2.4, the intermolecular distance of r can be ex-
pressed as:

(3.2.7)

i@

Combining Eq. 3.2.7 with Eq. 3.2.5 it can be seen that the quenching efficiency is de-
pendent on the concentration of the fluorophores and is independent of the size of the

microbubble.
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3.2.2 Volumetric oscillation of microbubble

Microbubbles can oscillate linearly when insonified with relatively low US pressure at
appropriate US frequency. With higher US pressure they can oscillate nonlinearly pro-
ducing harmonics (integer multiples of the fundamental), subharmonics (half the driv-
ing frequency), and ultraharmonics (odd multiples of half the driving frequency). The
harmonic component can help enable echoes from microbubbles to be distinguished
from those due to tissue [146]. Subharmonics have been used to predict stable cavi-
tation activity [103] and both the subharmonics and ultraharmonics have been investi-
gated as effective modalities for noninvasive pressure measurement [147]. In this thesis
the oscillation of the microbubble is modeled by solving the following modified Her-

ring equation [98]:

PRR + PR2 (Po +R*O+R*O)(f)37(1—7)—?—f(l—?) 628
2¢ R 3R, 12ugeR -
“ R R0~ R gy~ (B Pus(t)

where R, R, R are the radius, instantaneous oscillation speed, and instantaneous oscil-
lation acceleration speed respectively. Pyg(t) = Pasin(27 fyst) is the simplified driving
pressure of US. The other parameters in Eq. 3.2.8 are listed in Table 3.1. The values in
the table are used for calculation in this chapter unless otherwise stated. The values
of €, 0, Py, p, 7y, u are obtained from [98]. The viscosity of lipid shell g, is obtained
from [54]. The shell elasticity modulus ) is from [148] where the experimental reso-
nance curve measured with microbubble spectroscopy technology was fitted with the
eigenfrequency derived from Marmottant model to obtain x. The viscosity of the sur-
rounding liquid is described in Eq. 3.2.8 as the factor 28 The sum of the gas-lipid and

the lipid-water interfacial tensions are included as 27 (1 - f) The influence of the lipid

shell is included as f{(( R 9)2 and 12(} ’“"ef which represent the elasticity and viscosity
respectively. This model is validated in [98] by comparison of the predicated radial os-

cillations with those measured optically using microbubbles with phospholipid shell.

For calculation of the oscillation of the microbubble using the ordinary differential
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Table 3.1: Parameters used in modified Herring equation.

Symbol Meaning Value
Hsh Viscosity of lipid shell ‘T SZ; l(zr;r(r:l;rga_-s& 8:6
€ Thickness of lipid shell 1nm
X Elasticity modulus of lipid shell 0.54N/m
o Interfacial tension coefficient 0.051N/m
07 Polytropic gas exponent 1.07
Py Hydrostatic pressure 101 kPa
Tissue density 998 kg /m?
Speed of sound in water 1500m/s
U Viscosity in water 0.001Pa-s
fus Frequency of US 2.25MHz
P, [S5 amplituc}i}er e(;’siarl;)negative UsS 300kPa
Ry Initial microbubble radius 2.5um

equation solver in MATLAB Eq. 3.2.8 need to be normalized. Let T = wyt, R =

rRo, and P, = pP,, then R = #Rywys, R = ?Rowfts can be obtained. The final non-

dimensional form is

pRZw? r# N 3pR3w? i? _a+ 20 2x )(1)3“7(1 B 37Rowus1")  Apwyst
Po 2P() RoPo ROPO r C P()i"
20 wys Ro? 2x 1 2 3wysRot
— 1-— — (1 - —/—/—— 3.2.9
rPoRo( c ) rRoPy (r ( c ) ( )
12H5h€wusr .
_ _EPsh®%ust - q
Py(rRo — €)r (14 psinT)

Insonifying microbubbles with US frequency at its resonance frequency is critical to

obtain the maximum amplitude oscillation. The resonance frequency can be calculated

as [99]:

1 1 2By —1)c  4x
= —/—=37P+ ——F——+ == 3.2.10
fO 27T\/pR(2)[ Yo + Ro +R0 ( )

It can be seen from Eq. 3.2.10 that the resonance frequency is a function of microbub-
ble radius with the other parameters being constants, as shown in Fig. 3.2. It can be
seen from Fig. 3.2 that resonance frequency for 2.5 um radius microbubble is around

2.25MHz. In the Experimental Section 3.4 microbubbles with radius size centered at
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2.5um was produced, therefore an US transducer with frequency 2.25 MHz was used

in the experimental setup.

]
o

N w B [ 2]
(=] o o o o

resonance frequency (MHz)
=Y
o

0

0 1 2 3 4
Radius(um)
Figure 3.2: Resonance frequency of microbubble against its radius.

3.2.3 Light propagation in scattering medium

Simulation geometry and diffusion model

Suppose the simulation geometry is arranged such that the optical illumination is per-
pendicular to the air/tissue surface of a finite slab, as shown in Fig. 3.3. A fluorophore-
labelled microbubble solution is injected into a tube which is located perpendicularly
and overlaps the US focal zone. The A = 532 nm laser source S excites the fluorophores
labelled on microbubbles, and the fluorescence emission intensity is detected by a PMT
D located outside of the scattering medium but very close to the surface. The effective

diameter of the sensor of the PMT is Dpyt.

Diffusion theory is used to calculate the propagation of the excitation light and fluores-
cence emission in the scattering medium. The boundary condition is modeled using
extrapolated zero boundary condition and the method of images to solve the relation-
ship between fluence rate at the surface and flux coming into the tissue. The boundary
conditions can be met by adding an infinite series of dipole photon sources [149]. In
this thesis four dipoles (M1, N1), (M, N2), (M3, N3), and (My, N4)) are retained, as
shown in Fig. 3.3b. M; is an isotropic point source a distance zg into the medium, and

Nj is an isotropic negative or image source a distance 2z;, 4 zp outside of the medium,

61



CHAPTER 3: THEORETICAL AND EXPERIMENTAL EVALUATION OF FLUOROPHORE
LABELLED MICROBUBBLE SYSTEM

(=532 nm
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Figure 3.3: Geometry for calculation in a finite slab. The US pressure zone is simu-
lated as a cylinder with bottom diameter A = 2mm and height B = 20mm. The
tube injecting the microbubble has a diameter Dy,;, = 3 mm. Microbubbles located in
Ltype = 30 mm of the overall tube are assumed to be excited. (a) 3D; (b) x-y plane. The
boundary conditions can be met by adding an infinite series of dipole photon sources.
Four dipoles ((M1, N1), (M2, N2), (M3, N3), and (M, N4)) are retained in the calculation.
S is the laser source; D is the photomultiplier tube (PMT) detector.
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where zg = 1/ (4f*) is the reduced transport distance, and z; is the linear extrapolation
distance [150]:

1+ Reyr 2
T 1— Reff 3]/1;”

2 (3.2.11)

R.fy is the effective reflective coefficient and can be obtained from the relative index of

refraction n = n;, /1oy [150]:

Refp = —1.440n% +0.710n" ! 4 0.668 + 0.0636n (3.2.12)

115 is the reduced scattering coefficient at the excitation wavelength. The image sources
and the sources are mutually symmetric with respect to the extrapolated zero boundary
so that the diffuse fluence extrapolates to zero on the boundary. In this analysis, the cen-
ter position of the coordinate system is located in the center of the scattering medium.
The Cartesian coordinates of the sources are M1 (—0.5755 + 20,0,0), N1 (—0.5r¢g — 2z, —
20,0,0), Ma(—1.5r¢5 + 2z — 20,0,0), No(—1.5r¢5 + 4zp + 20,0,0), M3(—2.5ryg — 4zp +
20,0,0), N3(—2.5r55 — 62, — 20,0,0), M4(3.5754 + 82z + 20,0,0), Ny (3.5754 + 62, — 20, 0,0)

respectively. The US focus is located in the midnormal of the source and detector.
Calculation of photon fluence at US focal zone

The photon fluence (photons/s/ mm?) at position r(x,y, z) can be calculated as:

exp(—=k“ra) exp(—k™rn1) | exp(—k®rmz)  exp(—k“rna)

ACX — PCX
(7’) [ 4t Dy 4tD%*rn 47tD%*rp 47t Dr N
+€Xp(—kng’M3) _exp(—krn3) | exp(—k“rma) exp(—kexrm)]
47T D%r )13 47t D% r N3 47T De*7 pj4 47t D%r Ny
(3.2.13)

where P** (photons/s) is the source strength calculated from a laser source with 50 mW
power and 532 nm wavelength, k% = |/u&¥ /D¢, D = 1/3(p* + pf*) and p&* are dif-
fusion coefficient and absorption coefficient at the excitation wavelength respectively.
M1, *N1, M2, *N2, "M3, N3, M4, T'Na are the distances from the sources M1, N1, M2,

N2, M3, N3, M4, N4 to the position r respectively. For the convenience of integration
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over the region where fluorophore labelled microbubbles are located, the coordinates

are changed to polar coordinates (p,0,z), and thus

M1 = \/(pCOSG +0.5r5g — 20))? + (psin®)? 4 z2 (3.2.14)
N1 = \/(pcosﬁl +0.575g + 22, + 20)% + (psing)? + 22 (3.2.15)
M2 = \/(pCOSG — 1.5rgg — 2z, + 20) )2 + (psin®d)? + 22 (3.2.16)
N2 = \/(pcosﬁl — 1.5r¢5 — 4z, — 20)? + (psin®)? + 22 (3.2.17)
M3 = \/(pCOSG +2.5r5g + 4z — 20))* + (psin®)? + 22 (3.2.18)
N3 = \/(pcosﬁl + 2.5r5q + 62 + 20)% + (psing)? + 22 (3.2.19)
rva = \/(pCOSG — 351y — 8z, — 20))? + (psind)? + z2 (3.2.20)
rNg = \/(pcosél — 3.5rgg — 62, + 20)% + (psing)? + 22 (3.2.21)

If p € [0,A/2],6 € [0,27], and z € [—0.5Dsype, 0.5Dy,p), the position r is inside the
region () where fluorophore labelled microbubbles are exposed to US. This region is
simplified as a cylinder with the diameter the same as the diameter (A) of the US focal

zone and height the same as the diameter of the tube (Dy,;,).
Calculation of photon fluence at the detector

The fluorophores on the shell of the microbubble are excited when the scattered pho-
tons reach region (). The emission intensity S(r, t) can be calculated using Eq. 3.2.1. The
fluorescence fluence U(r,t) (photons/s/mm?) at the detector position 7,;(0.57,4,0,0)

can be obtained by

0.5Dyype

U(r,t) = /Q S(r,t)G(r)dQ)y = / /027'( /OA/2 S(r,t)G(r)rdzdfdp (3.2.22)

—0.5Dyype

where G(r)(mm~2) is the Gaussian function,

_exp(—k™rp)
e e (3.2.23)
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rp is the distance between the position r and the detector D,

rp = \/(pCOSG —0.5r44) + (psinf)? + z2 (3.2.24)

In this simulation the emission intensity is integrated all over the region () where the
tube and the US focal zone intersected, as calculated by Eq. 3.2.22. The concentration
of the microbubbles is considered through its contribution to the emission intensity, as
shown in Eq. 3.2.1. The refraction and attenuation of the microbubbles to the excitation

and emission light are not considered in this model.
Calculation of background fluorescence

There will be some fluorescence emission from the microbubbles located outside the
US focal zone. The fluorophores on these microbubbles are also excited and contribute
to the overall detected fluorescence. This part of fluorescence emission is not modu-
lated by the US and thus forms background. For convenience of integrating the back-
ground signal from the whole illumination area, the rectangular coordinate is rotated
90° around the x-axis so that xp, = x, ypy = —z, and zp, = Y. Xpg, Yug, and zj, are
the new rectangular coordinate. Since M, N, E, and F are located in the x-axis, their
coordinates are the same as in the previous coordinates. Therefore ry11, N1, *M2, N2,
YM3, N3, ¥M4, 'N4 and rp are the same as shown previously. However the integration
area becomes p € [0, Dype/2], 0 € [0,27t] and z € [—Lyype/2, Liype/2). The parameters
used in the calculation of fluorescence emission are summarised in Table 3.2. The val-
ues of the parameters u.", pt/sex, ua", y;em, ¢*, and 7y are obtained from [54]. The values
of the parameters Qo, Tp, and D are from literature [151], [152], and [153] respectively.
C is based on [141], where 2mol% was shown to be an effective fluorophore loading

concentration to achieve fluorescence modulation.
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Table 3.2: Parameters used in calculation of fluorescence emission intensity.

Symbol Meaning Value
Wex excitation wavelength 532 nm
Wem emission wavelength 570 nm
e absorption coefficient at excitation 0.02 mm-1
wavelength
e reduced scattering coefficient at excitation 2 3mm-1
wavelength
e absorption coefficient at emission 0.018 mm-"
wavelength
em reduced scattering coefficient at emission 1
Us 2mm
wavelength
g extinction coefficient at excitation 195 % 1020 m2
wavelength
n relative index of refraction 1.4
pex source intensity 1.3381 x 10' photons/s
Qo quantum yield (Dil) 0.38
T lifetime (Dil) 1.2ns
7o Forster distance (Dil-Dil) 4.4nm
D lipid diameter 0.7nm
Njp microbubble concentration 2 x 107 particles/ml
C fluorophore concentration (Dil) 2 mol %
A diameter of US focal zone 2mm
B height of US focal zone 20mm
Diube diameter of tube 3mm
Liupe length of tube 30mm
Tsd thickness of the tissue slab 2cm
Dppr effective diameter of sensor of PMT 8 mm
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3.3 Simulation results

3.3.1 Fluorescence quenching in fluorophore labelled microbubbles

In this section the quenching efficiency is firstly calculated while varying the inter-
molecular distance and concentration of Dil fluorophores. The emission intensity from
a single Dil fluorophore and a single microbubble at equilibrium state (in the absence
of US) are then calculated and the influences of Dil concentration and microbubble ra-
dius are investigated. It has been shown that a maximum fluorescence signal can be
observed at C = 2mol% [141]. Therefore C close to 2mol% in the range of 0.1 mol% -
10mol% was studied. Concentrations higher than 10 mol% might have severe distur-
bance to the lipid bilayer and further influence the stability of the microbubble, there-
fore are not considered. Ry was varied in the range of 0.5 um - 5 pm, which covers the
range of microbubbles produced in the experimental section. Excitation and emission

light propagation in the medium were not considered in this section.

The dependance of quenching efficiency on the intermolecular distance and the Dil
concentration can be calculated from Eq. 3.2.5 and Eq. 3.2.7, as shown in Fig. 3.4. It
can be seen from Fig. 3.4a that the quenching efficiency decreases with increase of in-
termolecular distance of Dil. At the Forster distance 7y = 4.4nm, quenching efficiency
equals 50%. Fig. 3.4b shows that the quenching efficiency increases with increase of
the Dil concentration. It needs to be mentioned that the quenching efficiency is inde-
pendent of microbubble size, as suggested by Eq. 3.2.7. Therefore in the case without
applying US, the quenching efficiency of Dil is the same for microbubbles with differ-

ent sizes.

The steady-state (f = oo) fluorescence emission intensity from a single fluorophore on
the shell of the microbubble can be calculated through substituting Eq.3.2.2 and Eq.3.2.3
into Eq.3.2.1. Since only a single fluorophore is involved without considering light
propagation, ¢, Ny and A“*(r) were all assigned a value of 1. The calculated intensity
is shown in Fig.3.5. It can be seen that the emission intensity decreases with increase
of Dil concentration. Similar to the quenching efficiency, the emission intensity of a

single fluorophore is observed to be independent of the size of the microbubble. This
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Figure 3.4: Quenching efficiency (E) against (a) intermolecular distance () and (b) Dil
concentration (C).

is because Ry can be omitted through substituting Eq. 3.2.1 with Eq. 3.2.2 and Eq. 3.2.4.
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Figure 3.5: Emission intensity (S) from a single fluorophore on the microbubble. Ro:
microbubble radius; C: Dil concentration.
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The fluorescence emission intensity from a single microbubble is also calculated through
multiplying the emission intensity of a single fluorophore by the total number of flu-
orophores. Fig. 3.6 shows with increase of Dil concentration, the emission intensity
firstly increases and then decreases. The peak is at 2 mol % concentration regardless
of the microbubble radius. This is because the size of the microbubble has no influ-
ence on the quenching efficiency of the fluorophores, as mentioned previously. The
peak concentration of 2 mol % is the same as the experimental results shown in Fig.
3 of [141]. If there were no self-quenching of Dil, the emission intensity from one mi-

crobubble would keep increasing with Dil concentration since there would be more
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Dil molecules in one microbubble. However, due to the self-quenching effect the emis-
sion intensity from a single fluorophore decreases, as suggested by Fig. 3.5. At lower
concentration, the self-quenching efficiency is low, therefore the overall emission in-
tensity increases with increase of Dil concentration. However, at higher concentration
the intermolecular distance becomes shorter and the self-quenching efficiency becomes
higher, as suggested by Fig. 3.4. This leads to the decrease of emission intensity with
further increase of Dil concentration. Fig. 3.6 also shows that at fixed Dil concentration,
the emission intensity increases with increase of microbubble radius. This is because
the size of the microbubble is a scaling factor that determine the number of the fluo-

rophores located on the shell of the microbubble (Eq. 3.2.4).
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x 10
35 ; ; ; ‘
1 3 ——0.5um
3r 1.4 pmf|]
2.5 | ——2.3umj||
_ 2 , _ 25 —3.2um
IS @2 5l — 4.1 um ||
3 8 —_—5 pm
15
o3 Sis) , |
5
1 s 4l , ,
4 n
0.5 05 i
5 0
2 4 6 8 10 2 4 6 8 10
C (mol %) C (mol %)

(a) (b)
Figure 3.6: Emission intensity (S) from a single microbubble against microbubble radius
(Ro) and Dil concentration (C). (a) 2D map; (b) cross-sections of the 2D map.

3.3.2 Oscillation of microbubble radius and fluorescence emission intensity

when applying US

In this section the oscillation of microbubble radius and the fluorescence emission in-
tensity when applying US was investigated. The oscillation of microbubble radius was
obtained by solving Eq. 3.2.9 using the ordinary differential equation function ODE45
of Matlab. The radius was then used in Eq. 3.2.2 and Eq. 3.2.3 to calculate the time
varying quantum yield and lifetime, which were further used in Eq.3.2.1 to calculate
the fluorescence emission intensity. As in Section 3.3.1 a single microbubble was stud-

ied without considering light propagation, therefore ¢, Np and A®*(r) were assigned

69



CHAPTER 3: THEORETICAL AND EXPERIMENTAL EVALUATION OF FLUOROPHORE
LABELLED MICROBUBBLE SYSTEM

to be 1.
Oscillation of microbubble (Ry = 2.5 um) at US pressure 100 kPa

Fig. 3.7 shows the oscillation of size and the fluorescence emission intensity of one
microbubble with Ry = 2.5pm when applying an US field with P4 = 100kPa, f;s =
2.25MHz, and number of cycles Nc = 10. The signals in time domain and frequency
domain expressed in a single-sided amplitude spectrum with DC component removed
were shown. It can be seen that at the first positive cycle of US, both of the radius of the
microbubble and the fluorescence emission intensity reduce, with the lowest values
obtained when the US pressure is zero. At the first negative cycle of US, both of the
radius of the microbubble and the fluorescence emission intensity increase from the
lowest values until the US pressure reaches the peak compression pressure. The radius
and the fluorescence emission intensity then oscillates with an approximate similar

phases with US.

It was also observed from Fig. 3.7a and Fig. 3.7b that R and S at the first four cycles were
more irregular compared with the latter six cycles. This is because of an overlapping
of an inertia oscillation following the first US cycle with the variations induced by the
second US cycle. Between the fifth cycle and the penultimate cycle of US both of R and
S have constant amplitudes. After the last US cycle, inertia damped oscillation can be
seen which ends after around four further cycles of oscillation. The oscillation induced
by the last US cycle is similar to the oscillation when only 1 pulse of US is applied. The
oscillation of radius and fluorescence emission intensity with 1 and 50 pulses of US can

be found in Fig. A.1 and Fig. A.2 in Appendix A.

The amplitude spectra of the radius and the fluorescence emission intensity (Fig. 3.7c
and Fig. 3.7d) show clear peaks at the US frequency (2.25MHz) (0.28 pm and 1.7 x
10° photons/s). There are also second harmonics at 4.5MHz and subharmonics at
1.125 MHz observed for both of the oscillations of size and fluorescence emission in-
tensity. The oscillation amplitudes of the radius at 4.5 MHz and 1.125MHz are around
0.01 pm and 0.19 um respectively. The oscillation amplitudes of the fluorescence emis-
sion intensity at 4.5 MHz and 1.125 MHz are around 2.5 x 10* photons/s and 1.1 x 10°

photons/srespectively.
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Oscillation of microbubble with Ry = 2.5um and P4 = 500 kPa

The dynamics of a fluorophore labelled microbubble at higher US pressure was investi-
gated, as shown in Fig. 3.8 for 10 cycles of US at P4 = 500 kPa. Compared with Fig. 3.7a
size changes both at the positive cycle and at the negative cycle of US are bigger. It can
be seen there are only five distinguishable cycles of oscillation in the time domain.
In the frequency domain there are harmonic, sub-harmonic, and ultra-harmonic fre-
quency components. The sub-harmonic component is even stronger than oscillation at
the fundamental frequency. The size expansion amplitude (~3 um) is bigger than size
compression amplitude (~2 pm). However, decrease amplitude of the fluorescence
emission intensity (~8 x 10° photons/s) is bigger than the increase amplitude of the
fluorescence emission intensity (~4 x 10° photons/s). It can also been seen that the
increased fluorescence emission intensity has a flat region while at the corresponding
time durations the radius increases from ~ 4 pm to its peak and then decreases back to
~ 4 pm. This is because at around Ry = 4 um the quenching efficiency is extremely low
and the microbubble has its maximum possible fluorescence emission. Further increase
of the microbubble radius makes no contribution to the emission intensity. This sug-
gests that C=2mol% is relatively low for P4 = 500 kPa so increase of quenching at the
compression cycle of pressure has more effect on intensity than decrease of quenching
at the rarefactional cycle of US. The oscillation of radius and fluorescence emission in-
tensity with 1 and 50 pulses of US can be found in Fig. A.3 and Fig. A.4 in Appendix A

respectively.
Oscillation of microbubble with Ry = 0.75 um and P4 = 100 kPa

Oscillation of microbubbles with a smaller size was also investigated, as shown in
Fig. 3.9 for Rg = 0.75um, N¢ = 10 and P4 = 100 kPa. It can be seen the size expansion
is stronger than size compression, and the decrease of the fluorescence emission inten-
sity is stronger than the increase of the fluorescence emission intensity. The biggest
radius (highest fluorescence emission intensity) is obtained at the lowest US pressure
with a small time lag due to inertance. The smallest radius (lowest fluorescence emis-
sion intensity) is obtained at the highest US pressure. The small decrease of size and

fluorescence emission intensity during the size increasing period (from peak compres-
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Figure 3.8: Oscillation of microbubble radius (R) and the fluorescence emission inten-
sity (S) for P4 = 500kPa and Ry = 2.5um. (a) Radius of microbubble (left y axis)
and US pressure (right y axis) in time domain; (b) fluorescence emission intensity (left
y axis) and US pressure (right y axis) in time domain; (c) radius of microbubble (left
y axis) and US pressure (right y axis) in frequency domain; (d) fluorescence emission
intensity (left y axis) and US pressure (right y axis) in frequency domain.
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sional pressure to peak rarefactional pressure) is due to the damped oscillation at the
previous cycle which has a size decreasing trend at the corresponding time duration
(e.g. 0.61ps to 0.70 ps). Compared with 2.5 um microbubble at the same US pressures
(Fig. 3.7), stronger harmonics were observed for 0.75 pm microbubble (Fig. 3.9). Simi-

lar simulations but with 1 and 50 pulses of US can be found in Fig. A.5 and Fig. A.6 in

Appendix A.
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Figure 3.9: Oscillation of microbubble radius (R) and the fluorescence emission inten-
sity (S) for P4 = 100kPa and Ry = 0.75um. (a) Radius of microbubble (left y axis)
and US pressure (right y axis) in time domain; (b) fluorescence emission intensity (left
y axis) and US pressure (right y axis) in time domain; (c) radius of microbubble (left
y axis) and US pressure (right y axis) in frequency domain; (d) fluorescence emission
intensity (left y axis) and US pressure (right y axis) in frequency domain.

In conclusion, US can lead to a volumetric oscillation of fluorophore labelled microbub-
bles and a modulated fluorescent signal. For the same size, higher US pressure can lead
to an increased non-linearity. For the same US pressure, non-linear oscillation is easier

to occur for microbubbles with smaller size.
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3.3.3 Influence of R, C, and Py

In this section the influence of microbubble radius, Dil concentration, and US pres-
sure on the fluorescence emission intensity of the fluorophore labelled microbubbles
were studied. The single-sided amplitude spectrum of the emission intensity was cal-
culated through FFT. The peak amplitudes at the fundamental US frequency, second
harmonic frequency, sub-harmonic frequency, and ultra-harmonic frequency were then
obtained from the amplitude spectrum by extracting the values at 2.25 MHz, 4.5 MHz,
1.125MHz, and 3.375 MHz respectively.

Influence of Ry, C, and P4 on AC signal

Fig. 3.10 shows the peak amplitude of the emission intensity (AC signal) at fundamen-
tal frequency (2.25MHz) while varying Ry and C, with P4 fixed at 100 kPa, 200 kPa,
300kPa, 400 kPa, 500 kPa, and 600 kPa. It can be seen from each subfigure of Fig. 3.10
that for a fixed Rp and Py, if increasing C further after the maximum AC signal is
observed (horizontal direction), the AC amplitude decreases. This is because the self-
quenching efficiency becomes very strong for higher C, leading to a lower emission
intensity. Through comparison of the different subfigures, it can be seen that to obtain

a higher AC signal for the higher C, a higher P, is required.

It is also observed from Fig. 3.10 that AC signal is dependent on both C, Ry, and P4, and
it is difficult to decouple their effects. The region of Ry where the maximum AC signal
can be obtained can be different for different C and P4. For example, at P4 = 100 kPa
(Fig. 3.10a) and C = 2mol% (vertical direction), maximum AC signal can be obtained
with Rg in the region of 1.5 pm - 5 um. However, at P4 = 100kPa and C = 4mol%, with
increase of Ry the AC signal firstly increases and then decreases. The maximum AC
signal is obtained only around Ry = 1.7 pm. The optimum Ry becomes less dependent
on C when C > 2.3mol%. Besides, it can be seen that at P4 = 100kPa, the optimized
C has little dependence on Ry, with only a slightly left shift with increase of Ry. For
example, for the 4.5 um microbubble, the optimized C is around 3.2 mol %, close to
4 mol % for 1.8 um microbubble. At higher P4 the maximum AC signal is separated

into two regions - one is at Ry ~ 1.7 um with relatively higher C, the other is at C €
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(2mol% — 5 mol%) with relatively higher R. Inspecting all the US pressures studied,
it can be concluded that generally the maximum AC signal can be obtained within the

region C € (2mol% 5mol%) and Ry € (1.5um 5pm).

Inspecting different subfigures of Fig.3.10 at a fixed radius and concentration, it can
also be seen that the AC emission signal decreases if P4 increases after the maximum
peak amplitude has been reached. This is due to a more significant increase of the
non-linearity. Fig. 3.11, Fig. 3.12, and Fig. 3.13 show AC signal at the second harmonic
(4.5MHz), sub-harmonic (1.125MHz), ultra-harmonic (3.375 MHz) US frequency re-
spectively. The region where the maximum signal is obtained can be seen clearly in
these figures. During the decrease process of the AC signal at 2.25 MHz, an increase of
the AC emission signals at the second harmonic frequency, sub-harmonic frequency
or ultra-harmonic frequency can be observed. For example, for Ry = 2.5um and
C = 2 mol%, the AC emission signal at 2.25MHz for P4, = 300kPa (Fig.3.10c, 1.4 x
10° photons/s) is lower than that for P4 = 200kPa (Fig.3.10a, 2.7 x 10° photons/s).
However, the AC emission signal at 1.125 MHz for P4 = 300kPa (Fig.3.12c, 4.0 x 10°
photons/s) is much higher than for P4 = 200 kPa (Fig.3.12a, 1.2 x 10° photons/s). The
AC emission signal at 3.375 MHz for P4 = 300kPa (Fig.3.13c, 1.5 x 10° photons/s) is
also much higher than for P4 = 200kPa (Fig.3.13a, 9.4 x 10% photons/s).

The positions (R, C) for the maximum AC signals for the four frequency components
are summarized in Table 3.3, Table 3.4, Table 3.5, and Table 3.6 respectively. It can
be concluded that for the US pressure investigated, the optimum radius (the radius
where the maximum AC signal can be obtained) is roughly independent of the ap-
plied US pressure. The optimum radius is around 1.7 pm for fundamental and second
harmonic components and around 2.5 pm for sub-harmonic and ultra-harmonic com-
ponents. However, with increase of US pressure, both the optimum concentration (the
Dil concentration where maximum AC signal can be obtained) and the maximum AC
signal increase. This suggests again that for higher concentration, higher US pressure
is required to obtain an optimum AC signal. This is because higher concentration re-
quires higher pressure to separate the closely packed fluorophores on the shell of the

microbubble. It needs to be noted that in Table 3.3, C has been 10.0mol% at 500 kPa,
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Figure 3.10: Peak amplitude of the fluorescence emission intensity at the fundamental
frequency (2.25 MHz) against microbubble radius (Ro) and Dil labeling concentration
(C). The amplitude of US (P,) is (a) 100kPa, (b) 200kPa, (c) 300 kPa, (d) 400 kPa, (e)
500 kPa, and (f) 600 kPa.
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frequency (1.125 MHz) against microbubble radius (Ry) and Dil labeling concentration
(C). The amplitude of US (P,) is (a) 100kPa, (b) 200kPa, (c) 300 kPa, (d) 400 kPa, (e)
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79



CHAPTER 3: THEORETICAL AND EXPERIMENTAL EVALUATION OF FLUOROPHORE

LABELLED MICROBUBBLE SYSTEM

x10°

| 2
| 15
| 1
| 0.5

R, (um)
R, (um)

C(mol %)
a
x 10°
2
—~ 15 —~
E 2 1S
= =
o 1 o
0.5
C(mol %)
(c)
g E i g
= . 2
o o
@ [a
C(mol %)

(e)

x10*

10
. 8
' 6
. 4
2

C (moI %)
(b)

05
15 -
2
25
. )
35
4
45 ’
5

C (mol %)
(d)

0.5
1
1.5 )
2
25
3 .
35
4
4.5 :
5

C (moI %)
()

[iN

Figure 3.13: Peak amplitude of the fluorescence emission intensity at the ultra-
harmonic frequency (3.375 MHz) against microbubble radius (Ry) and Dil labeling con-
centration (C). The amplitude of US (P,) is (a) 100kPa, (b) 200 kPa, (c) 300kPa, (d)

400 kPa, (e) 500 kPa, and (f) 600 kPa.
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therefore for the higher amplitude of US 600 kPa, (Ro, C) for the maximum AC signal

is located at (4.9 pm, 3.3 mol%) and doesn’t follow the trend as other pressures.

Table 3.3: (Ro, C) for the maximum AC signal at 2.25 MHz (AC »5)
1

at different US pressures.

Py (Ro, C) ACpp05
100 kPa (1.7 um, 4.1 mol %) | 3.5 x 10° photons/s
200 kPa (1.8 um, 5.6 mol %) | 5.5 x 10° photons/s
300 kPa (1.9pm, 6.8 mol %) | 7.0 x 10° photons/s
400 kPa (1.7pm, 9.8 mol %) | 9.0 x 10° photons/s
500 kPa (1.6 pm, 10.0 mol %) | 1.1 x 10° photons/s
600 kPa (4.9 um, 3.3 mol %) | 1.2 x 10° photons/s

! Data taken from Fig. 3.10.

Table 3.4: (Ro, C) for the maximum AC signal at 4.5MHz (ACy5) at

different US pressures.

1

Py (Ro, C) ACys
100 kPa (1.6um, 2.4 mol %) | 7.5 x 10* photons/s
200 kPa (1.8 um, 2.8 mol %) | 1.4 x 10° photons/s
300 kPa (1.7pm, 41 mol %) | 1.8 x 10° photons/s
400kPa (1.7pm, 48 mol %) | 2.1 x 10° photons/s
500 kPa (1.6pm, 5.9 mol %) | 2.6 x 10° photons/s
600 kPa (1.4pm, 7.9 mol %) | 2.9 x 10° photons/s

! Data taken from Fig. 3.11.

Table 3.5: (Rp, C) for the maximum AC signal at 1.125MHz

(AC1.125) at different US pressures.

1

Py (Ro, €) ACj1.125
100 kPa (2.9um, 3.4 mol %) | 9.0 x 10* photons/s
200 kPa (2.8 um, 4.0 mol %) | 5.0 x 10° photons/s
300 kPa (2.7 um, 5.6 mol %) | 1.2 x 10° photons/s
400 kPa (2.5pm, 7.6 mol %) | 1.5 x 10° photons/s
500 kPa (2.3pm, 9.1 mol %) | 1.6 x 10° photons/s
600 kPa (2.3 m, 10.0 mol %) | 1.8 x 10° photons/s

! Data taken from Fig. 3.12.

Influence of Ro, C, and Py on modulation depth

The modulation depth is a criteria for optimization of fluorophore labelled microbubble

contrast agent. The modulation depth is calculated as:
Modulation depth = Ixc/Ipc (3.3.1)

where I4c is the peak amplitude of the AC emission intensity (modulated signal). It is
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Table 3.6: (Rp, C) for the maximum AC signal at 3.375MHz
(ACj3.375) at different US pressures.!

Py (Ro, C) ACj3375
100 kPa (2.7pm, 2.2 mol %) | 2.3 x 10* photons/s
200 kPa (2.7pm, 2.3 mol %) | 1.6 x 10° photons/s
300 kPa (2.2pm, 2.8 mol %) | 2.4 x 10° photons/s
400 kPa (1.9um, 3.9 mol %) | 2.9 x 10° photons/s
500 kPa (2.9um, 3.7 mol %) | 3.0 x 10° photons/s
600 kPa (2.8um, 45 mol %) | 3.4 x 10° photons/s

! Data taken from Fig. 3.13.

obtained through an FFT method by calculating the single-sided amplitude spectrum
and extracting the amplitude at the fundamental frequency. Ipc is the DC emission
intensity (unmodulated signal). In this section modulation depth was calculated using
Eq. 3.3.1 while varying Ry and C, with P4 fixed at 100 kPa, 200 kPa, 300 kPa, 400 kPa,
500kPa, and 600kPa, as shown in Fig. 3.14. It should be noted that both of the AC
and DC emission intensity are from only one microbubble, and no light propagation
is considered. Practically there will be some microbubbles excited but located outside
the US focal zone, and thus contribute to the unmodulated light leading to a lower

modulation depth. This will be simulated in the next Section 3.3.4.

Fig. 3.14 indicates that the modulation depth is highly dependent on C. With increase
of C (along horizontal direction), the modulation depth increases until reaching the
maximum value. It was observed that for C > 2 mol %, modulation depth is above 2%.
Compared with C, the influence of Ry on modulation depth is relatively smaller. But a
clear dependance of modulation depth on R can still be observed: with increase of Ry
(along vertical direction), the modulation depth firstly increases, and then decreases.
The highest modulation depth is around 3300% and it was obtained through several
combinations of Ry, C, and P4 (e.g, Ry = 0.6pum, C = 10mol%, and P4 = 300kPa).
This modulation depth is much higher than 107¢ - 10~ for the traditional USMFT

without applying contrast agents [64].

Curves showing the dependance of the modulation depth on P4 can be seen in Fig. 3.15.
Fig. 3.15a shows modulation depth at six different C covering the range of 0.1 mol% -
10 mol% with Ry fixed at 2.5pum. Fig. 3.15b shows modulation depth at six different

Rp covering the range of 0.5pum - 5pm with C fixed at 2mol%. It can be seen from
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Fig. 3.15a that the modulation depth increases with increase of P4 until it becomes
almost constant. The P4 where the modulation depth becomes flat increases with in-
crease of C. The modulation depth for 2mol% is almost constant when increasing Px
from 100 kPa to 600 kPa, suggesting P4 = 100 kPa is sufficient to obtain the maximum
modulation depth. Fig. 3.15b shows generally the optimized P4 where the maximum
modulation depth can be obtained increases with increase of Ry. For example, the opti-
mized P4 for Ry = 1.4pm, 2.3 um, 3.2 um, 4.1 pm, and 5 pm is 100 kPa, 220 kPa, 300 kPa,
450kPa, and 600 kPa respectively. This indicates that microbubble with bigger radius
requires higher US pressure to reach a size that the maximum AC signal can be ob-
tained. It should also be noted that the modulation depth decrease after the first peak
is due to an increased nonlinear oscillation. It was also observed in Fig. 3.15 that in
most cases with further increase of US pressure, the modulation depth increases again
(e.g. at Rp = 4.1um and C = 2mol%). This should be due to a different peak posi-
tion for the oscillations at the fundamental and sub-harmonic frequencies. At the US
pressure range where the modulation depth increases, a decrease of the oscillation at

sub-harmonic frequency is observed.

3.3.4 Modulation depth and SNR in a scattering phantom

If considering a large population of fluorophore labelled microbubbles injected inside
a tube buried in the scattering phantom, both the excitation and emission light will be
scattered in the medium. Therefore the fluorescence detected will decrease. Besides,
the fluorophores on the microbubbles located outside the US focal zone will also be
excited, therefore there will be more unmodulated fluorescence. The modulation depth
will be greatly reduced due to the decreased modulated fluorescence and increased

unmodulated fluorescence background.

In this section the fluorescence emission intensity at the detector when fluorophore
labelled microbubbles are injected inside a tube in a scattering medium is calculated.
The simulation geometry is shown earlier in Fig. 3.3. The fluorescence propagated to
the detector from all the microbubbles located in the intersect of the US focal zone and

the tube are integrated using Eq. 3.2.22. The modulated signal at the US frequency
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Figure 3.14: Influence of microbubble radius (R¢) and concentration (C) on modulation
depth. The amplitude of the US pressure (P,) is (a) 100 kPa, (b) 200 kPa, (c) 300 kPa, (d)
400 kPa, (e) 500 kPa, and (f) 600 kPa.
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Figure 3.15: Influence of US pressure (P4) on modulation depth (a) at different C with
Ry = 2.5um; (b) at different Ry with C = 2 mol %.

is then calculated using the FFT method the same as described in Section 3.3.3. The
unmodulated signal is calculated by integrating the fluorescence emission intensity
over the tube region which is assumed to be a cylinder with 3 mm diameter and 30 mm
height located with the height direction along the y axis. The modulation depth is
then calculated using Eq. 3.3.1. The SNR is calculated using the method described in
Section 2.2.4 of Chapter 2 with parameters of the detecting system shown in Table 2.2.
The influence of the microbubble radius Ry, Dil labeling concentration C, amplitude
of the US pressure P4, microbubble concentration Ng, and thickness of the scattering
medium ry; are investigated. The values of the parameters can be found in Table 3.1

and Table 3.2 in Section 3.2.

Fig. 3.16 shows the modulated signal, unmodulated signal, modulation depth, and
SNR while varying Rg from 0.5um to 5um and C from 0.1 mol% to 10.1 mol%. Here
P4 = 100kPa and the 2D maps for the other US pressures can be found in Appendix B.
It can be seen that the dependance of the modulated signal, unmodulated signal and
modulation depth on Ry and C are all similar to the situation when only one microbub-
ble is considered (Fig. 3.10a, Fig. 3.6a, and Fig. 3.14a respectively). The highest mod-
ulation depth obtained is 20.5% by Ry = 1.4pm, C = 10.1mol%. The highest SNR
obtained is 29.5dB by Ry = 1.4pm, C = 6.1 mol%. The modulation depth and SNR
for Rp = 2.5um, C = 2.0mol% are 1.3% and 18.2dB respectively. These modulation
depths are much smaller compared with the case when only one microbubble is consid-

ered (e.g., 21.2% for Ry = 2.5pm, C = 2.0mol%). However, application of fluorophore
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labelled microbubbles can still increase significantly the detectability of the modulated
fluorescence signal in the scattering medium, compared with the case when no contrast

agents are used.

Modulated signal (photons/s) Unmodulated signal (photons/s)
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Figure 3.16: Influence of Ry and C on (a) modulated signal; (b) unmodulated signal; (c)
modulation depth; and (d) SNR. P4 = 100 kPa.

Fig. 3.17 shows the modulated signal, unmodulated signal, modulation depth, and
SNR while varying P4 from 100kPa to 600 kPa with Ry = 2.5pm and C = 2mol%.
It can be seen that the modulated signal increases slightly when increasing P4 from
100 kPa to 300 kPa. With further increase of the US pressure the modulated signal vi-
brates as a result of non-linear volumeric oscillation. The unmodulated signal is inde-
pendent on the US and is thus a constant. At 300 kPa the highest modulation depth
(1.1%) and SNR (19 dB) are obtained.

Fig. 3.18 shows similar quantities while varying the thickness of the medium from 1 cm
to 10 cm. It can be seen with increase of the thickness the modulated signal and unmod-
ulated signal decrease logarithmically. This is because the photons are scattered and
absorbed more in a thicker medium. Above around 2.3 cm the SNR becomes lower

than 0 dB and the modulated signal is too weak to be detected.
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ulation depth; and (d) SNR.
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Fig. 3.19 shows similar quantities while varying Np from 2 x 10° particles/ml to 2 x
10'2 particles/ml. It was observed that both of the modulated and unmodulated sig-
nal increase with increase of the microbubble concentration linearly at the same rate.
Therefore the modulation depth is a constant 0.63%, independent of the microbubble
concentration. However, the SNR increases with increase of the microbubble concen-
tration. This indicates that for a thicker medium in which case the SNR tends to be
lower, a higher concentration of microbubbles can be used to improve the SNR.
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Figure 3.19: Influence of Np on (a) modulated signal; (b) unmodulated signal; (c) mod-

ulation depth; and (d) SNR.

3.4 Experiment

To demonstrate the effect of fluorophore labelled microbubbles on the modulation
depth of USMFT, a Dil labelled microbubble solution was produced and its scattered
excitation light and fluorescence emission intensity when applying US were detected

and analysed.
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3.4.1 Preparation of fluorophore labelled microbubbles

In this study the lipophilic dye Dil ! (DiIC18(3), Life Technologies Ltd, Paisley, UK)
was used as the fluorophore to label microbubble. The overlap between its absorp-
tion and emission spectrum (shown in Fig. 3.20) makes it a good candidate to achieve

fluorescence self-quenching with Forster distance around 45 A [141].
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Figure 3.20: Spectrum of fluorophore-labelled microbubble. (a) Absorbance spectrum,;
(b) emission spectrum.

The fluorophore labelled microbubbles were prepared as follows: stock solutions of
chemicals were prepared by dissolving the dry powder in chloroform. The concentra-
tion of DSPC 2 (#850365, Avanti Polar Lipids Inc, AL, USA), DPPG 3 (#840475, Avanti
Polar Lipids Inc, AL, USA), palmitic acid (#900400, Avanti Polar Lipids Inc, AL, USA)
and Dil are 10mg/ml, 10mg/ml, 1mg/ml, and 1mg/ml respectively. 80ul DSPC,
10 pl DPPG, 80pl palmitic acid, 25ul Dil and 49.1 mg polyethylene glycol 4000 were
mixed and dissolved in methanol and chloroform in the volume ratio 1:4. The mixed
solution was then dried using rotationary vapor to evaporate all of the methanol and
chloroform and create a dried-lipid film. The lipid film was rehydrated with 10ml
deionized water. The solution was vortexed using whirlimixer (Fisher Scientific UK
Ltd, Bishop Meadow Road, Loughborough, UK) and repeatable pipetting to make the
dried lipid completely redissolve in water. The amounts of materials used in the prepa-
ration procedure were calculated to produce a labeling concentration of Dil of 2 mol%.

This concentration was used for all the subsequent experiments. The prepared mi-

1 1,1’-Dioctadecyl-3,3,3’,3"-Tetramethylindocarbocyanine Perchlorate
21,2-distearoyl-sn-glycero-3-phosphocholine
31,2-dioleoyl-sn-glycero-3-phospho-(1'-rac-glycerol)
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crobubble solution was kept in the refrigerator at 5°C and tested within three days
of production. The solution was agitated violently before use to produce microbub-
bles. The size distribution was tested using Zetasizer ZEN3600 (Malvern Instruments
Ltd, Enigma Business Park, Grovewood Road, Malvern, UK). There were 65 % - 80 %

microbubbles located in the diameter range of 3 - 6 um.

It needs to be mentioned that the gas inside the microbubble can be air (e.g. Albunex) or
high-molecular-weight gas such as perfluorocarbon, perfluoropropane (CsFg; e.g. Op-
tison and Definity), or sulfur hexafluoride (SFs; e.g. Sonovue). Air may rapidly diffuse
through the lipid shell depending on the concentration difference inside and outside
of the shell, while the shell is largely resistant to the diffusion of gas of high molecular
weight [154]. The stability of the microbubble is an important factor for in vivo imaging
because it influences the circulation time [155]. In this study the microbubbles were

used in vitro therefore an air core was used as it is easy to handle.

3.4.2 Experimental setup

Power

Amp <« SG [«
Syringe
o [
==
A=532nm
Laser .
Objective OSCI”fSCOpG |
ater tank
Beam .
Filt tl
Splitter b PMT1 -V
Fil 2 Ampl
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Amp2
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A=550 nm-600 nm

Figure 3.21: Setup for characterization of microbubble dynamics. SG: signal generator;
I-V amp: transimpedance amplifier; PMT: photomultiplier tube.

The experimental setup is shown in Fig. 3.21. A signal generator (Tektronix AFG3022B,
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Figure 3.22: Measured pressure distribution at the US focal zone of the US transducer.

Beaverton, USA) and a RF power amplifier (Amplifier Research 75A250A, Souderton,
USA) were employed to provide pulsed wave excitation of a focused 2.25MHz US
transducer (Olympus A304-SU, Massachusetts, USA) with 17mm focal zone length.
The lateral pressure distribution at the US focal zone was measured using a needle
hydrophone (SN1700, Precision Acoustics Ltd, Dorset, UK) with an active diameter of
0.2mm, followed by 65 mV excitation of the signal generator, as shown in Fig.3.22. The

full width half maximum (FWHM) is ~2.1 mm.

The microbubble solution was injected into a water tank (11 cm x 11 cm X 11 ¢cm) through
an open end tube (Z611239-250EA, Sigma-Aldrich Company Ltd., Dorset, UK) with
300 pm diameter by a syringe pump. The tube was located perpendicular to the A =
532nm laser light (Oxxius 5325-50-COL-PP, power = 50 mW, Lannion, France) and in
line with the US propagation direction, which was also perpendicular to laser beam.
The tip of the tube was at a position close to, but not at the US focus zone to avoid the
distortion of the US region. Microbubbles can flow to the focus region by buoyancy
and thus compensate the small separation. The scattered light by the microbubble was
collected by an objective lens at 65 °to 115 °(90 +/- arcsinNA) to the laser light, which
includes the angle 97 °, supplementary angle of the critical scattering angle (6. = 83°
for air bubbles in water [156]. The schematic of the detection angle and critical scat-
tering angle is shown in Fig. 3.23. This geometry of laser light and objective lens is
important for the maximum detection of the scattered light. The light collected was

split into two paths using a beam splitter. One path goes through filter set 1 which is

91



CHAPTER 3: THEORETICAL AND EXPERIMENTAL EVALUATION OF FLUOROPHORE
LABELLED MICROBUBBLE SYSTEM

a high performance single-band bandpass filter with central wavelength 532nm and
bandpass 3nm (FF01-532/3-25, Semrock, Rochester, New York) and then into the opti-
cal detector PMT1 (H5783-20, Hamamatsu, Hamamatsu City, Japan). The fluorescence
emission was detected by passing the collected light from the second channel through
filter set 2 to achieve a high rejection ratio of the excitation light and only allow the
fluorescence emission to reach PMT2 (the module as PMT1). Filter set 2 includes a high
performance 532 nm notch filter (#67-119, Edmund Optics, York, UK) and a high per-
formance bandpass filter with central wavelength 575nm and bandpass 25 nm (FF02-
575/25-25, Semrock, Rochester, New York). The signals from the two PMTs were fed
into two transimpedance amplifiers respectively (Stanford Research Systems SR445A,
Souderton, USA), followed by a digital Phosphor oscilloscope (DPO2024, Tektronix,
Beaverton, USA) for instantaneous measurements. The gain of SR445A is 10x and the
input resistance was set to be 500 (. "AC” and "DC’ coupling were used for the oscil-

lascope when detecting the modulated and unmodulated signal respectively.

microbubble

laser light

water

Figure 3.23: Schematic of the detection angle (65 °to 115 °) and critical scattering angle
(6c).

3.4.3 Scattered and fluorescence signal from fluorophore-labelled microbub-

ble

In this section the scattered excitation light signal (Vs, unit: mV) and the fluorescence
emission signal (VF, unit: mV) from fluorophore-labelled microbubbles were detected

using the scattering and emission channel of the setup shown in Fig. 3.21 respectively.
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The signal generator outputs pulses at 2.25 MHz frequency, with number of cycles 10
and pulse repetition frequency 1Hz. The US pressure at the focal zone was varied
from 0.45MPa to 1.27 MPa. The signals were extracted from the detected signals by
removing any baseline trend from the original signal, followed by digital filtering in
the frequency domain (band pass filter from 1 MHz to 10 MHz), and Inverse FFT. The
extracted signals in the time domain and frequency domain are shown in Fig. 3.24.
Modulation of the fluorescence emission intensity at US frequency was observed for
all the pressures applied, and it is in phase with the scattered light, which indicates
volumetric oscillation of microbubbles. For pressures from 0.45MPa (a) to 0.82 MPa
(e) modulated fluorescence signal only at fundamental frequency (2.25 MHz) was ob-
served. However with increase of US pressure it can be seen that the modulated fluo-
rescence signal becomes stronger. For pressures from 0.91 MPa (f) to 1.27 MPa (j) there

were second harmonics at 4.5 MHz observed indicating non-linear oscillation.
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Figure 3.24: Modulated fluorescence emission intensity from fluorophore labelled mi-
crobubbles in time domain and frequency domain. (a) 0.45MPa; (b) 0.54MPa; (c)
0.63MPa; (d) 0.73MPa; (e) 0.82MPa; (f) 0.91MPa; (g) 1.00MPa; (h) 1.09MPa; (i)
1.18 MPa; (j) 1.27 MPa. Vs: scattered excitation light signal; Vr: fluorescence emission
signal.

The amplitude of the modulated fluorescence signal (AC) and modulation depth for all
the pressures studied are then calculated and shown in Fig. 3.25. Here the modulation
depth is calculated by dividing the amplitude of the AC signal with the unmodulated
signal, which was obtained from the oscilloscope using DC coupling. It can be seen that
the amplitude of the AC signal and modulation depth increased with increase of the
US pressure. The lowest modulation depth is 0.8% (0.45MPa) and highest modulation
depth is around 1.6% (1.27 MPa). It should be mentioned here that the microbubbles
can undergo both volume and position oscillation, however, the contribution of the

latter to the observed oscillation of fluorescence, especially the second harmonic, is
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very small compared with the contribution of the volume oscillation and thus can be

ignored. The position oscillation would result as a modulation depth only 1076 — 10~*.

The modulation depth obtained from the experiment (1.6%) is much lower than the
simulated modulation depth of 24% for 2mol% Dil (Fig.3.15a yellow curve). There
are several reasons for this. The most likely reason is an undesirable labelling of Dil
on the shell of microbubbles. In the theoretical model Dil is assumed to distribute
evenly on the shell. However, in practice different shell species can form concentrated
lipid islands [142]. Fluorophores located in these islands might not be able to expand
sufficiently to generate a detectable modulated signal. It has been demonstrated that
‘rapid-cooled’ temperature treatment can lead to a ten-fold increase in the generation of
the US modulated fluorescence signal [142]. Secondly, the fluorophores on microbub-
bles located outside the US focal zone can also be excited and thus contribute only to
the unmodulated signal. Thirdly, as suggested by Fig.3.15 the optimized US pressure
is dependent on the microbubble size. The microbubble suspension produced in this
thesis has a wide size distribution of 3 - 6 um (65 % - 80 %). At a specific US pressure,
microbubbles with relatively small size may have a strong non-linear oscillation, while
microbubbles with relatively big size may be still intact. Fourthly, the distributed flu-
orophore labelled microbubbles at different sizes can oscillate at different phases (can
be observed from the intensity oscillations in Fig. 3.7-3.9) that may cancel out some
of the energy. Nevertheless, the modulation depth obtained with application of flu-
orophore labelled microbubbles is much higher than values without using contrast
agents (107% — 10~%). A more explicit investigation of the effect of the fluorophore
labelled microbubbles can be achieved through comparison of the fluorophore labelled
microbubbles with mixed solution of fluorophores and microbubbles as well as solu-

tion with only fluorophores.

3.5 Discussion and conclusions

In this chapter the volumetric oscillations of unlabelled and fluorophore-labelled mi-

crobubble were firstly modeled. The emission intensity of the fluorophore-labelled
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Figure 3.25: Amplitude of the AC signal and the corresponding modulation depth
(MD) against US pressure for fluorophore labelled microbubble.

microbubble in the absence and presence of an US field was then simulated. The in-
fluence of parameters of the microbubbles (radius, fluorophore labeling concentration,
microbubble concentration), US (US pressure) and the scattering medium (thickness)
on the emission intensity were investigated. The modulated depth and SNR for a pop-
ulation of microbubbles in a scattering medium were calculated. In the experimental
section Dil labelled microbubbles were produced by a simple agitation method and the

modulated fluorescent signal when applied US was demonstrated.

The simulation results show that the fluorescence emission intensity both in the ab-
sence and presence of an US field is highly dependent on the concentration of Dil. This
is due to the dependance of FRET efficiency on intermolecular distance of Dil molecules
which is a function of the concentration. The fluorescence emission intensity is the max-
imum at the concentration of 2 mol % in the absence of US. This is in agreement with
the experimental results in [141] where a range of Dil labelled microbubbles with dif-
ferent concentrations were produced and the curve of fluorescence emission intenstiy
vs. Dil concentration was plotted. The simulation also shows that microbubble radius
has no influence on the concentration of maximum fluorescence emission intensity for
the case without applying US. This is because the microbubble radius only works as
a scaling factor determining the number of fluorophores in the microbubble (Eq. 3.2.4)

and has no influence on the quenching efficiency (Eq. 3.2.7).

In the presence of US the fluorescence emission intensity is modulated at the US fre-

quency. At higher US pressure harmonic components can also occur. The simulation
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result in Fig. 3.10 shows that the effects of C, Ry, and P4 on the maximum AC signal are
highly relevant with each other, and it is difficult to decouple their effects. Generally
the maximum AC signal can be obtained within the region C € (2mol% 5mol%) and
Ry € (1.5pm 5um). However microbubbles with different size may have different
optimum concentration. Also microbubble with a higher fluorophore labelling concen-
tration or a bigger radius requires higher US pressure to obtain its maximum volumeric
oscillation and the highest AC signal. These findings emphasize the importance of size,
fluorophore concentration, and US pressure to allow the production of a microbubble
specifically designed for optimum performance with USMFT. For the manufacture of
microbubbles, it would be useful to refine the microbubble size to a smaller range, so
that most of the microbubbles can be labelled by an optimized concentration and ex-

posed by an appropriate US pressure.

Overall, the results show that the fluorophore-labelled microbubble can improve sig-
nificantly the modulation depth and the SNR of USMFT in a scattering medium. One
of the current challenges for application of the fluorophore-labelled microbubbles in
tissue imaging is that microbbbles are not stable and tend to rupture easily when ex-
posed to US [157, 158]. Therefore an appropriate US pressure needs to be identified
to maximize the modulated fluorescence signal, and also to avoid the rupture of mi-
crobubbles. For quantitative imaging the relationship between the parameters of the
US and the response of the microbubbles must be fully characterized. Therefore further
calibration need to be performed to relate the observed modulated fluorescence signal

to the actual parameters of the microbubble such as its size for specific US parameters.
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CHAPTER 4

Characterization of pyrene-labelled

liposomes contrast agent

4.1 Introduction

In Chapter 3 the use of microbubbles as acoustic-optical contrast agent was discussed.
In this chapter another contrast agent is investigated which is based on the use of
nanoscale liposomes containing lipids labelled with the excimer producing fluorophore

pyrene.

Despite the advantages mentioned in Chapter 3 about using fluorophore labelled mi-
crobubbles as a contrast agent for USMFT, using liposomes has the following advan-
tages. Firstly, liposomes are more stable and can stay inside the body for a longer
circulation time (on the order of hours or days [159]). The pharmacokinetic properties
of liposomes have been extensively studied [160] and the pharmacokinetic lifetimes of
liposomes within a human circulatory system can be increased through surface modi-
fications [161]. In comparison, microbubbles have a short circulation time (on the order
of 10 mins [162, 163]) and might only survive a few US pulses. Secondly, the nanoscale
size means that the liposomes can pass through vascular walls to potentially over-
come the formidable blood brain barrier and make extra-vascular targeting possible,

while the microscale size of the microbubbles restricts the use to the circulatory system.
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Thirdly, liposomes can be manufactured with defined monodisperse size distribution
and high reproducibility, however this is much more difficult to achieve for microbub-
bles. The size distribution of microbubbles produced by sonification, the most com-
monly used method for microbubble preparation, is generally very wide [164]. There
are some advanced techniques such as microfluidic flow-focusing [165] which are able
to prepare microbubbles with a high degree of control over their size. Such devices
usually have slow microbubble yield and require careful handling to avoid clogging of
fine channels (several micrometres). Fourthly, due to the liquid core compared with gas
for microbubble, liposomes can reflect US much less than microbubble and thus pro-
duce less perturbation of the US field. This is beneficial for imaging resolution because

less reflection and scattering means that the US can be more localized.

The fluorophore used in this Chapter is pyrene. Excimer formation of pyrene is a well-
known concentration-dependent phenomenon. Excimers are dimers in the excited
state and they are formed by collision between an excited molecule and an identical
unexcited molecule through sharing the excitation energy [166]. The excimer forma-
tion rate, defined as the excimers formed in unit time, is dependent on the concen-
tration of the fluorophore molecules and their lateral diffusivity [167]. When the two
aromatic rings of an excited state pyrene molecule and a ground state pyrene molecule
are facing at a distance of 3.37 A, pyrene excimers form producing a substantially red-
shifted fluorescent emission in the excimer band (A = 430nm — 590 nm) in contrast to
the monomer band (A = 370 nm — 400 nm) [166]. The unusually long lifetime of pyrene
emission (>100ns) allows this excited state reaction to occur [168]. Excimers are formed
when one of the dimer components is in the excited state. When the excimer returns to
the ground state, its components dissociate and often repel each other [169]. Since the
wavelength of an excimer’s emission is longer (lower energy) than that of the excited

monomer’s emission, the two emissions can be separately detected.

Due to the concentration dependent spectral features of pyrene which is also sensitive
to tissue microenvironment, it has a wide range of applications such as monitoring pro-
tein conformation [170, 171], investigating the transmembrane dynamics of lipids [172],

and used as fluorosensor for oxygen [173], iron [174], or cyanide concentration [175].
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Here this work describes the preparation and characterization of nanoscale liposomes
containing pyrene labelled lipids (see Fig. 4.1) as USMFT contrast agents based on US
mediated variation of the excimer fluorescence. Liposomes are dynamic systems. The
lipids in the lipid bilayers will not remain in a fixed position but will move in various
ways including lateral diffusion, lipid rotation around its axis, tail wagging and flip-
flop (see Section 4.5.1 for detailed explanation of these motions). These motions will
lead to the collision of two pyrene molecules and formation of pyrene excimers. In this
study the pyrene labelled liposomes were exposed to an US field which can change the
dynamic characteristics of the liposomes and further change the collision rate of the
pyrene molecules and hence induce a variation of the excimer fluorescence. Liposomes
containing different molar concentrations of lipids with pyrene labelled on the phos-
pholipid fatty acid tail (tail labelled liposomes) and also lipids with pyrene labelled on
the phospholipid head group (head labelled liposomes) were studied. This methodol-
ogy was chosen for identification of a suitable contrast agent formulation and to enable
an initial investigation of the underlying mechanisms. It needs to be noted that the
rationale for using pyrene labelled lipids is based on pyrene being a well-established
and widely used fluorophore whose excimer producing behavior has been extensively
studied [170]. The excitation and excimer emission wavelengths of pyrene are however
short in respect to tissue imaging and thus downstream applications for tissue imaging
will need to utilize the emerging range of excimer producing fluorophores that can be

excited and emit at longer wavelengths (e.g: BODIPY [176]).

The preparation of pyrene labelled liposomes is firstly described in Section 4.2. Sec-
tion 4.3 shows the measurements of the emission spectra of tail labelled liposomes
and head labelled liposomes. The acousto-fluorescence experimental system used to
characterise the pyrene labelled liposomes is discussed in Section 4.4. The fluorescence
emission intensity of tail labelled liposomes and head labelled liposomes in the absence
and presence of US were then detected and are compared in Section 4.5. Possible US
mediated mechanisms are also discussed in this section. Section 4.6 shows analysis of
the size and concentration of liposomes after US exposure. The influence of tempera-

ture on fluorescence emission intensity is studied in Section 4.6, followed by discussion
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Lipdsome
Figure 4.1: Schematic showing liposome containing pyrene labelled phospholipids, ex-
panded section depicts tail and headgroup labelled lipids.

and conclusions in Section 4.8.

4.2 Preparation of pyrene labelled liposomes

Liposomes can be classified into two categories based on the number of bilayers: (1)
unilamellar vesicles and (2) multilamellar vesicles. Unilamellar liposomes have a sin-
gle phospholipid bilayer sphere enclosing the aqueous solution, while multilamellar
liposomes have a structure of concentric phospholipid spheres separated by layers of
water [87]. Unilamellar liposomes were produced in this study due to its relatively sim-
ple structure, which benefits the mechanism investigation later in Section 4.5.3. Freeze-
thaw pressure extrusion process is a well-established and reliable protocol for produc-
ing unilamellar model membrane systems of diameter 50nm to 180nm [177]. In the
freeze-thaw cycle liposomes are frozen rapidly and thawed slowly. During this proce-
dure the lamellarity of liposomes is reduced through fusion. The liposomal bilayer is
also disrupted which is considered to be due to ice crystals formed during the freezing
process [178]. This breaks apart the closely spaced lamellae of the vesicles thereby rais-
ing the trapping efficiency by increasing the ratio of aqueous solute to lipid, as well as
to allow drug molecules to diffuse into the liposome, promoting encapsulation [179].

The repetitive extrusion after freeze-thaw through filters with a 100 nm pore size results
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in the straightforward production of homogeneously sized large unilamellar vesicles

systems [177, 180].

In this project liposomes were prepared using the above mentioned freeze-thaw pres-
sure extrusion process. The detailed preparation procedure is: the phosphocholine
phospholipids with pyrene labelled on the tail group !(B-Py-C10-HPC or PyPC; Life
Technologies Ltd, CA, USA) were reconstituted at 1 mg/ml in methanol and chloro-
form in the volume ratio 5:1. PyPC was mixed with DPPC 2 phospholipids (#850355,
Avanti Polar Lipids Inc, AL, USA) and the solvent was evaporated with oxygen-free
nitrogen gas (BOC Group plc, Manchester, UK). The dried lipids were resuspended in
PBS buffer (BR0014, Oxoid Limited, Hampshire, UK) to a final total lipid concentration
of 12.8 mM. The buffer was made with deionised water, and filtered with 0.2 um pore
tilters (EMD Millipore, MA, USA) before use. The buffered lipids underwent 5 freeze-
thaw cycles using liquid nitrogen (-196 °C) and hot water (45°C). The solution was
then extruded 10 times through track-etched membranes with 100 nm pore size (What-
man Plc, Bucks, UK) using a barrel extruder (Northern Lipids Inc, Burnaby, Canada)
at 45 °C. The aforedescribed PBS buffer was used for all subsequent dilutions. The li-
posome stock solution was sealed and stored in a refrigerator at 5 °C, and didn’t show

visible signs of oxidation (become yellow in colour).

For the lipids with pyrene labelled on the head group, 18:1 Pyrene PE 3 (PyPE; Avanti
Polar lipids Inc, AL, USA) was used and mixed with DPPC at 0.5mol%. It needs to
be mentioned that PyPE contains unsaturated bonds (dioleoyl) and is 18 carbon atoms
long, while PyPC is saturated (dipalmitoyl) and the acyl chains are 10 carbon atoms
long. The behaviour of a pyrene lipid can strongly depend on the length of the labelled
chain, which is explained as the pyrene moiety attached to a long acyl chain perturbs
less the packing of the matrix lipid [181]. In fact it has been suggested that lipids con-
taining a short pyrene labelled chain resemble unsaturated natural lipids, while those
with a long pyrene-labelled chain resemble natural lipids with saturated chains [182].

Therefore, fortunately, although the PyPC has a shorter chain than the PyPE this can

11-Hexadecanoyl-2-(1-Pyrenedecanoyl)-sn-Glycero-3-Phosphocholine
2 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
31,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(1-pyrenesulfonyl)
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perhaps compensate for the difference in saturation of the two lipids. The liposome
concentration is 3 — 13 x 10® particles/ml, tested using a Nanosight LM14 (Malvern

Instruments Ltd, Malvern, UK).

4.3 Fluorescence spectrum measurements

Different pyrene concentrations were utilised to identify a suitable concentration at
which fluorescence variation induced by US is expected to be obtained. It has been ob-
served that when the molar percentage of pyrene to phospholipid is higher than 1:120
(0.83 mol%) excimer formation occurs [183]. In this study a threshold pyrene concentra-
tion that is sufficient for excimer formation in the presence of US and that also displays
minimal excimer formation in the absence of US, to minimise the background signal
as well as the perturbation to the lipid bilayer, was sought. In this section pyrene tail
labelled lipids (PyPC) with concentrations close to 0.83 mol% were selected (0.5 mol%,
0.75mol% and 1.5 mol%) to identify a suitable concentration for the experiments of US
mediated fluorescence variation. The concentration is the molar percentage of pyrene

labelled lipid to total lipids used.

The fluorescence emission spectra of these tail labelled liposomes in the absence of
US were obtained using a spectrofluorometer (Fluoromax-4, Horiba Scientific, Kyoto,
Japan), as shown in Fig. 4.2. Samples were excited at A = 337 nm with a 2nm band-
width. The emission was observed between A = 370 nm and 600 nm with a 2nm band-

width.

The spectrum is characterised by two monomer bands that peak at A =~ 375nm and
A =~ 395nm and a broad excimer band that peaks at A =~ 470nm. It can be seen that
at higher pyrene concentration there are more excimers formed. The extent of excimer
formation is conventionally assessed by the ratio of the intensity of the excimer band
at A = 470nm (Ig) and monomer band at A = 375nm (Iy;) [166]. Therefore Iz /Iy is
calculated and shown in the inset graph of Fig. 4.2. At 0.5mol%, there is some excimer
emission, although it is very low in comparison to the monomer emission with I/ I

being 0.12. With increase of the pyrene concentration, I/ Iy increases. At 1.5mol%,
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Figure 4.2: Emission spectra of liposomes containing 0.5mol%, 0.75mol%, and
1.5mol% PyPC. The total lipid concentration for each sample is the same (1.28 mM).
The intensity ratio of excimer and monomer (Ig/Ip, A = 470nm: 375nm) for each
concentration is shown in the inset graph. CPS: counts per second.

Ig/Inm is 0.20 and there is a clear peak at the wavelength range of 450 nm - 500 nm.
Therefore the concentration of 0.5mol% can be regarded as the threshold for excimer
formation. To minimise excimer formation at equilibrium state (without application of
US), liposomes with a 0.5mol% concentration of pyrene labelled lipids were selected

as the most suitable concentration and used in all subsequent experiments.

A comparison was also made of the emission spectra from liposomes containing PyPC
and PyPE to determine the effect the position of the pyrene moiety has on the equi-
librium state of the excimer formation. To check repeatability three PyPC based lipo-
some samples and three PyPE based liposome samples were made and their spectra
are shown in Fig. 4.3. It can be seen that the spectra are similar and there are no clear
differences found for the excimer formation of PyPC based liposomes and PyPE based
liposomes. This observation can be explained considering the orientation of PyPC and
PyPE in lipid bilayer. The pyrene moiety located at the head group of PyPE can lead
to a rotation of the molecule owing to the hydrophobic characteristics of pyrene [184].
This rotation has negative effect on excimer emission, because a stacked orientation of
two pyrene rings is critical for excimer formation [185]. However, the rotation can also
generate more voids in the lipid bilayer which can facilitate quicker lateral diffusion,
causing a positive effect on excimer formation [186]. For the PyPC labelled liposomes,

pyrene is attached on the tail group which is already hydrophilic therefore no rota-
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tion is expected. The spectra shown in Fig. 4.3 suggest these two effects compensate,
therefore a similar excimer formation of PyPC labelled liposomes and PyPE labelled

liposomes were observed.

x 10

—PyPC 1
—PyPC 2
—PyPC 3|
—PyPE 1
—PyPE 2
PyPE 3

Intensity (CPS)
[y

o | /A\
400 450 500 550 600
wavelength (nm)

Figure 4.3: Emission spectra of liposomes containing 0.5 mol% PyPC or PyPE. Three
PyPC based liposome samples ('PyPC 1/, 'PyPC 2’, 'PyPC 3’) and three PyPE based
liposome samples ('PyPE 1, 'PyPE 2’, 'PyPE 3’) were made and there spectra were
measured. Total lipid concentration is the same for all the samples (1.28 mM).

The influence of lipid concentration on excimer formation was also studied. PyPC con-
taining liposomes (0.5 mol%) were diluted into solutions with different total lipid con-
centrations (unit: uM) and the spectra were measured. Ir and I were then obtained
from the spectra and Ig/Iy was calculated. To check repeatability three PyPC based
liposome samples made separately ('PyPC 1, 'PyPC 2/, 'PyPC 3’) were used for this
investigation. Fig. 4.4 shows with increase of the lipid concentration, both monomer
intensity and excimer intensity increase. The nonlinear relationship of intensity with
lipid concentration is due to the inner filter effect - the light emitted is scattered by
the particles inside the cuvette, and this effect is more intense at higher concentration
[187]. Fig. 4.4c shows that Ir/Ij is almost the same for all the lipid concentrations
studied. This result, in combination with Fig. 4.2, demonstrates that the excimer for-
mation capability is determined by the pyrene labelled lipid to total lipids ratio but not

by the total lipid concentration.
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Figure 4.4: Influence of lipid concentration on excimer formation. Ij;: monomer inten-
sity; Ir: excimer intensity. Three PyPC based liposome samples ('PyPC 1’, 'PyPC 2/,
"PyPC 3’) were used for this investigation.

4.4 Acousto-fluorescence system

44.1 Experimental setup

The acousto-fluorescence detection setup is shown in Fig. 4.5. The excitation light
source is a LED (LED341W, Thorlabs, Ely, UK) with the spectrum shown in Fig. 4.6,
measured using a spectrometer (HR4000, Ocean Optics, Dunedin, USA). The central
wavelength is at A = 337 nm, which matches the peak excitation wavelength of pyrene.
The LED driver used was the ITC8000 series module mounted on the PRO8000 8-slot
chassis (Thorlabs, Ely, UK). The LED was mounted inside the TCLDM9 (Thorlabs, Ely,
UK) laser mount, and the light was guided by an optical fiber (1 mm diameter) to the
US focal zone. An excitation filter with 337 nm central wavelength and 10 nm Bandpass
(#65-128, Edmund Optics, York, UK) was located between the laser mount and the fiber
through a C-mount tube to minimise the light at other wavelengths. A diluted solu-
tion of pyrene-labelled liposomes (1:10 in phosphate buffered saline (PBS) buffer) with
an approximate 1.28 mM lipid concentration and 3 — 13 x 107 particles/ml concentra-
tional liposomes was injected through an open ended tube (inner diameter: 400 um) by
a syringe pump at a flowing speed of 0.015 ml/min. The buffer tank was filled with the
PBS buffer that was used to make the liposomes, in order to maintain the osmotic pres-
sure in the liposomes. The end of the tube was positioned in the US focal zone with the
tip of the optical fiber placed in close proximity (less than 2 mm) to maximise delivery

of the excitation light to the sample. To prevent cross-contamination between samples,
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Figure 4.5: Schematic of the experimental setup. OSC: oscilloscope; SG: signal gen-
erator; PMT: photomultiplier tube; AD6: amplifier-discriminator; CT2: counter/timer
module; PM20D: power supply; CWL: centre wavelength.
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Figure 4.6: Measured spectrum of the LED.

the buffer tank was washed with detergent and acetone, and rinsed with deionised

water in between measurements.

A signal generator (AFG 3022, Tektronix, Beaverton, USA) and a radio frequency power
amplifier (Amplifier Research 75A250A, Souderton, USA) were employed to drive a
focused 2.25 MHz US transducer (Olympus A304-SU, Massachusetts, USA). The emis-
sion light was collected by a long working distance objective lens (Mitutoyo M Plan

Apo 20, Numerical aperture (NA) 0.42, Japan). To achieve a field of view with height

1 mm

2mm, the objective lens was adjusted to be Tan(arcsinNA)

= 2.16 mm away from its fo-
cal plane, as shown in Fig. 4.7. A high performance filter with central wavelength

475nm and 50 nm bandpass (#86-962, Edmund Optics, York, UK) and two UV block-
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ing filters (UVK-2510, UQG, Cambridge, UK) were mounted in front of the detector to
achieve a high rejection ratio of the excitation light and monomer emission. The detec-
tor was a photon counting system (ET Enterprises Ltd, Uxbridge, UK) consisting of a
PMT (9108B), AD6 (amplifier-discriminator), CT2 (counter/timer module) and PM20
(power supply). The photon counting system and the signal generator were controlled
and synchronised using Labview. The whole system was located inside a light-tight
black box in a dark room to avoid capture of room light. It should be noted that in
this chapter the fluorescence is detected at DC with the PMT operated at the photon
counting mode rather than detecting the modulated signal with PMT operated at the
analogue mode in Chapter 3. This is advantageous as it does not require detectors and
electronics to demodulate signals in the MHz range. Alternatively, full field fluores-
cence images could be obtained with a CCD camera while scanning the US focus to
enhance fluorescence at different regions of interest in the sample. Detection at DC

would also allow long CCD integration times to be employed where necessary.

6=arcsinNA
—~g__| }field of view
==emm |y height: 2 mm

tube

ens

Q

focal plane

Y

WD: 20 mm

solution

Figure 4.7: Schematic for calculation of the height of the field of view. WD: working
distance; NA: Numerical Aperture.

The sample and PBS solution were left outside of the refrigerator for around half an
hour prior the measurements to avoid change of temperature and oxygen concentra-
tion of the solution. This is because fluorescence emission from pyrene can be quenched
by oxygen [188] and the oxygen concentration in the solution is dependent on tempera-
ture. It should also be noted that although the pyrene labelled liposomes were extruded
and had the potential problem of losing pyrene lipids and lipids, it has been tested that
the percentage loss of the two were similar [189]. Therefore the PyPC (or PyPE) to

DPPC ratio should remain similar as the ratio prior to extrusion and the lipids losses
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Figure 4.8: Schematic of the photon counting system.

were not considered in this study:.

4.4.2 Calculation of the maximum counting rate

The excimer emission is very weak (~ 10° photons/s), therefore a PMT working in
photon counting mode was used as the detecting system to improve the SNR of the
system. The photon counting system is shown in Fig. 4.8. To make sure the system
was operated in its linear range, and also to avoid damage of the system by high light

exposure, it is necessary to calculate the maximum counting rate.

Photoelectrons are generated when photons (A, Fig. 4.8) are exposed on photocath-

odes of the PMT. The number of generated photoelectrons during a measuring time T

110



CHAPTER 4: CHARACTERIZATION OF PYRENE-LABELLED LIPOSOMES CONTRAST
AGENT

follows a Poisson random process. The average percentage of incident photons that
is converted to photoelectrons at wavelength A is defined as the quantum efficiency
(7(A)). The generated photoelectrons are accelerated and multiplied by the dynodes,
and collected by the anode of the PMT. The output pulses (B, Fig. 4.8) from the PMT
vary in magnitude which follows a Poisson random process because of the statistical
nature of the gain process. The mean peak pulse voltage at Bis Vg = RGe/tppr, where
R is the input impedance of the discriminator AD®, e is the electron charge, G and tppir
are gain and the anode pulse width of the PMT respectively. Using the parameters of
the photon counting system shown in Table 4.1, Vp is calculated as 35mV. The AD6
amplifier-discriminator outputs a TTL pulse (C, Fig. 4.8) for each photomultiplier input
pulse that exceeds a threshold level of —2mV. The output TTL pulses are counted by
the counter CT2 connected to a PC.

Table 4.1: Parameters of the photon counting system (PMT: 9108B).

Symbol Meaning Value
R input impedance of AD6 50 )
G PMT gain 2.2 x 107
tpmT anode pulse width of the PMT 5ns
7(A) quantum efficiency 25% (A = 475 nm)
Liax maximum anode current limitation 100 pA
T count rate correction factor 24 x10°8

Limitation from the maximum anode current:

Radiant sensitivity E(A) (mA/W) at the photocathode of the PMT can be calculated
as [190]:
E(A) = M) (441)

where A is the central wavelength of the excimer emission, and #(A) is the quantum
efficiency of the PMT. Radiant sensitivity at the anode is then calculated as E(A)G =
1.94 x 10° A/W. The anode current should not exceed Iy, therefore the light exposed
to the PMT should not exceed Pyax = Lyax/[E(A)Gr(A)hf] = 4.96 x 108 photons/s.

Limitation from the maximum counting rate:

The maximum counting rate of the photon counting system depends on pulse-pair res-

olution, which is the minimum time interval at which each pulse can be separated [190].
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The reciprocal of this pulse pair resolution is the maximum count rate. The pulse pair
resolutions of CT2 and AD6 are 8.3ns and 20ns respectively. So the pulse pair res-
olution of the system is 20ns. The maximum counting rate is thus 1/(20ns) = 5 x
107 counts/s. Considering the possibility of pulse overlap, the actual maximum count-
ing rate is around one-tenth of the calculated above. However the maximum counting

rate can be expanded using the counting rate correction formula which is [190]:
N=n/(1-nT) (4.4.2)

where 7 is the measured counting rate, T is the count rate correction factor, and N is
the true counting rate. Therefore, the maximum counting rate can still be regarded
as 5 x 107 counts/s. The corresponding light level at A = 475nm is 5 x 10”7 /5(A) =
2 x 108 photons/s.

Comparing this value with the light intensity limited by the maximum anode current
of the PMT, the overall light level that can be exposed on the photon counting system is
limited by the counting rate of AD6. The maximum light level and maximum counting
rate of the photon counting system are 2 x 108 photons/s and 5 x 107 counts/s respec-
tively. If the light exposed to the PMT is between 2 x 10® photons/s and 4.96 x 10® pho-
tons/s, the reading of the photon counting system is nonlinear. If the light exposed to

the PMT goes beyond 4.96 x 10® photons/s, the PMT might be damaged permanently.

4.4.3 Calculation of the concentration distribution

The liposomes in the PBS solution experience four forces - buoyancy, gravity, viscous
force induced by the solution, and driving force caused by the incoming sample via
flow. Since the density of the liposome and PBS solution are the same, the buoyancy
and gravity are balanced and can be ignored. The liposome solution injected by the
syringe pump has an initial flowing speed vy of % = 0.20cm/s and thus has

an initial momentum, where r; = 200 um is the radius of the tube used to inject the

solution.

Momentum relaxation time T,
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If only considering viscous force f7(t), with f = 67tyrg being friction factor and (t)

being the particle instantaneous velocity at time ¢, by integrating Newton’s second law:

=

ap =
i fo(t) (4.4.3)

with 7 being momentum, the instantaneous velocity 7(t) can be expressed as:

d(t) = voexp(—t/ Tnr) (4.4.4)

2079% . . . . . .
where T, = m/f = g—g’ is defined as momentum relaxation time and it describes the

time over which the particle loses all its momentum [191].

The distance travelled by the particle during the time t is:

I(f) = /0 "o (E)dt = 0y [1 — exp(—t/Tur)] (4.4.5)

Table 4.2: Particle parameters.

Symbol Meaning Value
7o particle (liposome) radius 50nm
0 particle density 1g/cm3
1 water viscosity 10> Pa sec
T temperature 298K

The parameters of the particle (liposome) are shown in Table 4.2. The calculated val-
ues of the momentum relaxation time and the corresponding distance travelled by the
particle during the momentum relaxation time are 7, = 6.24 X 107 s and I(Tyy) =
7.89 x 1012 m respectively. It can be seen that the momentum relaxation time and the
corresponding distance travelled are extremely short. Therefore this mechanism can be

reasonably ignored and the initial flowing speed can be regarded as zero.
Concentration distribution

The diffusion of the particles in the area of interest can be calculated by Fick’s second

law:
de(x,t) d?c(x,t)

S =D~ (4.4.6)
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Before the diffusion, there are no liposomes distributed in the area of interest. Follow-
ing injection the concentration at the position where the liposome solution is injected
is the same as the liposome solution. Therefore the following boundary condition is
employed:

§
fort =0, c=0at0 < x < 400

fort >0, c=Cpatx=0 (44.7)

c=0atx =0

where c(x, t) is the concentration distribution at time ¢ and a distance x from the po-
sition where the solution is injected from the open end tube. Cy = 10® particles/ml,
D is the diffusion coefficient and it is a function of the temperature T and friction
factor f such that D = kT/f = 4.9075 x 10~'2m?/s, where k is Boltzmann’s con-
stant. The solution of Eq. 4.4.6 and Eq. 4.4.7 is c(x,t) = Co(1 — erf(x/(2v/Dt))), where

erf(z) = ﬁ I ¢~&dZ. The calculated concentration distribution is shown in Fig. 4.9
and Fig. 4.10.
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Figure 4.9: Concentration distribution along distance at different time points.

Fig. 4.9 and Fig. 4.10 show that if only considering particle diffusion, the time required
for liposomes to reach ¥ = 1 mm is at the time scale of 10* s (purple line in Fig. 4.9 and
dark green line in Fig. 4.10). The time taken for the concentration gradient to become
constant is at the time scale of 10° s (yellow line in Fig. 4.9). The time taken for the
concentration at r = 1mm to be constant is at the time scale of 10% s (orange line in
Fig. 4.9). These time scales are much larger than the experimental measuring time

period which is less than 100 s, therefore diffusion induced by a concentration gradient
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Figure 4.10: Concentration distribution with time at different positions.

is not the dominant reason for the liposome movement in the US focal zone.

Actually considering the area of interest as a cylinder with the diameter determined
by the optical field of capture (2 mm) and the height determined by the US focal zone
(2.1mm), with a flowing speed 0.015ml/min, the time taken to fill in the area of in-
terest is around 26s (without considering the diffusion). This is much closer to the
measured time for the detected intensity to become constant (~ 60s). Therefore the
liposome movement in the US focal zone should be: as some new solution enters, to
keep the overall volume the same (incompressible solution), some solution is ejected.
When all the field of interest has been filled, the liposome concentration at this region
is the same as the solution injected, so the ejected solution has the same contribution
to the measured light level as the injected solution. This is the time when the detected
intensity becomes constant. The measured time of 60s is longer than the calculated
value of 26 s since some of the newly injected solution will also be ejected during this

procedure.

4.5 Acousto-fluorescence measurements

In this section the US mediated fluorescence variation is investigated by performing
the acousto-fluorescence measurements. PyPC based liposomes and PyPE based lipo-
somes were exposed to both long and short duration CW US and the fluorescence was

monitored. Possible mechanisms are discussed.
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Figure 4.11: Schematic of the setup at the area of interest, which is regarded as a cylin-
der with the bottom (2mm diameter) decided by the optical field of capture and the
height (2.1 mm) decided by the US focal zone.

4.5.1 Movement of lipids in labelled liposomes

The movement of lipids (e.g. DPPC, PyPC, PyPE) in labelled liposomes includes lipid

lateral diffusion [192], flapping of the acyl chains, and transbilayer movement [172].

Lateral diffusion (also known as lateral translocation) refers to the lateral movement
of lipids in the membrane. Membrane lipids are generally free to move laterally if
they are not restricted by certain interactions. Lateral diffusion is a fairly quick and
spontaneous process with a diffusion rate around 2 mm/s. Without influence of US,
excimer formation is believed to be diffusion controlled and Ir /I is proportional to
the diffusion rate [193]. The lateral mobility of a molecule was proved to be directly
related to the frequency with which a vacancy of sufficient size (free volume) is created
in its neighborhood [186]. It can be expected that if US can perturb the liposomes and
produce more free volume in the lipid bilayers, the lateral diffusion rate can be changed

which can lead to a change of the excimer fluorescence.

The host lipid used to produce the liposomes in this study is DPPC which has 16 car-
bon atoms in both of the two fatty acyl chains. Relating this number of carbon atoms
with [194], the liposome should be between phase Lg and Pg, meaning that the lipid
bilayer is in gel state but there is a certain extent of mobility of the phosphate head
group and a considerable reduction in the tilt of the acyl chains to the bilayer normal.
In other words there is lateral movement of the DPPC and also flapping movement of

the acyl chains (also know as tail wagging). It should be mentioned that the influence
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of PyPC on the phase state of the lipid bilayer is ignored in this study due to the very
low molar fraction of PyPC (0.5 mol%). This assumption is quite reasonable comparing
the data shown in [195], in which 2.4 mol% pyrene phospholipid induces a decrease of

the phase transition temperature of DPPC liposomes from 41.4 °C to 40.7 °C only.

Transbilayer moment (also known as translocation or flip-flop) involves the movement
of a lipid from one half of the bilayer to the other half of the bilayer. The rate of trans-
bilayer movement is believed to be very slow, with half-times in the order of days
in the absence of protein-mediated processes [196]. The reason is the thermodynami-
cally unfavourable transfer of the hydrophilic head-group of a lipid molecule through
the hydrophobic core of the lipid bilayer [197]. However, the transbilayer movement
speed can be increased using some membrane active pepitides such as melittin and
magainin 2 amide [172]. Also transbilayer movement is dependent on the tempera-
ture. A dramatic increase of transbilayer movement was observed at the phase tran-
sition temperature of the lipid, of the order of several minutes [196, 197]. The reason
for the increased transbilayer movement is assumed to be perturbations of the bilayer
structure by the peptides or the molecular packing defects at the phase transition. The
perturbations or membrane defects induced by US might lead to a similar increased

transbilayer movement.

4.5.2 Comparison of tail labelled liposome with head labelled liposome

In this section the excimer emissions from tail labelled liposomes (PyPC based lipo-
somes) and head labelled liposomes (PyPE based liposomes) when exposed to long

duration CW US were detected and compared.

The excimer emission intensity was detected using the setup shown in Fig. 4.5 and
described in Section 4.4. The photon counting system recorded the excimer emission
intensity (unit: CPS) during the measuring period of 18s with a sampling period of
10ms. The signal generator was turned on at 4s by Labview for 14s. The US pres-
sure is over a range of 360 kPa to 1.45 MPa, measured using a needle hydrophone with
0.2mm active diameter. This pressure is relevant to the typical values used in clinical

diagnostic and therapeutic applications (0.3 MPa - 10 MPa [198]). The detected excimer
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emission intensity was normalized according to the excimer emission intensity prior to
US sonication. 50 consecutive data points corresponding to 500 ms measurement time

were averaged and the mean and standard deviation were plotted.

Fig. 4.12 displays the normalised excimer emission intensity for both PyPC and PyPE
containing liposomes. It can be seen that US exposure causes an increase in excimer
emission intensity for all cases studied with the rate and increased intensity of emis-
sion being different for the PyPC and PyPE systems. Of note is the higher rate and
maximum intensity of excimer emission intensity from PyPC containing liposomes at
lower US pressures (360 kPa, 380 kPa, and 450 kPa) as compared to PyPE systems. This
behavior changed at higher US pressures (530 kPa, 640kPa, and 1.45MPa) with the
PyPE systems displaying the highest rate of excimer emission. Fig. 4.12 also shows af-
ter prolonged sonication of samples, the excimer emission decreased to the background
level. This effect is more prevalent at higher US pressures and PyPE systems and may
be due to the rupture of liposomes caused by the cavitation of pre-existing bubbles in

the surrounding media or in the lipid bilayer. This is verified later in Section 4.6.

To quantify the differences in the temporal and pressure dependent variation of ex-
cimer emission intensity for the PyPC and PyPE based liposomes observed in Fig. 4.12,
the On-to-Off ratio of the fluorescence intensity (in %) and rise rate (in s~!) were cal-
culated at each pressure studied, results shown in Fig. 4.13. Here the On-to-Off ratio is
calculated by dividing the increased fluorescence intensity with US on to the intensity
prior to sonication, shown in Fig. 4.13a. The rise rate is calculated from dividing the
On-to-Off ratio by the sonication time interval for the emission to reach a maximum,

shown in Fig. 4.13b.

Over the pressure range studied the On-to-Off ratio of the PyPE based system was rela-
tively invariant ranging from approximately 20 % to 40 %. The PyPC system, however,
showed a significant dependence on pressure with a variation from approximately 20 %
to 130 % with larger On-to-Off ratio occurring at the lower end of the pressure range
studied (360 kPa, 380 kPa, and 450 kPa) as noted in Fig. 4.13a. Although On-to-Off ratio
for the PyPE system is relatively invariant with pressure, the rise rate displays strong

pressure dependence. With reference to Fig. 4.13b the rise rate was found to notably
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Figure 4.13: Comparison of PyPC and PyPE based liposomes. (a) On-to-Off ratio
against US pressure; (b) rise rate against US pressure.

vary with pressure only for the PyPE containing liposomes. It is relatively invariant for

PyPC containing liposomes ranging from approximately 0.05s~! to 0.15s 1.

4.5.3 Possible mechanisms for the US mediated fluorescence variation

The significant differences shown in Fig. 4.12 and Fig. 4.13 between the US mediated
excimer emission from pyrene tail and head labelled systems can be understood by
considering the possible mechanisms. US at mega pascal pressure and megahertz fre-
quency has long been found to induce noninertial cavitation [199]. The noninertial
cativation refers to a class of cavitation in which a violent collapse does not occur [67].
During the noninertial cativation process the gas bubbles pre-existing in the fluid con-
tract and expand due to the compression and rarefaction of US. In the current work
the CW US may lead to occurrence of noninertial cavitation, which may generate small
cavities and create free volume in the lipid bilayer. The increased free volume can fa-
cilitate quicker lateral diffusion of the pyrene labelled lipids [200] and thus increase the
collision rate of the pyrene moieties and the excimer emission intensity for both PyPC

and PyPE based liposomes.

Furthermore, for the PyPC based liposomes, the mechanism of the observed variation
of the excimer emission intensity induced by US might also relate to the wagging of

the acyl chains. In Section 4.5 it was mentioned that the lipids are in Lg and Pg phase
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therefore the acyl chains are tilting with each other. The tilting of the acyl chains could
hamper juxtaposition of the pyrene moieties [195], which is critical for excimer forma-
tion. US might make acyl chains less tilted and the wagging motion stronger, which
increases the possibility that two neighboring pyrene aromatic rings are brought to a
planar arrangement to form excimer. Crucially, this mechanism of excimer emission is
absent in the PyPE based liposomes because the pyrene moiety is attached on the head
group of the phospholipid. The mechanism by which US affects the acyl chains is not
clear. One possible explanation might relate to the embedded bubbles that nucleated

in the bilayer during the US exposure process [201].

As indicated in Fig. 4.13 at lower US pressure (360 kPa, 380 kPa, 450 kPa) both the On-
to-Off ratio and the rise rate are lower for PyPE based liposomes compared with PyPC
based liposomes. At higher US pressure (530 kPa, 640kPa, 1.45MPa) PyPE based li-
posomes have similar On-to-Off ratio as PyPC based liposomes, but the rise rate of
PyPE based liposomes is significantly higher. Based on the above discussions this ob-
servation might be explained as: for PyPC based liposomes both (1) the US increased
wagging motion and (2) the US increased lateral diffusion contribute to the increased
intensity, while for PyPE based liposomes only the US increased lateral diffusion is
present. Since the wagging motion of a lipid is generally considered at a faster time
scale compared with lateral diffusion [202, 203], PyPC based liposomes have low acti-
vation energy (refers to the minimum energy required for excimer formation) and in-
volve fast kinetic process (refers to the excimer formation process). Therefore at lower
US pressure the first mechanism dominates while at higher US pressure the second
mechanism dominates. It should be noted that since excimer formation is extremely
sensitive to proximity (angstrom level) and orientation of the pyrene moieties, a slight
change of the lateral diffusivity of the pyrene labelled lipids or wagging motion of the
pyrene attached acyl chains (for PyPC system) can cause variation of the excimer emis-

sion intensity.

In addition to the lateral diffusion, transbilayer movement might be another mech-
anism for PyPE based liposomes at higher US pressure. The hydrophobic nature of

pyrene [184] promotes lipid transbilayer movement in which lipids “flip” between the
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two bilayer leaflets. In the equilibrium state this effect averages out as the lipids in
both leaflets are equally likely to flip, however, the application of US may cause non-
uniform transbilayer movement in addition to lateral diffusion. In comparison, the
pyrene moiety of PyPC lipids is already in a hydrophobic environment and thus there

is no intrinsic tendency for transbilayer movement.

In conclusion, the results in Fig. 4.12 and Fig. 4.13 imply that US might lead to three
variations: (1) wagging motion of the acyl chains; (2) lateral diffusion of pyrene la-
belled lipids; (3) transbilayer movement of pyrene labelled lipids. The main mecha-
nism at low pressure is the increased wagging motion of the acyl chains (PyPC based
liposomes only) owing to the relatively low activation energy of this degree of freedom.
At high pressure lateral diffusion is dominant for both the PyPC and the PyPE based
liposomes. Owing to the hydrophobic nature of the pyrene, PyPE based liposomes
might also undergo transbilayer movement. The comparison of PyPC containing lipo-
somes and PyPE containing liposomes and the proposed mechanisms for the observed
US mediated fluorescence variation are summarised in Table 4.3.

Table 4.3: Comparison of PyPC containing liposomes and PyPE containing lipo-
somes.

PyPC containing PyPE containing
liposomes liposomes
Location of pyrene moiety acyl chain head
Equilibrium state homogen&;ous disordered distribution
distribution
US mediated mechanisms flapping of écyl Fhams lat?ral diffusion
lateral diffusion transbilayer movement

4.54 Short exposure measurements

The results in the previous section demonstrate the increased excimer fluorescence
signal from pyrene labelled nanoscale liposomes following long duration CW US. To
minimize the cavitation based liposome rupture induced by long duration US at high
pressures as described above, the response of pyrene labelled liposomes to US with
short duration (quasi CW exposure mode) was studied. Here the excimer emission

intensity from both PyPC and PyPE systems was studied at three different combina-
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tions of pressure and exposure times (430 kPa, 3s; 570kPa, 0.8s; 850kPa, 0.3s). These
were representative of pressures that elicited large increased fluorescence with appro-
priate exposure times to minimise the occurrence of cavitation based liposome rup-
ture. Results are shown in Fig. 4.14 with the fits to the data based on a combination of
exponential rise functions (y = Ajexp(—t/t,) + y1) and exponential decay functions
(y = Azexp(—t/ty) +y2). ), where y and t are the normalized intensity and time re-
spectively, A1, Ay, t;, tg, y1, and y, are fitting parameters. Specifically t, and ¢; are
exponential rise and decay time constants. Table. 4.4 summarises the exposure regime,

t;, t; and On-to-Off ratio.

Table 4.4: Data obtained from PyPC and PyPE containing liposomes using short dura-
tion US.

Liposome | Pressure | Exposure () £ () On-to-Off
system (kPa) time () d d ratio (%)
PyPC 430 3.0 2.20 291 50
PyPE 430 3.0 4.07 211 39
PyPC 570 0.8 0.88 2.38 26
PyPE 570 0.8 0.96 2.61 24
PyPC 850 0.3 0.33 2.36 15
PyPE 850 0.3 0.80 2.53 20

Fig. 4.14 shows a clear increase in excimer emission intensity when US is turned on
for all systems and at all US pressure and exposure times studied. It can be seen that
the On-to-Off ratio, t,, and t; are all dependent on the applied US pressure and the
exposure time. Here the pressure dependence and emission rise time constants are at-
tributed to the activation energy and kinetics of mechanisms related to increased colli-
sion rate of pyrene labelled lipids, which are possibly due to increased lateral diffusion
and ‘'wagging’ of the pyrene attached acyl chains (PyPC based liposomes only). The
decay time constant can be linked to the relaxation times intrinsic to the mechanisms
underlying excimer emission. The rise time constant is lower for the PyPC system com-
pared to the PyPE system for all exposure regimes studied suggesting the kinetics here
are dominated by the increased collision of pyrene moieties via the fast ‘'wagging’ mo-
tions of the fatty acyl tails. In contrast the decay time constant is relatively invariant for
the different liposome systems and the different US exposure regimes. Here excimer

decay will be dominated by the characteristic times for the lipid distribution to return
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Figure 4.14: Intensity change induced by short duration US for (a) PyPC containing
liposomes at 430 kPa for 3 s; (b) PyPE containing liposomes at 430 kPa for 3's; (c) PyPC
containing liposomes at 570 kPa for 0.8 s; (d) PyPE containing liposomes at 570 kPa for
0.8s; (e)PyPC containing liposomes at 850 kPa for 0.3 s; (f) PyPE containing liposomes
at 850kPa for 0.3s. The data were recorded with sampling period of 10ms. Three
repeating experiments were performed with the sample replenished in between and
the averaged values were calculated. Mean and standard deviation of 50 consecutive
values (corresponding to 500 ms measurement time) are shown.
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to its equilibrium state rather than the effects of increased collision.

It should be noted that the On-to-Off ratio as well as the rise rate of excimer emission
depends both on the US pressure and exposure time. Although it is difficult to decou-
ple the effects of pressure and exposure time on the On-to-Off ratio, the results indicate
that greater fluorescence variation can be obtained with a combination of lower US
pressure with longer exposure time. Thus the selection of a suitable US pressure needs
to balance the achievable On-to-Off ratio with the rise time constant. The selection of
US duration needs to balance the requirement for exposure times that are sufficiently
long to elicit large fluorescence enhancement with the desire to avoid loss of liposomes

due to rupture.

4.6 Cavitation effects at high pressure

Fig. 4.12 shows that prolonged sonication of samples leads to a reduction in excimer
emission to the background level. This effect is more prevalent at higher US pressures
and for PyPE based liposomes. The reduction in excimer emission may be due to the
rupture of liposomes caused by the cavitation of bubbles in the surrounding media or
in the bilayer itself. To investigate this further size analysis of the liposomes before and

after exposure to US was carried out in this section.

The geometry to collect insonified liposomes is shown in Fig. 4.15. A cellulose tube
(#132294, Spectrum Laboratories, Rancho Dominques, USA) which has an inner di-
ameter of 200 pm and outer diameter of 216 ym was connected to a 1 mm outer di-
ameter tube by a tube adapter (F-183, MicroTight, Kinesis, Cambridgeshire, UK). The
cellulose tube was located inside the US focal zone, which was monitored by a nee-
dle hydrophone with 0.2 mm active diameter. The tail labelled liposomes solution was
injected into the cellulose tube by a syringe pump. During the collection procedure
US was maintained at 850 kPa. The size of the collected insonified sample was then

measured by the Nanosight LM14.

The measured results showed a reduction of the liposome mean size (74 nm compared

to 128 nm) and an increase in the mean liposome concentration (1.00 x 10° particles/ml
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Figure 4.15: Geometry to collect insonified liposome.

compared to 2.70 x 10% particles/ml) after sonication providing support for the cavi-
tation hypothesis. The values were calculated by averaging six different regions of

interest of the Nanosight microscope. The size distribution of one region is shown in

Fig. 4.16.
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Figure 4.16: Size distribution of PyPC labelled liposome before and after 850 kPa US
exposure. Tested using Nanosight LM14.

During the cavitation process, larger liposomes were shattered into smaller discoid
sections called bilayer phospholipid fragments which fold up into thermodynamically
stable smaller liposomes [204]. Several mechanisms might coexist to lead to the cav-
itation. The first mechanism is the unstable cavitation (inertial cavitation). In detail,
gas-filled microscopic bubbles already in the solution are expanded and contracted by
the US field. Bubbles whose size is near the resonant size of the applied US oscillate

nonlinearly and eventually collapse, which results in violent implosion that produces a
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shockwave that can cause damage of the liposome bilayer. Further, the bubbles whose
size is far from the US frequency would oscillate continuously without implosion and
undergoes stable cavitation. Such stable cavitation can also have large effects on the
liposome. The stable oscillation of gas bubbles can induce acoustic microstreaming,
which is the collection of convective flow patterns developed near the surface of an
oscillating bubble. It is proposed that such acoustic microstreaming can cause high
shear elongation forces on the liposome, create unstable cylinders and then break them
into smaller liposomes [204]. Another cavitation process involves the nucleation of mi-
croscale gas bubbles in the hydrophobic region of lipid bilayers. These bubbles grow,
and their interaction with the US field can also cause bilayer disruption. Unstable cav-
itation is not thought to commonly occur at therapeutic levels of US [199]. The stable
cavitation and bubble nucleation in the lipid bilayer are thus more likely to be the mech-
anisms for the liposome rupture observed in this section. Note that Fig. 4.12 shows
excimer emission from PyPE containing liposomes decreases earlier than PyPC con-
taining liposomes. This suggests that PyPE containing liposomes are less stable than
PyPC containing liposomes. This might be due to the more severe disturbance of the
pyrene on the lipid bilayer for PyPE compared with PyPC and the more disordered

distribution that PyPE containing liposomes possessed of [205].

4.7 Influence of temperature on excimer formation

Temperature was claimed to have influence on the excimer formation rate [206-208].
There is an intermediate temperature at which there is a maximum rate of the ex-
cimer to monomer, since temperature can influence the viscosity of lipid bilayer and
the dissociation rate of excimer [207]. In this section the influence of temperature on
PyPC containing liposomes and PyPE containing liposomes at 0.5mol% were stud-
ied by detecting the excimer and monomer emission at various temperatures using a
spectrofluorometer (Fluoromax-4, Horiba Scientific, Kyoto, Japan). Ice was put inside
the immersion thermostats bath (TC120, Grant Instruments, Shepreth, UK) which is

equipped with the spectrofluorometer to reduce the temperature to 15 °C. The increase
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of the temperature was controlled by the thermostats bath directly.
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Figure 4.17: Influence of temperature on excimer formation. The excimer intensity is
normalized according to the starting temperature of 15°C. (a) Normalized excimer
intensity; (b) Normalized monomer intensity; (c) Normalized ratio of excimer and
monomer.

Fig. 4.17 shows that for tail labelled liposomes, from 15 °C to 27 °C the excimer intensity
increased slowly, and from 27 °C to 35 °C the intensity decreased slowly. After 35 °C the
excimer intensity decreased quicker and undergoes a sudden drop above around 40 °C.
This excimer intensity change is in accordance with the phase state of liposomes. At
lower temperature range, the excimer formation increases with the increase of the vis-
cosity of the lipid bilayer. At high temperature, especially above the gel to liquid phase
transition temperature of DPPC (41 °C), however, the excimer emission is suppressed

by the high dissociation rate of the excimer [207]. The relationship of excimer intensity
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with temperature for tail labelled liposomes was observed to be different from head
labelled liposomes. For the latter, the excimer intensity keeps decreasing with increase
of temperature. The intensity decrease becomes more significant above 40 °C. The 1°C
difference with the phase transition temperature of DPPC is due to the 2.5 °C temper-
ature step which was chosen considering the temperature accuracy of the thermostats

bath and experimental time.

For tail labelled liposomes, there is only a maximum 10% change of excimer intensity in
20 °C change of a wide room temperature range from 15 °C to 35 °C, while the US trans-
ducer heating was measured to be around only 1 °C in an hour (shown in Fig. 4.18a). So
the tail labelled liposomes can be regarded as temperature stable from 15 °C to 35 °C.
For head labelled liposomes, the maximum change is 39% from 15 °C to 35°C. How-
ever, for the 1°C change which might be induced by the US transducer, there is only
1.95% change of the excimer intensity. This is much lower than the fluorescence varia-
tion that was measured in Section 4.5. So head labelled liposomes can also be regarded

as temperature stable during the acousto-fluorescence measurements.
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Figure 4.18: Change of buffer temperature with time at the focal zone induced by US.
(a) Turn on US continuously for 3600's; (b) Turn off US. The temperature was monitored
using a datalogger (Pico TC-08, Pico Technology, St Neots, UK) located at the US focal
zone and immersed in PBS buffer. There were no liposomes injected during the tem-
perature measurement as the liposomes are not considered to affect the temperature
due to its liquid core.
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4.8 Discussion and conclusions

In conclusion, a new approach to enhancement of US mediated fluorescent signals
based on the use of nanoscale excimer labelled liposomes has been proposed and demon-
strated the first time and the possible mechanisms are analysed. An increase in excimer
emission intensity following exposure to US was observed for all cases studied with the
On-to-Off ratio of excimer intensity and rise rate being different for the PyPC and PyPE
systems, and dependent on the applied US pressure and exposure time. The greatest
On-to-Off ratio (130 %) and fastest rise time constant (0.33 s) are achieved through the
use of the PyPC system. The possible mechanisms are related to the US induced inertial
cavitation causing variation of the collision rate of pyrene molecules. In the PyPC sys-
tem the main factor underlying the observed excimer fluorescence variation is consid-
ered to arise from the wagging of acyl chains which requires low energy and involves
fast kinetic process. This is accompanied with lipid lateral diffusion, mechanisms also

active in the PyPE system.

The use of PyPC and PyPE to prepare liposome make the depth and orientation of the
fluorophore well defined. This makes it possible to study the influence of wagging
of the acyl chains on the increased excimer intensity. It should be noted that this ap-
proach avoids high background fluorescence signals associated with imperfect quench-
ing, characteristic of techniques based on fluorescent SQ and FRET. Further the use of
excimer emissions avoids any background signal caused by direct transmission of the
excitation signal due to the large red-shift of the excimer emission with no overlap with
the monomer absorption band. This peak separation also avoids SQ of the excimer

even at high particle and labelling concentrations [209].

A clinically valuable application of this contrast agent is the optical detection of tis-
sue microenvironment such as oxygen concentration, pH, ion concentration and other
properties which can indicate diseases. Since pyrene and its derivatives have a long ex-
cited state lifetime and are efficiently quenched by oxygen [210, 211], pyrene-labelled
liposomes as an optical oxygen sensor to monitor tissue oxygen concentrations is a

promising application. The linear regression curve obtained for emission intensity ra-
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tio of excimer and monomer intensity with Cu®>" concentration [212] also suggests the
possibility of using pyrene-labelled liposomes as a fluorosensor for detecting Cu*" ions
in living cells. Furthermore, there are other oxygen sensitive dyes (e.g. Ru(phen), [213],
Ir(C,),acac, PATPTBP [214]) or pH sensitive dyes (e.g. fluorescein, BCECF [215], 5,6-
CF [216]) that may be encapsulated inside the liposome bilayer, and tuned for US sen-

sitivity for use as contrast agents for high-resolution imaging of oxygen or pH.

Finally, it needs to be mentioned that applications of pyrene labelled liposomes are
limited to superficial surface due to the short wavelength of the excitation light and
pyrene excimer emission. For imaging at deeper tissue, excimers operating at longer
wavelength need to be used. BODIPY-FL has been found to have excimer formation
characteristics (excitation maximum around A = 500 nm, excimer emission maximum
around A = 620nm [176, 217]). It has demonstrated several applications such as to
study membrane traffic in living cells [218]. In addition, there are long-wavelength
(650nm - 900 nm) BODIPY fluorophores are being synthesized [19]. The use of such
wavelengths can extend the applicability of the presented contrast agent to the investi-

gation of deep tissue fluorescent imaging.
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US mediated near infrared
fluorescence imaging in scattering
phantom using FRET based

nanoscale liposomes

5.1 Introduction

In Chapter 4 pyrene is used to help investigate the possibility of using excimer la-
belled liposomes as contrast agents for USMFT. However, the approach using pyrene
as the excimer has some disadvantages in particular the excitation and emission wave-
lengths are too short for deep tissue imaging. Although there are a few new fluo-
rophores that are able to form excimers at longer excitation and emission wavelengths
such as BODIPY-FL (excitation maximum: A =~ 500 nm, excimer emission maximum:
A =~ 620nm) [176, 217] from the BODIPY family, perylene-3,4:9,10-bis(dicarboximide)
(PDI) and its derivatives (excitation maximum: A =~ 490 nm, excimer emission max-
imum: A =~ 742nm) [219], their availabilities are relatively limited. In this chapter
another candidate contrast agent, i.e., the donor-acceptor labelled lipsomes, is investi-

gated based on the FRET mechanism.
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FRET (Fluorescence Resonance Energy Transfer) is a distance dependent transfer of
energy from an excited donor fluorophore to a suitable acceptor fluorophore in a non-
radiative way through long-range dipole-dipole interactions [137]. Different from ra-
diative energy transfer, FRET occurs without the appearance of a photon. The the-
ory supporting FRET is based on the concept of treating an excited fluorophore as an
oscillating dipole that can undergo an energy exchange with a second dipole having
a similar resonance frequency [220]. The donor fluorophore undergoes deexcitation
from its excited electronic state by transferring energy to the acceptor [221]. There are
a few criteria that must be satisfied in order for FRET to occur [222]. These are: (i)
the emission spectrum of one fluorophore (donor) molecule must significantly over-
lap with the absorption spectrum of another fluorophore (acceptor), (ii) the donor and
acceptor must be in close proximity to each other (typically 1 to 10 nanometer), (iii)
the transition dipole moments of the donor and acceptor must not be perpendicular
- otherwise the transfer efficiency is zero, irrespective of the donor-acceptor distance
or the spectral overlap [31]. In fact the transition dipole orientation of the donor and
acceptor must be approximately parallel to each other so that the acceptor dipole can
be induced by the donor, (iv) the fluorescence lifetime of the donor molecule must be
of sufficient duration to allow FRET to occur, (v) the donor should have a high quan-
tum yield. Since FRET is highly sensitive to distance, it is one of the few tools available
for measuring nanometer scale distances well below the optical resolution limit both in
vitro and in vivo [223]. Application areas include structural analysis of macromolecules
such as DNA [224, 225], proteins [226]), optical imaging of pH [227], proteases [227],
hypoxia [228] in tumor microenvironment, fluorescence based chemical sensors and
biosensors [222], monitoring of cellular events, molecular level interactions and drug

release [229].

Considerable effort is focused on the search for new energy donor/acceptor pairs. Tra-
ditional FRET organic dyes (e.g. fluorescein, rhodamine, Cy3, and Cy5), as well as
newer nanomaterials, such as semiconductor-based QDs, rare-earth doped nanocrys-
tals and gold nanoparticles (AuNPs) [229], and genetically encoded dyes such as green

fluorescent protein [230], can be used as FRET donors or acceptors. Therefore extend-
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ing fluorophores from excimer to FRET pairs could expand greatly the choice of fluo-
rophores to label the carrier of the contrast agent, since there are fewer fluorophores
which have been found to have excimer formation characteristics than fluorophores
which can form FRET pairs. Furthermore, similar to excimers, there is a large gap be-
tween the excitation maxima of the donor and the emission maxima of the acceptor for
FRET. Therefore background induced by break-through of the excitation light and also
autofluorescence can be greatly reduced. This is an advantage over techniques based

on fluorescence self-quenching.

The carbocyanine dyes DilC18(5) 1(DiD; Life Technologies Ltd, CA, USA) and DilC18(7) 2
(DiR; Life Technologies Ltd, CA, USA) have been used for FRET imaging to investigate
in vivo drug release kinetics [231]. DiD (donor) and DiR (acceptor) were individually
encapsulated into poly(ethyleneoxide)-b-polystyrene nanoparticles and the nanoparti-
cles were coincubated with cancer cells. Increased FRET signals were observed sug-
gesting release of DiD and DiR to cell membranes [231]. Compared with excimers such
as pyrene, the spectral regions of DiD and DiR are largely red shifted to close or within
the NIR window, with the excitation maximum of DiD and DiR at A =~ 648 nm and
A =~ 750nm respectively, emission maximum of DiD and DiR at A =~ 670nm and
A =~ 780nm respectively, as shown in Fig. 5.1. As discussed in Chapter 1, light wave-
lengths located in the NIR window are very beneficial for deep tissue imaging due to
reduced absorption, scattering, and tissue autofluorescence. Another point needs to
be mentioned is that DiD or DiR has been used largely to track cells in live mice [232]
and has not been reported to cause serious cytotoxicity at concentrations that provide

strong, uniform staining [233].

In this chapter DiD and DiR are chosen as the FRET pair for a liposome contrast agent.
DiD and DiR dyes are composed of two long hydrocarbon chains and a charged fluo-
rophore head group, structure shown in Fig. 5.2. The two chains of DiD or DiR insert
into lipid bilayers, while the fluorophore head is located at the bilayer surface and
parallel to each other, as indicated by Fig 13.2.1 in literature [235]. This satisfies the

orientation requirement of FRET. Once the chains are inserted into the bilayer, the dyes

1 1,1’-Dioctadecyl-3,3,3’,3"-Tetramethylindodicarbocyanine, 4-Chlorobenzenesulfonate Salt
2 1,1’-Dioctadecyl-3,3,3’,3’-Tetramethylindotricarbocyanine Iodide
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Figure 5.1: Fluorescence spectra of DiD and DiR. Excitation: dashed lines; Emission:
straight lines (From "Fluorescence SpectroViewer’ of Life Technologies [234]).
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Figure 5.2: Molecule structures of (a) DiD and (b) DiR.
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are rapidly and homogeneously distributed throughout the whole bilayer surface via
lateral diffusion [231]. Therefore DiD and DiR are assumed to be evenly distributed

inside the lipid bilayer at the equilibrium state (without application of US).

The schematic diagram of DiD-DiR labelled liposomes is shown in Fig. 5.3. Depend-
ing on the concentration there are likely four types of mechanisms existing in the lipid
bilayer of the DiD-DiR labelled liposomes apart from the direct excitation and fluo-
rescence emission of DiD or DiR, as shown in Fig. 5.3: 1) FRET from DiD to DiR; 2)
self-quenching of DiD; 3) self-quenching of DiR; 4) FRET from DiD to DiR, and sub-
sequent self-quenching of DiR. In 4) the energy transfers from DiD to DiR, and then
to DiR dimers. Fluorescence self-quenching is a complex phenomenon and the mech-
anism is still not well understood. There are three fluorophore self-quenching mech-
anisms that have been discussed in literature and self-quenching is thought to be due
to one or a combination of them [75]: 1) dye molecules form nonfluorescent dimers
(dimerization); 2) FRET between monomers and eventually to nonfluorescent dimers
(referred to as transfer extinction [75]); 3) collisional quenching by dye-dye interaction
during the excited state lifetime. Since lateral diffusion of dyes is probably too slow to
permit collisional quenching during the lifetime of the probes [236], self-quenching of

DiD or DiR should be due mainly to the first two reasons.
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Figure 5.3: Schematic diagram of DiD-DiR labelled liposomes. Ex: excitation wave-
length; Em: emission wavelength; PBS: Phosphate Buffered Saline; FRET: Fluorescence
Resonance Energy Transfer.
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In this chapter the emission spectra from liposomes labelled at a range of DiD and DiR
concentrations are firstly measured to obtain information at equilibrium state (with-
out applying US). The US dynamic characteristics are then studied by measuring and
analyzing the time dependent fluorescence emission when applying US. The influence
of US on the fluorescence variation is studied by varying US pressure and exposure
time. Finally line scanning images of a tube buried deep inside a scattering phantom

are obtained. Possible US mediated mechanisms are also discussed.

5.2 Preparation of DiD, DiD-DiR or DiR labelled liposomes

There are two methods to make DiD or DiR labelled liposomes described in the litera-
ture. The first is to introduce DiD or DiR at the time of formation of liposomes [237].
The other one is post addition of DiD or DiR after the liposomes have been formed [238,
239]. The second method is based on the extreme lipophilic characteristics of carbocya-
nine dyes and can be advantageous when liposomes have been manufactured [238].
However, due to the low speed of transbilayer movement (half-times in the order of
days [196]), the DiD and DiR are probably only located in the outer layer which is not
as efficient as labelling the fluorophores on both of the layers. From this consideration

the first method is adopted in this study.

DiD, DiD-DiR or DiR labelled liposomes were produced based on the freeze-thaw ex-
trusion method used in Chapter 4. DiD and DiR were reconstituted at 2mg/ml in
ethanol respectively to prepare stock solutions. The prepared DiD or DiR solution was
mixed with DPPC phospholipids and the solvent was evaporated with oxygen-free ni-
trogen gas (BOC Group plc, Manchester, UK). The other procedures are the same as
described previously in Section 4.2 of Chapter 4. Three types of sample were made
in this study: DiD-DiR labelled liposomes (various concentrations, various ratios of
DiD to DiR), DiD only liposomes (various concentrations), and DiR labelled liposomes
(various concentrations). DiD only liposomes and DiR labelled liposomes were made
as donor-only controls and acceptor-only controls respectively to indicate fluorescence

intensity without FRET and monitor direct excitation of the acceptor fluorophore. For
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all the measurements the lipid concentration was 1.28 mM which was 10 times dilution

of the prepared liposome solution.

5.3 Measurements of emission spectra

Liposomes with six different DiD labelling concentrations (0.05 mol%, 0.1 mol%, 0.25 mol%,
0.5mol%, 0.75mol%, and 1mol%) at four different ratios of DiD and DiR (1:0, 1:0.25,
1:1, and 0:1) were made using the method described in Section 5.2. The concentration
is the molar percentage of the amount of DiD or DiR to total amount of materials used
(sum of DiD, DiR and DPPC). These concentrations were chosen based on the investi-
gation of dose dependency of liposomal stability, in which the suggested concentration
to minimize the disruptive effects caused by integration of the carbocyanine dyes on
the liposomal membrane is around 10 ug/ml dye to 2.5 mg/ml liposomal-lipid [238],
corresponding to a concentration in molar percentage of 0.3 mol%. To obtain infor-
mation at the equilibrium state, the spectra of these liposomes were measured using
a spectrofluorometer (Fluoromax-4, Horiba Scientific, Kyoto, Japan) following excita-
tion at A = 633 nm with a 2nm slit width, results are shown in Fig. 5.4. The emission
was collected from A = 638nm to A = 900nm, using a 2nm slit width. The emis-
sion spectrum of each sample was measured repetitively for five times. The spectra are

essentially the same therefore no average was performed.

The detected fluorescence from these liposomes can be considered as from fluorophores
incorporated in the lipid bilayer of the liposomes only, rather than from the surround-
ing buffer for two reasons. First, DiD and DiR have the characteristic that they are
highly fluorescent in lipid environments but are weakly fluorescent in water. Second,
the lipid can be regarded to be only distributed in the lipid bilayer of the unilamel-
lar liposomes and there is very limited self aggregation of polar lipid molecules in
other structures in the buffer. This is benefited from the freeze-thaw extrusion lipo-
some preparation method, as suggested by the freeze-fracture electron micrographs in

literature [177].

Fig. 5.4 shows that in the DiD only liposomes strong peaks are seen spanning the DiD

138



CHAPTER 5: US MEDIATED NEAR INFRARED FLUORESCENCE IMAGING IN
SCATTERING PHANTOM USING FRET BASED NANOSCALE LIPOSOMES

5 5
10 X ;.O T T 10 X ;'0 T T
—— DiD liposomes —DiD liposomes
DiD DiR liposomes 1:0.25 DiD DiR liposomes 1:0.25
8t DiD DiR liposomes 1:1 7 8¢ DiD DiR liposomes 1:1
- ——DiR liposomes - ——DiR liposomes
0 10 0 +
S 6 53 IR 2
2 8.\ g 5.
= 2 N\ 1 g 4 2 1
§ g 1"__',_,_,_‘}\\% E % 2__;\;*‘_.
£ 0 £ 0
21 740 765 790 2 740 765 790
Wavelength (nm) | Wavelength (nm)
0= — OL‘/\ -
650 700 750 800 850 900 650 700 750 800 850 900
Wavelength (nm) Wavelength (nm)
(a) 0.05mol% (b) 0.1 mol%
5 5
1
1010 — 10710 : :
—_— D!D I|posgmes ——DiD liposomes
DiD DiR liposomes 1:0.25 DiD DiR liposomes 1:0.25
8r DiD DiR liposomes 1:1 8r DiD DiR liposomes 1:1
R — DiR liposomes - ——DiR liposomes
4 x 10° 0 x10*
\L_), 6} & 10 1 9/ 6 & 10
z & 2 5
(2] - (2] bl
g 4 2 °ps 1 &4 2 5
= g >~ = E P S
£ 9 S 0
2 740 765 799 2 740 765 7901
Wavelength (nm) Wavelength (nm)
0 L—r\ e~ ; 0 <
650 700 750 800 850 900 650 700 750 800 850 900
Wavelength (nm) Wavelength (nm)
(c) 0.25mol% (d) 0.5 mol%
5 5
10220 ‘ ‘ o] — ‘
—— DiD liposomes —— DiD liposomes
DiD DiR liposomes 1:0.25 DiD DiR liposomes 1:0.25
8r DiD DiR liposomes 1:1 4 8r DiD DiR liposomes 1:1
. —DiR liposomes . —— DiR liposomes
g.) x 10" 2 x 10°
E_)/ or a 10 7 Q/ 6 EfT 10
2 S 2 &
g 4r 255 1 g 4r 25
§ g \ E g .\
I 0 //Q = 0__’,__;-<:
27 740 765 794 27 740 765 7901
Wavelength (nm) Wavelength (nm)
0 0
650 700 750 800 850 900 650 700 750 800 850 900
Wavelength (nm) Wavelength (nm)
(e) 0.75mol% (f) 1mol%

Figure 5.4: Emission spectrums of DiD only liposomes, DiD-DiR labelled liposomes
with DiD to DiR ratio 1 to 1, DiD-DiR labelled liposomes with DiD to DiR ratio 1 to
0.25, and DiR labelled liposomes at six different DiD labelling concentrations. The
inset graphs show spectra at DiR emission wavelength between 740nm and 790 nm.
Excitation wavelength: A = 633 nm. CPS: counts per second.
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emission wavelength band (around 640nm - 690nm, center wavelength: ~664nm).
Due to the overlap of the DiD excitation wavelength with the absorption spectrum
of DiR, there is also low emission at DiR wavelength (around 740 nm - 790 nm, center
wavelength: ~766 nm) arising from the DiR only liposomes. This cross-talk is expected
to exist in any liposomes containing DiR and was corrected later through calculation
of Nrrer (see Eq. 5.4.9 and Eq. 5.4.13 in Section 5.4.2). The spectra of DiD-DiR labelled
liposomes show clear intensity decrease at the DiD emission band compared with DiD
only liposomes. This decrease of DiD is known as donor quenching. The donor quench-
ing of DiD-DiR labelled liposomes with DiD to DiR ratio 1:1 is bigger than that of lipo-
somes with ratio 1:0.25, suggesting higher FRET for the former as a result of a higher

concentration of the acceptor.

Comparing DiD-DiR labelled liposomes 1:1 with DiR labelled liposomes that have the
same amount of DiR, Fig. 5.4b, Fig. 5.4c, and Fig. 5.4d show the fluorescence emission
at DiR wavelength (A ~ 766 nm) from liposomes with a DiD to DiR ratio 1:1 is higher.
The increased acceptor emission (known as sensitized emission) is because DiR in DiD-
DiR labelled liposomes receives more energy than DiR in DiR only liposomes due to
FRET. For the cases of higher DiR concentration of 0.75 mol% and 1 mol%, Fig. 5.4e and
Fig. 5.4f show very close amount of fluorescence emission at DiR wavelength from the
two types of liposomes, suggesting strong self-quenching of DiR at higher concentra-

tions.

Comparing DiD-DiR labelled liposomes 1:1 with DiD-DiR labelled liposomes 1:0.25,
Fig. 5.4a and Fig. 5.4b show that the sensitized emission (A ~ 766 nm) from the for-
mer is higher than the latter. This is straightforward since there are higher amounts of
DiR for the former. However, with increase of concentration it was observed that the
sensitized emission from DiD-DiR labelled liposomes 1:0.25 is approaching DiD-DiR
labelled liposomes 1:1 and even goes beyond the latter, as shown in Fig. 5.4c-f. This
suggests again a stronger self-quenching of DiR at higher DiR concentrations. It is in-
teresting to see that at 0.5 mol% (Fig. 5.4d), 0.75 mol% (Fig. 5.4e) and 1 mol % (Fig. 5.4f),
fluorescence emissions both at DiD and DiR wavelength bands from DiD-DiR labelled

liposomes with a ratio of 1:1 are much lower than that from DiD-DiR labelled liposomes
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with a ratio of 1:0.25. As discussed in Section 5.1 self-quenching of DiR should be due
to a combination of dimer formation and resonance energy transfer to nonfluorescent

dimers.

To further understand the concentration dependence of energy transfer in the fluo-
rophore labelled liposomes, fluorescence emission intensity at DiD wavelength (658 nm
- 695nm) and DiR wavelength (755nm - 816 nm) were extracted from the spectra and
plotted against labelling concentration. Fig. 5.5a, b, ¢, and d show fluorescence emis-
sion intensity at DiD wavelength from DiD only liposomes, DiR wavelength from DiR
only liposomes, DiD wavelength from DiD-DiR labelled lipsomes, and DiR wavelength
from DiD-DiR labelled liposomes respectively. For the DiD-DiR labelled liposomes the
two ratios of 1:1 and 1:0.25 were used. The integrated wavelength ranges are based on
the spectral characteristics of the optical filters used in the acousto-fluorescence setup

which will be described later in Section 5.5.

A similar trend was observed for these cases: the fluorescence emission decreased fol-
lowing an initial increase with increase of labelling concentration, suggesting stronger
self-quenching at higher concentration. An exception is that in Fig. 5.5d the DiR emis-
sion is almost a constant when the DiD concentration reaches 0.5 mol%. This suggests
self-quenching of DiR from DiD-DiR liposomes with ratio 1:0.25 is less severe due to
the lower concentration of DiR compared with DiD-DiR liposomes with the ratio 1:1.
Interestingly it was found that the peak concentration for detection at DiD emission
wavelength of DiD-DiR labelled liposomes (~0.1 mol%) is smaller than that for DiD
only liposomes (~0.25mol%). Similarly the peak concentration for detection at DiR
emission wavelength of DiD-DiR labelled liposomes (~0.25 mol%) is smaller than that
for DiR only liposomes (~0.75mol%). This suggests the coexistence of FRET and self-
quenching in DiD-DiR liposomes. It should be mentioned here that the peak concen-
tration of DiR is found to be around three times bigger than the peak concentration of
DiD. This suggests that self-quenching is more likely for DiD compared with DiR. This
might be due to longer Forster distance, or easier dimerization of DiD-DiD compared

with dimerization of DiR-DiR. The Forster distance of Dil-DiO 3 was determined to be

3DiIOC16(3) (3,3’-Dihexadecyloxacarbocyanine Perchlorate)
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57 A [240], which can provide an approximate reference to Forster distances of DiD-

DiD and DiR-DiR due to similar structures of the four carbocyanine dyes.

3.0x10’ 1.5x10°
7 /\ P
_ 2.5x10 - _ 12a0° ”
9 2.0x10 ™~ N
o = f & 9 0x10°
9/ ; / @) OX N
g 1.5x10 / g g
= - 5| SA—
2 1.0x10 g 6.0x10
(O]
S 50x10° 8 3.0x10°
- i
0.0 0.0
00 02 04 06 08 10 00 02 04 06 08 1.0
DiD concentration (mol % . -
(mol %) DiR concentration (mol %)
(a) (b)
1.6x10’ 4 +—E—DiD-DiR liposomesiratio 1:1 & | —®— DiD-DiR liposomes ratio 1:1
1.4)(107 Il\ —A— DiD-DiR lipasomes ratio 1:0.25 3.6X10" T=a=piD:BiR liposomes ratio 1:0.25
—~ 7 6
o 1.2x10 \ ~~ 3.0x10
& 10x0 l/ ™\ o > 4x10° -
— 8.0x10° e //‘&
> “~ > 1.8x10° /
£ 6.0x10° N\ = /" N
0 : Al 2} 6
c 6
4.0x10 c  1.2x10 ~ -
8 . \-\\. " g .// ——
£ 2.0x10 £ 6.0x10°14
0.0 0.0 -
00 02 04 06 08 1.0 00 02 04 06 08 10
DiD concentration (mol %) DiD concentration (mol %)
(0 (d)

Figure 5.5: Influence of concentration on fluorescence emission intensity at (a) DiD
emission wavelength of DiD only liposomes; (b) DiR emission wavelength of DiR only
liposomes; (c) DiD emission wavelength of DiD-DiR labelled liposomes; (d) DiR emis-
sion wavelength of DiD-DiR labelled liposomes. Excitation wavelength for (a), (c), and
(d) is at A = 633nm; for (b) is at A = 710nm. DiD emission wavelength: 658 nm -
695 nm; DiR emission wavelength: 755 nm - 816 nm. CPS: counts per second.

5.4 Quantitative study of FRET and self-quenching

5.4.1 Calculation of FRET and self-quenching efficiency

To investigate FRET and self-quenching quantitatively a 'normalized intensity” is de-
fined as the averaged fluorescence emission intensity per unit labelling concentration of
the fluorophore. It is calculated as the ratio of the measured fluorescence intensity with
the labelling concentration of the corresponding fluorophore (intensity /labelling con-

centration, unit: CPS/mol %). Dividing the normalized intensity by the molar amount
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of the lipids used, the denominator of the defined normalized intensity only leaves
the total amount of the fluorophores. Since the same amount of lipids was used in all
cases, the defined normalized intensity indicates the averaged fluorescence emission

intensity per unit fluorophore.
DiD based FRET and self-quenching efficiency

The normalized intensity at DiD emission wavelength from the DiD only liposomes
and DiD-DiR labelled liposomes were calculated and shown in Fig. 5.6. The green
auxiliary line is an extension of the normalized intensity at DiD wavelength from
DiD only liposomes with 0.05 mol% DiD concentration (TDiD‘ DiD0.05mol%) along concen-
tration axis. It can be seen that with increase of concentration, the normalized DiD
emission intensity from the DiD only liposomes decreases. This suggests that self-
quenching of DiD exists even at the lowest studied concentration of 0.05mol% and

becomes more significant at higher concentration.
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Figure 5.6: Normalized fluorescence emission intensity at DiD wavelength (658 nm -
695 nm). CPS: counts per second.

Without self-quenching of DiD the normalized intensity of DiD emission from DiD
only liposomes is expected to be a straight line parallel with the concentration axis as
indicated by the green auxiliary line in Fig. 5.6. This is because in this case the fluo-
rescence emission intensity from a unit fluorophore is independent of concentration.
However due to the existence of self-quenching the normalized intensity decreases.

Therefore the decreasing percentage can be used to estimate the self-quenching effi-
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Figure 5.7: SQ and FRET efficiency calculated based on fluorescence intensity at DiD
emission wavelength.

ciency of DiD in DiD only liposomes (SQp;p), namely:

IDiD|DiDO.05mol% - IDiD|DiD

SQpip = (5.4.1)

Ipip|DiD0.05MOI%

where TDI»D‘DZ'D represents the same quantity as TDiD| DiD0.05mol% but for other DiD con-

centrations.

The normalized intensity can also help analyzing the FRET efficiency. Due to FRET the
emission intensity at the DiD wavelength range from DiD-DiR labelled liposomes is
reduced compared with that from DiD only liposomes. Therefore the DiD based FRET

efficiency (FRETp;p) can be estimated from the fractional decrease, namely:

Ipipipip — Ipip|piD-DiR + IDiD|DIR

FRETpip = (5.4.2)

Ipip|pip
where TDiD| DiD—pir and TDiD| pir are the normalized intensity at DiD emission wave-
length from DiD-DiR labelled liposomes and DiR only liposomes respectively. TDI-D‘ DiR
in Eq. 5.4.2 is used for correction of the fluorescence at donor emission band from the
acceptor. This FRET metric has long been in use in biomembrane FRET studies [240].
The calculated self-quenching efficiency and DiD based FRET efficiency are shown in
Fig.5.7. As expected both of the two increase with increase of concentration. At 1 mol%
the FRET and self-quenching efficiency are 99.6 % and 94.6 % respectively, suggesting

occurrence of high levels of FRET and self-quenching.
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It should be noted that it is assumed that no self-quenching exists in liposomes with
the lowest concentration of 0.05mol% for estimation of the self-quenching efficiency
of DiD. The auxiliary line indicating fluorescence emission intensity from a unit flu-
orophore was calculated using 0.05mol% as a reference. As self-quenching was de-
tected at 0.05 mol% the real fluorescence emission intensity from a unit fluorophore is
predicted to be higher than that used in this analysis. The effect of this on efficiency cal-
culations would be a systematic shift in the self-quenching efficiency to higher values
than those in Fig.5.7. It should also be noted that the assumption of the flat auxiliary
line is based on a linear process occurring with factors such as the reabsorption by the
sample, sample thickness, sample scattering all being ignored. In addition, it is as-
sumed that self-quenching efficiencies of DiD in DiD-DiR labelled liposomes and DiD
only liposomes are the same. The existence of DiR fluorophores might change the dis-
tribution of DiD fluorophores in the lipid bilayer but its influence on self-quenching

efficiency might be averaged out therefore is not considered in this analysis.
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Figure 5.8: Normalized fluorescence emission intensity at DiR wavelength (755nm -
816 nm). CPS: counts per second.

Normalized intensity

DiR based FRET and self-quenching efficiency

In this section acceptor (DiR) based FRET and self-quenching efficiency are calculated
to evaluate energy transfer efficiency at equilibrium state. The normalized intensity
at DiR emission wavelength from the DiR only liposomes and DiD-DiR labelled lipo-
somes following excitation at A = 633 nm was firstly calculated and shown in Fig. 5.8.

The green baseline is based on experimentally measured DiD emission intensity from
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DiD only liposomes. Without self-quenching of DiR and DiD the normalized intensity
for DiR emission from DiD-DiR liposomes should increase when the concentration in-
creases. This is because with closer proximity the fluorescence emission intensity from
unit DiR is expected to increase due to stronger FRET in this case. However, it was ob-
served in Fig. 5.8 (red curve) that the normalized DiR emission intensity from DiD-DiR
liposomes decreases. This must be due to self-quenching of DiR, to directly reduce DiR
emission, and self-quenching of DiD, to indirectly reduce DiR emission via reduction
in FRET. Note also that the normalized intensity at 0.05mol% and 0.1 mol% is similar
to each other. This is likely to be a consequence of the interactions of self-quenching
and FRET: self-quenching of DiD and DiR has a negative effect on the DiR emission
intensity, however this is compensated by FRET which has a positive effect on the DiR
emission intensity. To calculate self-quenching of DiR the auxiliary baseline was plot-
ted and it is based on the assumption that the effect of DiD to DiR is similar to excitation
light. Therefore the baseline (Ipgseine) is scaled by considering the dependence of DiD

emission intensity on concentration, as calculated below:

- i IDz'R\DinDiRO.OSmol%IDiD|DiD
Ibaseline - I (543)
DiD|DiD0.05mol%

where TDiR|DiD, DiR0.05mo01% 18 the normalized DiR emission intensity from DiD-DiR li-
posomes at 0.05mol%, Ip;p|p;p is the absolute DiD emission intensity from DiD lipo-
somes, and Ip;p|pipo.osmor2 1S the absolute DiD emission intensity from DiD liposomes

at 0.05mol%. The self-quenching efficiency of DiR (SQp;r) is then calculated as:

Ipaseline — Ipir|DiD—DiR

SQpir = (5.4.4)

Ipaseline
The increase of the normalized intensity at DiR emission wavelength from DiD-DiR li-
posomes as compared to that from DiR only liposomes is owing to the existence of DiD
providing energy for DiR through FRET. The DiR based FRET efficiency (FRETp;r) can

be estimated from the increased percentage of the normalized intensity, namely [241]:

€DiRat633nm LDiRIDID—DiR — IDir|DiR — IDiR|DiD
FRETpg = _

(5.4.5)
€DiDat633nm Ipir|Dir
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where €pirat633nm / €DiDate3anm 1S the ratio of the extinction coefficient of DiR only lipo-
somes (€pirat633nm) and DiD only liposomes (€pipats3anm) respectively at A = 633 nm.
Based on Lambert-Beer’s Law for the same amount of samples and path length of the
radiation beam used for recording the absorption spectrum, €p;rat6331m / €DiDat633nm =
Apir/ Apip, where Ap;r and Ap;p are the absorbance of DiR only liposomes and DiD
only liposomes respectively at A = 633nm. Therefore €p;irat6331m / €DiDat633nm can be
obtained from absorbance measurements of Ap;g and Ap;p (The measured absorbance
spectra at various concentrations can be found in Appendix D). TDZ-R| DiD—DiR/ TD,-R‘ DiR»
and TDz‘R|Dz‘D are the normalized DiR emission intensity from DiD-DiR labelled lipo-
somes, DiR only liposomes, and DiD only liposomes respectively. TDZ'R| pip is included
in Eq. 5.4.5 for correction of the fluorescence emission of donor at acceptor wavelength.
The calculated self-quenching efficiency of DiR in DiD-DiR labelled liposomes and DiR

based FRET efficiency are shown in Fig. 5.9.
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Figure 5.9: self-quenching and FRET efficiency calculated based on fluorescence inten-
sity at DiR emission wavelength.

The self-quenching efficiency of DiR in DiR only liposomes was also calculated using
a similar method as Eq. 5.4.1, as shown in Fig. 5.10. The self-quenching efficiency of
DiR in DiD-DiR liposomes was also plotted in Fig. 5.10. It can be seen that the two self-
quenching efficiencies are close to each other but not exactly the same (less than 12.4 %
difference). Different activities exist in the two types of liposomes. For DiR only lipo-
somes the excitation wavelength is 710 nm and there exists self-quenching of DiR only.

For DiD-DiR liposomes the excitation wavelength is 633 nm, and the energy transfer in-
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volved is more complicated - there exists FRET, self-quenching of DiD, self-quenching

of DiR following FRET, and self-quenching of DiR following direct excitation.
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Figure 5.10: Comparison of self-quenching of DiR for DiD-DiR liposomes with DiR
only lipsomes.

5.4.2 Calculation of FRET1 and Ngggr

In the spectrum measurements there are detection of donor fluorescence with the ac-
ceptor emission filter and detection of acceptor fluorescence with the donor emission
filter (e.g. the fluorescence emission at the DiD emission wavelength peak at around
A = 667nm from DiR labelled liposomes, seen in Fig. 5.4). To correct this cross-talk,

FRET1 [242] for DiD-DiR labelled liposomes is defined as:

Ff — (Fd/Dd)Df — Afa|(Fa/Aa) — (Fd/Dd)(Da/ Aa)]
G[1 — (Da/Fa)(Fd/Dd)]

FRETI = (5.4.6)

where
Af — (Ad/Fd)/Ff

Afa=1— (Fa/Aa)(Ad/Ef) (5-47)

G is a constant and can be assigned as G = 1 [242]. Ff, Fd, Dd, Df, Afa, Af, Fa,
Aa, and Da are symbols showing the fluorescence emission intensity from a specific
sample (DiD only liposomes, DiR only liposomes, or DiD-DiR labelled liposomes) at a

specific detection wavelength range (DiD emission band or DiR emission band) excited
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by either A = 633nm or A = 710nm. To express these terms more clearly in the context
of this work they are renamed and explained in Table 5.1. Since Ad was measured to

be zero in this work, Eq. 5.4.7 can be simplified as:

Afa = Af (5.4.8)

Table 5.1: Symbols and their interpretation.

Symbols | Re-named symbols Meaning
Ef [ o Emission at DiR wavelength from DiD-DiR labelled
DiR|DiD—DiR(Asa3um) liposomes excited at A = 633 nm
rd [ Emission at DiR wavelength from DiD only
DiR|DiD(Ags3um) liposomes excited at A = 633 nm
Dd [ Emission at DiD wavelength from DiD only
DiD|DiD(Ag33nm) liposomes excited at A = 633 nm
Df N ‘ Emission at DiD wavelength from DiD-DiR labelled
DiD|DiD—=DiR(Aeazm) liposomes excited at A = 633 nm
Af [ Emission at DiR wavelength from DiD-DiR labelled
DiR|DiD=DiR (A710mm) liposomes excited at A = 710nm
Fa j— Emission at DiR wavelength from DiR only
DiR|DiR(Ag33mm) liposomes excited at A = 633 nm
Aa [ Emission at DiR wavelength from DiR only
DiR|DiR(Ag33nm) liposomes excited at A = 633 nm
Da A Emission at DiD wavelength from DiR only
DiD|DiR(Agam) liposomes excited at A = 633 nm
Ad [ Emission at DiR wavelength from DiD only
DiR|DiD(A710mm) liposomes excited at A = 710nm

Although all types of cross-talk are corrected in FRET1, it needs to be normalized
for the concentrations of donor and acceptor to make it comparable among different
measurements. Nrrer has therefore been defined as a reliable and global calculation
method for FRET quantification [243]. It is a normalized quantity only dependent on
the FRET efficiency and complex percentage P [243]. Here a complex means an inter-
acting pair of donor and acceptor and P is calculated as two-fold of the percentage of
complexes exhibiting FRET to total donors and acceptors. With the DiD to DiR ratio
1:1, itis a reasonable assumption that P is the same constant for all the samples studied.

Therefore Nrgrer is only dependant on the FRET efficiency and can be used to compare
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different samples with different concentrations. Nrrpr was calculated as:

FRET1

(5.4.9)

NFReT =
\/ IDiR|DiD—-DiR (As19mm) ¥ IDiD|DID—DiR(Agz3m)

In the literature it is usually supposed that Da = 0 because of the low emission at
donor wavelength from the acceptor, FRET1 defined in Eq. 5.4.6 can thus be simplified

as follows with a new symbol nFRET:

nFRET = Ipir|DiD-DiR(Aszsmm) — IDiD|DiD=DiR(Agzzmm) X @ — IDiR|DID=DiR(Apignm) X b
(5.4.10)
This quantity is always referred to as net FRET [244]. a and b are correction coefficients

of the percentage of DiD and DiR bleed-through respectively and are calculated as:

_ IDiRlDiD(A633nm)

_ (5.4.11)
IDiD|DiD (Agz3mm)
I . .
p — -DiRIDiR(Aszzm) (5.4.12)
IpiR|DiR (A710mm)
Therefore Nrrpr can also be simplified with the new symbol Nrrgrs:
FRET
n (5.4.13)

NFRETs =
\/ IDiR|DID—DiR(As1gwm) ¥ IDiD|DiD—DiR(Agamm)

FRET1, Nrget, a, b, nFRET and Npggrs are thus calculated for all of the concentra-
tions studied and listed in Table 5.2. It can be seen both a (bleed-through of DiD)
and b (bleed-through of DiR) increase with increase of the concentration. The bleed-
through of DiD is very low (a € [0.019 0.026]). This is because DiD produces very
low fluorescence emission at A = 766 nm. However, the bleed-through of DiR is much
higher (b € [0.448 0.801]), which is due to the wide absorption spectrum of DiR. The
quantities expressing FRET corrected for cross-talk are also shown in Fig. 5.11. It can
be seen that FRET1, nFRET, NFRET and Nrrgrs are all the highest at concentration
0.25mol%. nFRET and Nrgrgr are close with FRET1 and NrrgTs respectively suggest-

ing the assumption Da = 0 is reasonable - fluorescence emission intensity from DiR at
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DiD emission band when excited at 633 nm is very low and can be ignored.

Table 5.2: Measurements of FRET for DiD-DiR labelled liposomes.

Concentration (mol%) FRET1 NERET a b nFRET NERETs
0.05 5.18 x 10° 0.31 0.019 | 0.448 | 4.82 x 10° 0.29
0.1 1.13 x 10° 0.45 0.019 | 0.511 | 1.02 x 10° 041
0.25 1.74 x 10° 0.79 0.020 | 0.489 | 1.66 x 10° 0.75
0.5 7.76 x 10° 0.40 0.021 | 0.583 | 7.65 x 10° 0.39
0.75 2.35 x 10° 0.44 0.024 | 0.677 | 2.30 x 10° 0.43
1 1.62 x 10° 0.42 0.026 | 0.801 | 1.58 x 10° 0.41
reen
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& 1210
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Figure 5.11: Quantities corrected for cross-talk. (a) FRET1 and nFRET; (b) Nrrer and
Nrrets. CPS: counts per second.

It should be noted that the normalized emission intensity at DiD wavelength from DiD-
DiR labelled liposomes shown as the red curve in Fig.5.6 is the result of both FRET and
self-quenching of DiD. Similarly the normalized DiR emission intensity from DiD-DiR
labelled liposomes shown as the red curve in Fig.5.8 is the result of both FRET, self-
quenching of DiR, and self-quenching of DiD. Therefore these two curves can indicate
the dependence of the intensity from unit fluorophore on concentration. In Section 5.5

these two curves are used to help analyse the intensity change induced by US.

5.5 Characterization of fluorophores labelled liposomes

5.5.1 Measurements of US mediated fluorescence variation

In this section the fluorophore labelled liposomes are characterized in an enclosed tube
located inside deionized water. 0.1 mol% DiD-DiR labelled liposomes, 0.1 mol% DiD

only liposomes, 0.5mol% DiD-DiR labelled liposomes, 0.5mol% DiD only liposomes
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are chosen for characterization based on the calculation of FRET and SQ in Section 5.4.
US might not be able to induce a detectable fluorescence variation if the concentration
is too high or too low. For the former case FRET and self-quenching might be too
strong to be reduced, while for the latter case FRET and self-quenching might be too
weak to be induced. From Fig. 5.6 and Fig. 5.8 it can be seen 0.1 mol % and 0.5 mol
% are concentrations suitable for detection at both DiD emission wavelength and DiR

emission wavelength.

The setup is shown in Fig. 5.12. A syringe pump (KD Scientific Inc. Holliston, MA,
USA) was used to inject the sample solution through a light transparent Fluorinated
Ethylene Propylene (FEP, Adtech Polymer Engineering Ltd., Glos, UK) tube with inner
diameter 1.1 mm, and 0.2 mm wall thickness. The solution was kept static during mea-
surements. A focused US transducer (2.25 MHz) was used and it was driven by a signal
generator (AFG 3022, Tektronix, Beaverton, USA) and a radio frequency power ampli-
fier (Amplifier Research 75A250A, Souderton, USA). The US focal zone and the laser
light were aligned to overlap the tube at the same position using a 0.2 mm diameter nee-
dle hydrophone (SN1700, Precision acoustics Ltd. Dorchester, UK). The beam from a
A = 632.8 nm red laser (6 mW power, Melles Griot, Carlsbad, CA, USA) was expanded
10 times (original diameter 1 mm) by a beam expander to expose more liposomes to the
light. To reduce bleed-through of the excitation light, its direction was adjusted by two
mirrors so that it is not directly detected. The detection system is similar to that used in
Fig. 4.5 of Chapter 4. The difference is that PMT9107B is replaced by PMT9136B (ET En-
terprises Ltd, Uxbridge, UK), which has an extended infrared sensitivity. The emission
filters are also changed according to wavelength - for detection at DiD wavelength, a
bandpass filter with a central wavelength of 676 nm (FF01-676/37-25, Semrock, New
York, USA, transmission band: 658 nm-695nm) was used; for detection at DiR wave-
length a bandpass filter with a central wavelength of 764 nm (#87-759, Edmund Optics,
York, UK, transmission band: 754 nm-816 nm) was used. Apart from these two filters a
notch filter with a center wavelength of 632 nm (NT63-347, Edmund Optics, York, UK,
reflection band: 623 nm-639 nm) was used to reject more excitation light. The spectra

of the filters can be found in Appendix C.
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Figure 5.12: Setup for characterization of fluorophore labelled liposomes. (a) Schematic
diagram; (b) photo of the samples used; (c) photo of the experimental system. M1:
mirror 1; NDF: neutral density filter; BE: beam expander; M2: mirror 2; UST: ultra-
sound transducer; FEP: Fluorinated Ethylene Propylene; Osc: oscilloscope; SG: signal

generator; PMT: photomultiplier tube; CT2: counter/timer module; AD6: amplifier-
discriminator.
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The US transmission efficiency of the FEP tube was measured to be 67.8 %. The schematic
of the setup is shown in Fig. 5.13. The US transducer and the needle hydrophone were
situated inside a container filled with water for US transmission. The tube was located
perpendicular to the US transmission direction so that the needle hydrophone can be
inserted into the tube. The US transmission efficiency was measured as the percentage
of the pressures when the needle hydrophone was located inside of the tube and when
no tube was present. The US pressure measured when the hydrophone is enclosed by
the tube is the sum of transmission through the first wall and reflection of the second
wall. The reflection of the second wall was ignored in this simplified test. The US
pressures were measured using a similar setup as Fig. 5.13 but the hydrophone was
located in line with the US propagation direction, at which the needle hydrophone has

the maximum sensitivity.

FEP tube

e .

. .

. .
. "

Hydrophone
Figure 5.13: Schematic of the setup to measure US transmission efficiency of the FEP
tube. FEP: Fluorinated Ethylene Propylene; UST: ultrasound transducer.

The fluorescence emission intensity when applying US with 1.2 MPa peak pressure is
shown in Fig. 5.14. The US was turned on at 4 s for 4 s, and then turned off for 15s. Six
repeats were performed to check the repeatability of the dynamics of the liposomes.
The intensity was recorded with a sampling period (time window of CT2) of 100 ms.
10 consecutive values (corresponding to 1000 ms) are averaged and the mean values are
plotted. Fig. 5.14 shows that the US induced responses in the samples are dependant
on detection wavelength (DiD emission or DiR emission wavelength), fluorophore con-
centration (0.1 mol% or 0.5 mol%) as well as labelled fluorphores (DiD only or both DiD
and DiR). The emission intensity is observed to increase for detection at DiD emission
wavelength from DiD-DiR labelled liposomes 0.5mol% (Fig. 5.14e); decrease at DiR

emission wavelength from DiD-DiR labelled liposomes 0.1 mol% (Fig. 5.14b), and de-
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crease for all DiD only liposomes (Fig. 5.14c, Fig. 5.14d, Fig. 5.14g, and Fig. 5.14h). It
was also observed that the fluorescence emission increased following an initial slight
decrease for detection at the DiD emission wavelength from DiD-DiR labelled lipo-
somes 0.1 mol% (Fig. 5.14a) and DiR emission wavelength from DiD-DiR labelled li-
posomes 0.5 mol% (Fig. 5.14f). It is worth mentioning that the detected fluorescence
emission intensity in the DiR emission band from DiD only liposomes is due to the
long tail end of the emission spectrum of DiD fluorophore. The US induced change

trends are summarized in Table 5.3.

Table 5.3: Intensity change trend of liposomes (1: increase, |: decrease).

DiD-DiR DiD-DiR DiD DiD
Sample . . . .
liposomes | liposomes | liposomes | liposomes
Detection DiD DiR DiD DiR
wavelength wavelength | wavelength | wavelength | wavelength
0.1 mol% T 1 I 1
0.5mol% 1) 1 1 1

5.5.2 Proposed mechanisms of the US mediated fluorescence variation

In this section possible mechanisms of the observed US mediated variation of the flu-
orescence emission intensity are discussed. US is assumed to have two effects that
influence the fluorescence emission intensity: (1) US increases the lateral mobility (e.g:
lateral diffusion) of dye molecules and lipids; (2) US leads to size expansion of lipo-
somes. The origin of these two effects might be due to US induced noninertial cavita-
tion [67]. As described in Section 4.5.3 of Chapter 4, during the noninertial cavitation,
gas bubbles pre-existing in the fluid can oscillate or move, which generates small cavi-
ties and creates free volume in the lipid bilayer. The increased free volume can facilitate
quicker lateral diffusion of the lipids [186] and thus lead to effect (1). Noninertial cav-
itation also involves the nucleation of gas bubbles in the hydrophobic region of lipid
bilayers, which might be the reason for effect (2). A rectified diffusion can also increase
the size [67]. To explain the different change trends observed in Fig. 5.14, there are three

points that need to be noted.

Firstly, the increased lateral mobility increases the likelihood that fluorophore molecules

get close enough for non-radiative energy transfer, therefore has the function of in-
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Figure 5.14: US mediated variation of fluorescence emission intensity when detecting
at (a) DiD wavelength from DiD-DiR labelled liposomes 0.1 mol%; (b) DiR wavelength
from DiD-DiR labelled liposomes 0.1 mol%,; (c) DiD wavelength from DiD only lipo-
somes 0.1 mol%; (d) DiR wavelength from DiD only liposomes 0.1 mol%,; (e) DiD wave-
length from DiD-DiR labelled liposomes 0.5 mol%; (f) DiR wavelength from DiD-DiR
labelled liposomes 0.5 mol%; (g) DiD wavelength from DiD only liposomes 0.5 mol%;
(h) DiR wavelength from DiD only liposomes 0.5 mol%. CPS: counts per second.
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creasing FRET and self-quenching. This effect is thus similar as increasing fluorophore
concentration. On the other hand, size expansion decreases the concentration of fluo-
rophores located inside the lipid bilayer. This leads to a decrease of the intermolecu-
lar distances of fluorophores d including DiD-DiR distance (drrer), DiD-DiD distance
(dpip), and DiR-DiR distance (dp;r). Due to the sixth power law dependance of energy
transfer efficiency on distance [137], FRET and self-quenching are reduced and the flu-
orescence emission intensity at DiD or DiR emission wavelength can be changed. The
normalized intensity defined in Section 5.4.1 can therefore be changed by both the in-
creased mobility and the size expansion. It needs to be mentioned that since FRET
is effective over a very short distance ranging from 1nm to 10nm, a slight change in

molecule mobility or size might lead to a detectable fluorescence variation.

Secondly, for detection at DiD emission wavelengths the effects of self-quenching and
FRET are always the same - decrease of either effect leads to increased intensity while
increase of either effect leads to decreased intensity. However, for detection at DiR
emission wavelengths, the effects of FRET and self-quenching conflict with each other
- increase of FRET leads to increase of DiR emission intensity, while increase of self-
quenching of DiR leads to decrease of DiR emission intensity. In addition, increase of
self-quenching of DiD leads to an indirect decrease of the DiR emission intensity via

reduction of FRET.

Thirdly, relating effect (1) and effect (2) with the detected fluorescence variation shown
in Fig. 5.14, both effects should be at a time scale of millisecond to second. However,
the evolving process of size expansion should be slower than the perturbation of lipid

bilayer.

Proposed US mediated mechanisms for each of the labelled liposomes are discussed in

the following.
DiD emission from 0.1 mol% DiD-DiR liposomes:

The fluorescence emission intensity at DiD wavelength from DiD-DiR liposomes with
0.1 mol% DiD concentration (DiD to DiR ratio: 1:1) was observed to decrease slightly

upon application of US, followed with a more significant increase in the second stage,

157



CHAPTER 5: US MEDIATED NEAR INFRARED FLUORESCENCE IMAGING IN
SCATTERING PHANTOM USING FRET BASED NANOSCALE LIPOSOMES

as seen in Fig. 5.14a. The initial signal decrease should be due to the increased mo-
bility, which makes FRET and self-quenching stronger. The evolving size expansion
reduces FRET and self-quenching, therefore leads to increase of the donor emission in
the second stage. The more significant signal increase suggests that size expansion is

the dominant factor to determine the fluorescence variation.
DiD emission from 0.5 mol% DiD-DiR liposomes:

DiD emission intensity from 0.5mol% DiD-DiR liposomes was observed to increase
with application of US (Fig. 5.14e). This difference with the previous case of 0.1 mol%
DiD-DiR liposomes is likely to be due to the increased FRET and self-quenching effi-
ciency at equilibrium state, as seen in Fig. 5.7. Since the FRET efficiency (90.2%) and
self-quenching efficiency (81.3%) have already been extremely high, the increased mo-
bility has little influence on the donor emission intensity. The size expansion which
reduces the FRET and self-quenching efficiency and increases the fluorescence emis-

sion intensity makes more contribution to the fluorescence variation.
DiR emission from 0.1 mol% DiD-DiR liposomes:

DiR emission intensity from 0.1 mol% DiD-DiR liposomes was observed to decrease
with application of US (Fig. 5.14b). Referring back to the red curve in Fig. 5.8 which de-
scribes the relationship of the normalized intensity at DiR emission wavelength from
DiD-DiR labelled liposomes with concentration of fluorophores, it can be seen that
at 0.1 mol%, further increase of DiD concentration leads to decrease of the intensity,
while further decrease of DiD concentration has no influence on the intensity. This
observation indicates that the increased mobility is the dominant factor to determine
the variation of the intensity, and the effect of size expansion can be ignored. With
increase of concentration, FRET (increase DiR emission), self-quenching of DiD (de-
crease DiR emission), and self-quenching of DiR (decrease DiR emission) increase. The
fluorescence decrease in Fig. 5.8 indicates that self-quenching of DiD and DiR makes
more contribution to the overall fluorescence variation. The increased mobility of dye
molecules increases FRET, self-quenching of DiD, and self-quenching of DiR. The ob-
served change trend of DiR emission from 0.1 mol% DiD-DiR liposomes in Fig. 5.14b

suggests that the increased self-quenching of DiD and DiR makes more contribution
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to the fluorescence variation than the increased FRET. This is in accordance with the

observation in Fig. 5.8.
DiR emission from 0.5 mol% DiD-DiR liposomes:

Fig. 5.14f shows that DiR emission intensity from 0.5mol% DiD-DiR liposomes de-
creases slightly with application of US, followed by a more significant increase. The
signal decrease in the first stage is due to the same reason as the previous case. How-
ever, referring back to the normalized intensity of DiD-DiR liposomes in Fig. 5.8, it can
be seen that at 0.5mol%, the fluorescence changes either increasing or decreasing the
fluorophore concentration. Therefore the influence of size expansion should be consid-
ered in this case. Size expansion decreases self-quenching of DiD and self-quenching
of DiR. however, it should be noted that size expansion increases FRET for 0.5 mol%
DiD-DiR liposomes, different from the previous case. This is because as suggested by
Fig. 5.9, above 0.25 mol% FRET decreases with increase of concentration, which is prob-
ably due to the very high self-quenching effect of both DiD and DiR. Because all of the
three effects of size expansion lead to increase of the fluorescence emission at the DiR

emission wavelength range, in the second stage a signal increase was observed.
Fluorescence emission from DiD only liposomes:

It was observed from Fig. 5.14c, Fig. 5.14d, Fig. 5.14g, and Fig. 5.14h that the fluores-
cence emission intensity (both DiD and DiR emission) from DiD only liposomes (both
at 0.1 mol% and 0.5mol% DiD concentration) always decreases when US is applied.
As both of the concentrations 0.1 mol% and 0.5mol% are relatively low for DiD only
liposomes, increased mobility which increases self-quenching of DiD always makes a

greater contribution to the fluorescence intensity.
Permanent baseline shift:

It was shown in Fig. 5.14 that the response of fluorescence emission from the liposomes
to US is highly repeatable except for the first US exposure. This is more obvious for
detection at DiD wavelengths for 0.1 mol% DiD-DiR labelled liposomes (Fig. 5.14a),
DiD wavelength from 0.1 mol% DiD only liposomes (Fig. 5.14c), DiR wavelength from
0.5 mol% DiD-DiR labelled liposomes (Fig. 5.14f), DiD and DiR wavelength from 0.5 mol%
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DiD liposomes (Fig. 5.14g and Fig. 5.14h). It can be seen for these cases after the first
US exposure the equilibrium state is shifted higher than the initial state permanently.
This indicates that a slight size expansion might be induced by US and the liposomes

failed to recover within the time the next US sequence is applied.

In conclusion, the US mediated variation of the fluorescence emission intensity is differ-
ent for the eight cases studied. Possible mechanisms are summarized in Table 5.4. The
increased mobility of dye molecules and US induced size expansion are the two factors
that might lead to the fluorescence variation. The increased mobility decreases the fluo-
rescent signal. The size expansion increases the fluorescent signal. Both effects exist for
detection of DiD emission from DiD-DiR labelled liposomes with 0.1 mol% DiD con-
centration and DiR emission from DiD-DiR labelled liposomes with 0.5 mol% DiD con-
centration, therefore a bimodal fluorescence variation was observed. For detection of
DiD emission from DiD-DiR labelled liposomes with 0.5 mol% DiD concentration, only
the size expansion contributes to the fluorescence intensity due to high FRET and self-
quenching efficiency, therefore only signal increase is observed. For detection of DiR
emission from DiD-DiR labelled liposomes with 0.1 mol% DiR concentration, only the
increased mobility contributes to the fluorescence intensity, therefore only signal de-
crease is observed. The DiD concentration of 0.1 mol% can therefore be regarded as the
threshold for detection at DiD emission wavelengths from DiD-DiR labelled liposomes:
below this concentration US leads to decrease of the fluorescence intensity; above this
concentration US leads to increase of the fluorescence intensity; around this concentra-
tion a bimodal change is observed. Similarly the DiR concentration of 0.1 mol% can be
regarded as the threshold for detection at DiR emission wavelengths from DiD-DiR la-
belled liposomes. DiR has a higher threshold than DiD which is likely to be due to the
opposite effect of FRET and self-quenching. Since there is only self-quenching in the
DiD only liposomes, the threshold is higher than 0.5 mol% therefore no signal increase
was observed. Finally it needs to be noted that a threshold concentration for excimer
formation was used in Chapter 4. Size expansion which further reduces the excimer is
thereby not considered as a mechanism for the observed increase of the excimer emis-

sion intensity.
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Table 5.4: Proposed mechanisms for US mediated fluorescence variation of
DiD-DiR labelled liposomes (1: increase, |: decrease).
Fluorescence variation trend induced

Effects of US DiDo;’ | DiDys? | DiRos® | DiRos®
Increased mobility { - 4 4
Size expansion T 0 - T

! Detection at DiD emission wavelength for DiD concentration of 0.1 mol%.
2 Detection at DiD emission wavelength for DiD concentration of 0.5 mol%.
3 Detection at DiR emission wavelength for DiR concentration of 0.1 mol%.
4 Detection at DiR emission wavelength for DiR concentration of 0.5 mol%.

5.5.3 Influence of US pressure and exposure time

In this section the influence of US on the variation of the fluorescence emission inten-
sity is investigated by applying various US pressures and exposure times. The same
experimental system shown in Fig. 5.12 is used. Fig. 5.15 shows the intensity differ-
ence of DiD emission and the corresponding On-to-Off ratio (%) for DiD-DiR labelled
liposomes at 0.1 mol%, DiD only liposomes at 0.1 mol%, DiD-DiR labelled liposomes at
0.5mol%, and DiD only liposomes at 0.5 mol%. The intensity difference is the subtrac-
tion of the highest intensity and the lowest intensity. The On-to-Off ratio is defined as
the ratio of the intensity difference with the intensity baseline prior sonification. The
samples were static inside the tube and were exposed to US six times without being re-
plenished in between. Mean and standard deviation were calculated and presented, as
shown in Fig. 5.15 and Fig. 5.16 for detection at DiD and DiR wavelength respectively.
The first US exposure leads to a change of the intensity very different from the latter
tive therefore is not included for calculation. The US mediated variation of the fluores-
cence emission intensity at the individual US pressure and exposure time investigated

can be found in Appendix E.

It can be seen from Fig. 5.15a and Fig. 5.15b that at the lower end of US pressure or
exposure time, the intensity difference and On-to-Off ratio are very low. With further
increase of US pressure or exposure time, the intensity difference and On-to-Off ra-
tio also increase. This should be due to bigger changes in size of the liposomes and
increased mobility of lipids and DiD molecules in the lipid membrane at higher US

pressure or longer exposure times.
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Figure 5.15: Influence of US on fluorescence emission intensity at DiD emission band
by varying US pressure or exposure time for DiD-DiR labelled liposomes at 0.1 mol%,
DiD only liposomes at 0.1 mol%, DiD-DiR labelled liposomes at 0.5mol%, and DiD
only liposomes at 0.5 mol%. (a) Intensity difference varying US pressure at US exposure
time 4s; (b) On-to-Off ratio varying US pressure at US exposure time 4s; (c) intensity
difference varying US exposure time at US pressure 2 MPa; (d) On-to-Off ratio varying
US exposure time at US pressure 2 MPa. CPS: counts per second.
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It was observed from Fig. 5.15 that the intensity difference obtained from DiD only
liposomes are higher than DiD-DiR labelled liposomes for both of the two concentra-
tions for all the pressure and exposure times studied. However the On-to-Off ratio
obtained from the DiD-DiR labelled liposomes was much higher at the higher concen-
tration of 0.5mol% (Fig. 5.15b and Fig. 5.15d). The maximum On-to-Off ratio of 60%
was obtained with 2MPa and 5s US exposure using DiD-DiR labelled liposomes at
0.5mol% concentration. These results suggest that US can induce fluorescence varia-
tion from both DiD only liposomes and DiD-DiR labelled liposomes. Benefiting from

FRET, DiD-DiR labelled liposomes with 0.5 mol% has the highest sensitivity.

Fig. 5.16 shows the influence of US pressure and exposure time on the intensity dif-
ference of emission at DiR wavelength and the corresponding On-to-Off ratio for the
above mentioned four samples. Again with increase of US pressure or exposure time
both the intensity difference and the On-to-Off ratio increase. Liposomes labelled by
both DiD and DiR were among those to obtain higher intensity difference due to FRET
for all the US pressures and exposure times studied. At 0.1 mol% the On-to-Off ratio
obtained from DiD-DiR labelled liposomes are also higher than that from DiD only li-
posomes. However, at 0.5mol% the On-to-Off ratio obtained from DiD-DiR labelled
liposomes are lower than DiD only liposomes because the former has much higher

intensity baseline at DiR emission wavelength.

5.6 Line scanning imaging in heavily scattering phantom

5.6.1 Line scanning imaging

In this section line scanning imaging was performed using the DiD-DiR labelled li-
posomes (DiD to DiR ratio: 1:1) as contrast agent because of the high US mediated
fluorescence variation as observed in the last section. DiD only liposomes were used
as a donor only control. DiD concentrations at both 0.1 mol% and 0.5 mol% were mea-
sured. Fluorescence emission at both the DiD and DiR wavelength was captured. The
setup is similar to the one used in the previous Section 5.5 and is shown in Fig. 5.17.

The main difference is that the FEP tube was buried along x direction in a scattering
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Figure 5.16: Influence of US on fluorescence emission intensity at DiR emission band by
varying US pressure or exposure time for DiD-DiR labelled liposomes at 0.1 mol%, DiD
only liposomes at 0.1 mol%, DiD-DiR labelled liposomes at 0.5mol%, and DiD only
liposomes at 0.5mol%. (a) Intensity difference varying US pressure at US exposure
time 4s; (b) On-to-Off ratio varying US pressure at US exposure time 4s; (c) intensity
difference varying US exposure time at US pressure 2 MPa; (d) On-to-Off ratio varying
US exposure time at US pressure 2 MPa. CPS: counts per second.
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phantom (2 x 7.7 x 5 cm, x-y-z) at depth of 1 cm, as shown in Fig. 5.17b. Also distinct
from the setup shown in Fig. 5.12, the laser light illuminates the scattering phantom
directly and perpendicularly. This is because the excitation laser light is heavily scat-
tered in the scattering phantom and the light transmitted through is divergent with a
relatively low light level already. The US transducer was controlled by a translational
stage (Standa, 8SMC1-USBhF, Vilnius, Lithuania) to move along x direction. The trans-
lational stage, signal generator, and counter were synchronized by the computer. After
the initialization of the SG and counter, the translational stage moves 100 steps (1 step is
2.5pum). Then the US is turned on for 4 s and off for 15 s repeating six times. At the same
time the fluorescence emission intensity is detected by the photon counting system and
recorded by the computer. After this the translational stage moves to the next position
and the US and photon counting system are operated again. This procedure is repeated
until the translational stage reaches the pre-set final position. The mean and standard
deviation of the intensity difference or the On-to-Off ratio as defined in Section 5.5 were
calculated at each position and plotted. The scanning procedures were performed both
when the samples were flowing inside the tube with a speed of 0.01 ml/min and when
the samples were static. For the latter case the samples were scanned twice without
being updated in between to test whether US can still induce fluorescence variation
after the first scan. Scans were also obtained without applying US. In this case the sam-
ple was kept static inside the tube and the water tank was scanned along z direction for
24 mm with a step of 250 um. At each position 1000 values of the intensity was recorded
with a time window of 100 ms. Mean and standard deviation for each position can thus

be calculated.

The scattering phantom is prepared according to the method described in Ref. [245].
Briefly, the agarose powder was stirred and dissolved in distilled water in a beaker. The
solution was then heated in a microwave oven until bubbles appeared. The solution
was removed from the microwave oven and stirred again to resuspend any settled
power and gel pieces, then reheated until boiling. Polystyrene microparticles (1.5 pm
diameter) which have been dissolved in distilled water using an ultrasonic bath, were

mixed with the agarose solution. The size of the scattering phantom was 77 x 20 x
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Figure 5.17: Setup for line scanning imaging. (a) Schematic; (b) top view of the
schematic; (c) photo of the experimental system. UST: ultrasound transducer; Osc: os-
cilloscope; SG: signal generator; PMT: photomultiplier tube; CT2: counter/timer mod-
ule; AD6: amplifier-discriminator; FEP: Fluorinated Ethylene Propylene; M1: mirror 1;
NDF: neutral density filter; M2: mirror 2.
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Figure 5.18: Scattering phantom with a FEP tube embedded.

50 mm controlled using a mould (as shown in Fig. 5.18). The FEP tube was fixed in
the mould before casting the mixture. The final weight concentration of agarose is
2%. The scattering phantom has a reduced scattering coefficient (¢.) around 1 mm~!.
The reduced scattering coefficient of biological tissue is dependent on wavelength and

specific organs. u, = 1mm™!

is a typical value for the wavelength range of 600 nm -
1000 nm [127]. No additional absorption is added so the absorption coefficient () is
comparable to that of water (1, = 0.0003mm~! at A = 633nm; y, = 0.0004mm~! at
A = 665nm; y; = 0.003mm ! at A = 766 nm [246]). The parameters of the scattering

phantom are summarized in Table 5.5.

Scans of the tube filled with DiD-DiR labelled liposomes or DiD only liposomes by de-
tecting at DiD or DiR emission wavelength were obtained. The fluorescence emission
intensity (unit: CPS) when the fluorophore labelled liposomes were injected inside the
tube was summarised in Table 5.6. FRET from DiD to DiR is suggested by the lower
fluorescence intensity of DiD-DiR labelled liposomes at DiD emission wavelength com-
pared with that of DiD only liposomes, and the higher fluorescence intensity of DiD-
DiR labelled liposomes at DiR emission wavelength compared with that of DiD only

liposomes.

Fig. 5.19 - Fig. 5.26 show the scanned images. x axis indicates position of the US trans-
ducer. Left y axis indicates either intensity difference ((a) and (b) of each figure) or

On-to-Off ratio ((c) and (d) of each figure) for the scans obtained with applying US.
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Table 5.5: Parameters of the scattering phantom.

Symbol Meaning Value
A reduced scattering coefficient Imm~!
g asymmetric coefficient 0.938
s =u./(1—g) scattering coefficient 16mm!
0.0003mm ' at A = 633nm
Ha absorption coefficient 0.0004 mm~1! at A = 665nm

0.003mm~! at A = 766 nm [246]

diameter of polystyrene

4 microparticles 15um
p density of polystyrene 1.05
A=rfajp | PR OSs seconarea of | 271 19
Qs efficiency factor 3.373
0s = QA effective scattering area 5.9604 x 10~ mm?
05 — 13/0% number ‘:)Oflﬁeri;’;lcles per 7 68 x 105 mm3
W= 3'61;1[1) glfzps weight of scattering particles 498 x 1076gem =3

Table 5.6: The fluorescence emission intensity detected by the photon counting system.

Light Light
Sample intensity Sample intensity
DiD-DiR labelled DiD-DiR labelled
liposomes 0.1 mol% 3 x 10° CPS liposomes 0.1 mol% 7 x 10° CPS
DiD emission DiR emission
DiD only liposomes 6 DiD only liposomes 5
0.1 mol% DiD emission 5 x107CPS 0.1 mol% DiR emission 4x10°CPS
DiD-DiR labelled DiD-DiR labelled
liposomes 0.5 mol% 1 x 10° CPS liposomes 0.5 mol% 1 x 10° CPS
DiD emission DiR emission
DiD only liposomes 7 DiD only liposomes 5
0.5 mol% DiD emission 14> 107CPS 0.5 mol% DiR emission 7>10°CPS
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Figure 5.19: Scan of a tube filled with DiD-DiR labelled liposomes (0.1 mol%) at the
mid-plane of a scattering phantom through detection at DiD emission wavelength. (a)
and (c): The sample was flowing at a speed of 0.01 ml/min; (b) and (d): the sample was
static and scanned twice without updating the sample in between. The corresponding
fluorescence variation (from Fig. 5.14a) is shown in (e). CPS: counts per second.
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Figure 5.20: Scan of a tube filled with DiD-DiR labelled liposomes (0.1 mol%) at the
mid-plane of a scattering phantom through detection at DiR emission wavelength. (a)
and (c): The sample was flowing at a speed of 0.01 ml/min; (b) and (d): the sample
was static and scanned twice without updating the sample in between. The curves
for the two static scans overlapped. The corresponding fluorescence variation (from
Fig. 5.14b) is shown in (e). CPS: counts per second.
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Figure 5.21: Scan of a tube filled with DiD only liposomes (0.1 mol%) at the mid-plane
of a scattering phantom through detection at DiD emission wavelength. (a) and (c):
The sample was flowing at a speed of 0.01 ml/min; (b) and (d): the sample was static
and scanned twice without updating the sample in between. The corresponding fluo-
rescence variation (from Fig. 5.14c) is shown in (e). CPS: counts per second.
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Figure 5.22: Scan of a tube filled with DiD only liposomes (0.1 mol%) at the mid-plane
of a scattering phantom through detection at DiR emission wavelength. (a) and (c): The
sample was flowing at a speed of 0.01 ml/min; (b) and (d): the sample was static and
scanned twice without updating the sample in between. The curves for the two static
scans overlapped. The corresponding fluorescence variation (from Fig. 5.14d) is shown

in (e). CPS: counts per second.
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Figure 5.23: Scan of a tube filled with DiD-DiR labelled liposomes (0.5mol%) at the
mid-plane of a scattering phantom through detection at DiD emission wavelength. (a)
and (c): The sample was flowing at a speed of 0.01 ml/min; (b) and (d): the sample was
static and scanned twice without updating the sample in between. The corresponding
fluorescence variation (from Fig. 5.14e) is shown in (e). CPS: counts per second.
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Figure 5.24: Scan of a tube filled with DiD-DiR labelled liposomes (0.5mol%) at the
mid-plane of a scattering phantom through detection at DiR emission wavelength. (a)
and (c): The sample was flowing at a speed of 0.01 ml/min; (b) and (d): the sample was
static and scanned twice without updating the sample in between. The corresponding
fluorescence variation (from Fig. 5.14f) is shown in (e). CPS: counts per second.
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Figure 5.25: Scan of a tube filled with DiD only liposomes (0.5 mol%) at the mid-plane
of a scattering phantom through detection at DiD emission wavelength. (a) and (c):
The sample was flowing at a speed of 0.01 ml/min; (b) and (d): the sample was static
and scanned twice without updating the sample in between. The corresponding fluo-
rescence variation (from Fig. 5.14g) is shown in (e). CPS: counts per second.
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Figure 5.26: Scan of a tube filled with DiD only liposomes (0.5 mol%) at the mid-plane
of a scattering phantom through detection at DiR emission wavelength. (a) and (c): The
sample was flowing at a speed of 0.01 ml/min; (b) and (d): the sample was static and
scanned twice without updating the sample in between. The curves for the two static
scans overlapped. The corresponding fluorescence variation (from Fig. 5.14h) is shown
in (e). CPS: counts per second.
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The intensity for scans without applying US is indicated by right y axis.

To quantitatively compare different cases the contrast of the line scanning image is
defined as the difference of the highest On-to-Off ratio with the lowest On-to-Off ratio.
It was observed that in most cases the contrast obtained when the samples were static
is slightly higher than the situation when the samples were flowing. This is because for
the flowing case some of the liposomes were ejected out from the US focal zone during
the 4s US exposure therefore the average US exposure time is shorter. For a flowing
speed of 0.01 ml/min (0.17mm/s), the distance traveled during the 4s US duration
is 0.68 mm. Liposomes located within 0.68 mm from the edge of the US focal zone
will be ejected out from the US focal zone, while the fluorescence variation of the new

liposomes injected is smaller due to shorter time of US exposure.

In most cases the repeated static scanning was observed to overlap the original. This
indicates that in these cases the perturbed liposomes were able to recover to its original
state. It was also observed that when the solution was flowing, there is an occasional
intensity drift both in the absence and presence of US, which could be due to an uneven
distribution of liposomes inside the tube. Since the intensity difference and On-to-Off
ratio are all relative values the intensity drift has little influence on the obtained scans
but leads to a slightly higher standard deviation for the flowing cases. For Fig. 5.19 and
Fig. 5.24 the highest intensity difference and On-to-Off ratio obtained were lower for
the static case compared with the flowing case, and the second static scan has lower val-
ues compared with the first static scan. This might be because longer time is required
for the "perturbed’ liposomes to return to its equilibrium state for these two cases. The
bimodel observed in Fig. 5.19e and Fig. 5.24e also suggests that the US perturbations

for these two cases might be more severe than the other cases.

It can be seen from Fig. 5.19 - Fig. 5.26 that the intensity differences obtained through
detection at DiD emission wavelength are higher for DiD only liposomes compared
with DiD-DiR labelled liposomes for all the cases studied. However, when detecting at
DiR emission wavelength, DiD-DiR labelled liposomes produce a higher intensity dif-
ference compared with DiD liposomes (both at 0.1 mol% and 0.5 mol%, flowing case).

The spatial resolution obtained from applying US is also greatly improved compared
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with the resolution obtained without applying US for all the cases studied. Here the
resolution is defined as the FWHM of the line scan image. The contrast and resolution
of the line scan images for the flowing case are summarized in Table 5.7. The contrasts
obtained from DiD-DiR labelled liposomes are higher than DiD only liposomes, indi-
cating the important role FRET plays in enhancement of the US mediated fluorescence
variation. The highest contrast is 9.0 %, obtained from DiD-DiR liposomes at 0.5 mol%
through detecting at DiD emission wavelength. For tissue imaging fluorescence imag-
ing at DiR wavelength is preferred. The contrast achieved through detecting at this
wavelength is 8.5 % using DiD-DiR labelled liposomes with 0.5mol% DiR concentra-
tion. The profile of the line scanned image is dependent on the overlapped region of
the US field and the tube and also the sensitivity of the samples to US. The resolu-
tion is therefore determined by several factors including (1) the US focal zone (FWHM:
2.1 mm) (2) the size of the tube (inner diameter: 1.1 mm) and (3) the threshold for US to
induce a detectable fluorescence variation for each of the cases studied. The resolution
differences among the eight cases shown in Table 5.7 should be due to the third rea-
son. The average resolution is 1.87 mm and the improvement compared with the case

without using US is by a factor of 6.3.

Table 5.7: Resolution and contrast of the line scan images.

Detection Resolution
Sample waveleneth With US | Without Imobrovement Contrast
ceng (mm) US (mm) p

0. mol% DiD-DiR DiD 1.79 11.81 6.6 7.8%
liposomes

0.1 mol% DiD DiD 1.63 11.61 71 3.3%
liposomes

0.1 mol% DiD-DiR DiR 1.70 10.67 6.3 5.8%
liposomes

0.1mol% DiD DiR 155 12.27 7.0 4.6%
liposomes

0.5mol% DiD-DiR DiD 1.46 10.85 74 9.0%
liposomes

0.5mol% DiD DiD 2.59 13.34 5.2 1.3%
liposomes

0.5mol% DiD-DiR DiR 238 11.84 5.0 8.5%
liposomes

0.5mol% DiD DiR 1.93 11.12 58 2.5%
liposomes
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5.7 Discussion and conclusions

In this chapter nanoscale DiD-DiR labelled liposomes with NIR fluorescence emission
were investigated as potential contrast agents for USMFT. The measurements of emis-
sion spectra show that strong FRET and self-quenching exist in the DiD-DiR labelled
liposomes, with the efficiencies dependent on the fluorophore concentrations. Fluores-
cence variations were observed when the DiD-DiR labelled liposomes were exposed
to US. The specific change trend depends on the fluorophore concentration and the
detection wavelength. The concentrations of 0.1 mol% and 0.5 mol% were found to be
thresholds for detection at DiD and DiR emission wavelength respectively for DiD-DiR
labelled liposomes. On application of US, below this threshold an intensity decrease
can be observed, above this threshold an intensity increase can be observed, while at
this threshold the intensity was observed to firstly decrease followed by an increase.
One useful application of these results is to quantitative determine the fluorophore

concentration.

Line scanning of a tube with 1 mm inner diameter buried at a depth of 1 c¢m in a scat-
tering phantom shows that the resolution can be improved around 6.3 times compared
with its no US counterpart and a contrast of 9 % can be obtained. The important role
FRET plays in enhancement of the US mediated fluorescence variation is seen from
the much greater contrast achieved with the DiD-DiR system as compared to the case
when DiD only liposomes were used. These results demonstrate that DiD-DiR labelled
liposomes have potential to be used as contrast agent for fluorescence imaging at deep

tissue to increase resolution.

The proposed mechanisms for US mediated fluorescence variation are the increased
mobility of dye molecules and a size expansion during the US exposure. These mech-
anisms explain well the instantaneous responses of DiD-DiR labelled liposomes to US
at various fluorophore concentrations. Due to the observation of a bimodel variation
for some detection, it is also necessary to involve two mechanisms and compare their
dominance. However, further experiments need to be performed to verify these mech-

anisms. Theoretical modeling of the dynamics of liposomes in US field is also desirable
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to perform quantitative study. The imaging resolution (1.87 mm) obtained in this study
is limited by the size of US focal zone (FWHM: 2.1 mm). An US transducer with higher
frequency might be involved in the future to reduce the focal size and further improve
the resolution. Despite the significantly improved resolution in a heavily scattering
phantom, for in vivo imaging factors such as stability, pharmacokinetics, and biocom-
patibility need to be considered. Besides, the contrast agent would need to be attached

with ligands for specific targeting. These would be the future work.
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CHAPTER 6

Conclusions and future work

USMLT using various contrast agents has been presented in this thesis. This chapter

provides conclusions of the research findings and suggests possible future work.

6.1 Conclusions

Fluorescence/bioluminescence imaging in deep biological tissue is a novel field devel-
oped only in recent years. In the first chapter of this thesis the challenges of FLI and
BLI, which are mainly due to high tissue scattering and absorption, were highlighted.
Several FLI and BLI techniques including fluorescence microscopy, FDOT, FLIM, and
BLT were discussed. These techniques are limited either to superficial surface (fluores-
cence microscopy, FLIM) or by low resolution (FDOT, BLT). To get high resolution (<
1 mm) fluorescence or bioluminescence images in deep tissue (> 1cm), several hybrid
techniques combining fluorescence with US have been developed in recent years. Hy-
brid techniques including USMFT, TMFT, and TRUE based methods were reviewed in
Chapter 1. All of these techniques have the potential to obtain high resolution fluores-
cence images in deep tissue, but they have drawbacks for further in vivo application.
TMFT requires the contrast agent used has extremely high thermo-sensitivity. TRUE
based fluorescence technique is limited in the speed at which it can operate to dynamic
system, and it can not be used for BLI. USMFT faces the challenges of very low modu-
lation depth which leads to low SNR.
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As aresult, all of the work presented in this thesis aims to increase modulation depth or
On-to-Off ratio of USMLT and to analyze the underlying mechanisms, through appli-

cation of contrast agents, including fluorophore labelled microbubbles and liposomes.

In the second chapter, the mechanisms of USMBLT were studied numerically by modi-
fication of NIRFAST, a package for modeling diffusely propagating light in tissue. The
influences of US on the optical properties (reduced scattering coefficient, absorption
coefficient, and refractive index) and concentration of source particles were firstly anal-
ysed. The US modulated bioluminescence fluence rate was then simulated. Effects of
the optical properties, source particle concentration, US pressure, and US position on
the modulation depth were investigated. The SNR for in vivo detection was also cal-
culated to explore the feasibility of applying USMBLT for pre-clinical imaging. It was
demonstrated that the dominant effect in generation of USMBL signal is US induced
variation in the concentration of the source particles, and this effect is at least two or-
ders of magnitude greater than that caused by changes in the optical properties. It
is also found that modulation depth increases linearly with increase of US pressure.
The maximum modulation depth can be obtained when the US focal zone overlaps
the bioluminescence source region. The modulated fluence rate increases linearly with
increase of the concentration but the modulation depth is independent of the concen-
tration. Further, it can be concluded that the compressibility of the source particles is
an important factor for the modulation depth, indicating application of contrast agents
such as microbubbles can increase the modulation depth. Results for SNR calculation
confirm the feasibility of applying USMBLT in preclinical imaging of mice to improve

the spatial resolution of BLI.

In the third chapter, the application of fluorophore labelled microbubbles in USMFT
was theoretically investigated. Initial experiments were also performed to demon-
strate the increased modulation depth. The fluorophores were labelled on the shell
of the microbubbles, which were tuned to be self-quenched. Upon application of US
the microbubbles oscillate changing the intermolecular distances of the fluorophores
resulting in a modulated fluorescence signal. The volumetric oscillation of fluorophore

labelled microbubble and its fluorescence emission intensity with or without applica-
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tion of US were simulated. The influences of factors including microbubble radius,
fluorophore concentration, and US pressure on the US modulated fluorescence signal
were studied. The modulation depth and SNR with fluorophore labelled microbubbles
located inside a scattering medium were simulated. It was shown that the effects of
the three factors are closely related to each other, and it is difficult to decouple their
effects. Generally the maximum modulated signal can be obtained within the region
C € (2mol% 5mol%) and Ry € (1.5um 5pm). However microbubbles with different
size may have different optimum concentration. Also microbubbles with a higher fluo-
rophore labelling concentration or a bigger radius require higher US pressure to obtain
its maximum volumeric oscillation and obtain the highest modulated signal. Therefore
it is desirable to produce microbubble suspensions having narrow size distribution, so
that most of the microbubbles can be labelled by an optimized concentration and ex-
posed to an appropriate US pressure. This might be achieved using the newly emerged
microbubble preparation technologies such as membrane emulsification, electrohydro-

dynamic atomisation and microfluidic processing [164].

In the fourth and fifth chapters a new approach to enhancement of fluorescent signals
by US based on the use of nanoscale fluorophore labelled liposomes was demonstrated
experimentally. Liposomes can be manufactured routinely with a defined size. In ad-
dition, compared with microbubbles, liposomes have advantages such as they have
much better stability, less US scattering and nanoscale size. In the fourth chapter li-
posomes containing lipids labelled with the fluorophore pyrene were optically excited
and the excimer fluorescence emission intensity was detected in the absence and pres-
ence of an US field. The acousto-fluorescence dynamics of liposomes containing lipids
with pyrene labelled on the fatty acid tail group (PyPC) and the head group (PyPE)
were compared. An increase in excimer emission intensity following exposure to US
was observed for both cases studied. The increased intensity and time constants were
found to be different for the PyPC and PyPE labelled liposomes, and dependent on the
applied US pressure and exposure time. The greatest US On-to-Off ratio (130%) and
smallest rise time constant (0.33 s) are achieved through the use of the PyPC labelled

liposomes. Possible mechanisms underlying the observed increase of the excimer emis-
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sion intensity in the PyPC labelled liposomes is considered to arise from the ‘'wagging’
of acyl chains which involves fast response and requires lower US pressure. This is
accompanied with the increased lipid lateral diffusivity, mechanisms also active in the

PyPE labelled liposomes.

However, the excitation and emission wavelengths of pyrene are too short for deep
tissue imaging. In the fifth chapter DiD-DiR labelled liposomes based on FRET were
studied with the excitation and emission spectra located close or within the NIR win-
dow (650 nm-1000 nm), where the penetration depth can get up to several centimeters.
It was observed that strong FRET and SQ exist in the donor-acceptor pair labelled lipo-
somes. The fluorescence emission intensity is very sensitive to the applied US, with the
specific change trend dependent on types of fluorophores (DiD only liposomes, DiR
only liposomes, or DiD-DiR labelled liposomes), detecting wavelength (DiD emission
wavelength or DiR emission wavelength), and fluorophore concentration (0.1 mol%
or 0.5mol%). The concentrations of 0.1 mol% and 0.5 mol% were found to be thresh-
olds for detection at DiD and DiR emission wavelengths respectively for DiD-DiR la-
belled liposomes. Below this threshold an intensity decrease can be observed, above
this threshold an intensity increase can be observed, while at this threshold the inten-
sity was observed to firstly decrease followed by an increase. Line scanning of a tube
buried at a depth of 1cm in a heavily scattering phantom shows a contrast of 8.5%
can be obtained using 0.5 mol% DiD-DiR labelled liposomes through detection at DiR
emission wavelength (around 740nm - 790nm). The resolution can be improved by
a factor of 6.3 compared with its no US counterpart. These results demonstrate that
DiD-DiR labelled liposome has potential to be used as enhancement agent for in vivo

deep tissue or whole-body small animal imaging with high resolution.

6.2 Future work

Current development of USMLT and the work carried out in this thesis have demon-
strated that USMLT is a promising technique to increase the resolution and imaging

depth of FLI and BLI. However, there is still much research to be done before it can be

184



CHAPTER 6: CONCLUSIONS AND FUTURE WORK

used as a routine preclinical imaging method. This section outlines several proposals

for the future work in terms of the contrast agents in USMLT.

6.2.1 Experimental demonstration of USMBLT

Theoretical modeling in Chapter 2 suggests that using an US with frequency 1 MHz
and peak pressure 1 MPa, a modulation depth of 6.1 x 105 can be obtained for USM-
BLT. The corresponding SNR is 5.3dB with the same setup used in [55] for a surface

1 2

radiance of 10° photonss~!cm~2sr~!. This suggest that the experimental demonstra-
tion of USMBLT is promising. The challenge is still the very low modulation depth.
To improve the axial resolution US needs to be operated at pulsed mode. This can fur-
ther decrease modulation depth because less source particles are exposed to US. One
method to address this is to increase the compressibility of the luciferase-luciferin solu-
tion, which might be achieved through application of microbubbles. Another method
might be to modulate or enhance the BRET efficiency. In BRET, the donor fluorophore
of the FRET technique is replaced by a luciferase. In the presence of a substrate, biolu-
minescence from the luciferase excites the acceptor fluorophore through the same FRET
mechanisms [247]. Therefore a luciferase-fluorophore labelled microbubble/liposome
system might be developed to improve the spatial resolution of BLI. The advantage of
this scenario is that no external light source is used, therefore the high sensitivity of BLI

is maintained. Also due to the application of fluorophores, the light level is improved

compared with pure bioluminescence, which can result of a higher SNR.

6.2.2 Further optimization of fluorophore labelled liposomes

Further optimization of the fluorophore labelled liposomes can be performed by eval-

uating several factors, including sensitivity, resolution and stability.

Echogenic liposomes are being investigated intensively in recent years. For exam-
ple, they are being developed as multifunctional theranostic agents for detection of
atherosclerotic plaques and for image-guided US-mediated delivery of therapeutics to

treat cardiovascular diseases [248]. By enclosing small gas bubbles inside the lipid bi-
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layer, echogenic liposomes are able to scatter US more effectively. It would be very
interesting to develop echogenic liposomes labelled by donor-acceptor or fluorophores
that have excimer formation characteristic. The aim of this investigation is to increase
the sensitivity of the contrast agent to US and potentially reduce the required US pres-
sure and exposure time based on the work carried out in this thesis. This is desirable
considering the possible side-effect to biological tissue caused by high pressure US ex-
posure for a long duration. This is also beneficial to reduce the acquisition time of
imaging.

Imaging resolution of USMFT is determined by the US focal zone, the lateral size of
which is dependant on the US frequency. In this thesis a 2.25MHz US transducer
was used and scanning images were obtained with an average FWHM resolution of
1.87mm. The lateral resolution might be further reduced through application of US
transducer with a higher US frequency and a smaller lateral size. The axial size of
the US focal zone is much bigger - around 20 mm. To achieve a high axial resolution
short US pulses in combination with strobing illumination for time-gating might be em-
ployed in the future. Another possible method to improve the axial resolution is to use
two US transducers with an angle of 90 degree. The intersectional volume of the two
US focal zone can have a much shorter axial size compared with the axial size when
only one US transducer is used. This method has been used for TRUE and a 2.5 times
improvement of axial resolution is achieved [249]. Other techniques developed to im-
prove axial resolution of US modulated optical tomography (e.g frequency-swept [250],

random phase jumps [251]) might also be used.

It has been established that liposomal stability in vivo is directly related to vesicle half-
life in the blood circulation - the more stable the vesicles are, the longer they circulate
in the blood [159]. For imaging and diagnosis purposes a short circulation time of a
few hours might be enough. However, for longitudinal monitoring of drugs loaded li-
posomes following the start of therapy, longer circulation time up to one month might
be necessary. Therefore control over the physical stability of liposomes becomes an
important prerequisite for their effective use. One method to increase the stability of

liposomes is to add cholesterol to liposome bilayers. However, the influence of choles-
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terol on the US induced fluorescence intensity variation needs to be characterized be-
cause its lipid condensing effect [236] might change the response of the liposomes upon

sonification.

6.2.3 Further investigation of mechanisms

Another future work is to further investigate the mechanisms of the US induced flu-
orescence variation of the fluorophore labelled liposomes. In this thesis noninertial
cavitation of gas bubbles pre-existing in the fluid is proposed as the original mech-
anism for US to stimulate a change of the lateral diffusion of the lipids. This might
be demonstrated through degassing the suspension of fluorophore labelled liposomes.
As a result of the liquid core, liposomes are relatively incompressible. However, since
FRET occurs in the length scale of 1nm to 10nm, a small change of the volume might
change the fluorescence emission intensity. To test whether the fluorophore labelled
liposomes oscillate volumetrically in US field and whether this contributes to the flu-
orescence variation (a mechanism similar to fluorophore labelled microbubbles), com-
parison experiments involving planar lipid bilayer labelled with donor-acceptor can be

performed.

It is also desirable to quantitatively measure lateral and transbilayer mobility of lipids
with and without application of US, with different movements decoupled. Most of the
methods to measure the lateral diffusion of membrane lipids, such as fluorescence re-
covery after photobleaching, fluorescence correlation spectroscopy, and single particle
tracking [252], are restricted by the resolution of the optical microscope involved and
can only work at micrometer length scale. It is therefore very challenging to measure

the lateral diffusion of lipids in liposomes with only 100 nm diameter.

The transbilayer movement of lipids is often assessed using a dithionite-based as-
say. Dithionite can reduce the fluorescent Nitro-2,1,3-benzoxadiazol-4-yl (NBD) to non-
fluorescent with a half-time of ~ 20s [197]. The schematic of the dithionite assay is
shown in Fig. 6.1. When liposomes labelled with NBD-labelled analogs (e.g.: Cé6-
NBD-PC) on both of its two leaflets are exposed to dithionite, the fluorescence inten-

sity decreases and eventually plateaus at 50% of its original intensity. This is because
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only fluorescence from the outer leaflet of the bilayer is quenched and the new plateau
represents the analogs on the inner leaflet [197]. If the remaining NBD is exposed to
dithionite through disruption of the membrane [253], or increase of transbilayer move-
ment [197], the fluorescence emission intensity would be further reduced. A similar
method can be employed for investigation of the influence of US on the transbilayer
movement of PyPC and PyPE in liposomes. In this case iodide ions might be applied,

which are quenchers for pyrene fluorescence through collisional quenching [254].
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(a) (b)
Figure 6.1: Schematic of the dithionite assay. (a) Transbilayer movement was induced
by US; (b) no transbilayer movement induced.

Since the lifetime of the fluorophore is dependent on FRET efficiency, it would be in-
teresting to study the influence of US on the lifetime of the fluorophores labelled in the
liposomes. The advantage of time-resolved over intensity-based measurements is the
ability to directly distinguish between effects due to FRET or probe concentration. For
example, a low donor fluorescence intensity can be caused by either a low donor con-
centration or efficient quenching by FRET but only in the latter case is the fluorescence
decay shortened. Furthermore, fluorescence lifetime based measurements can help de-
termine SQ mechanisms. Nonfluorescent dimer formation alone would not change the
lifetime [75]. Therefore if a change of lifetime was observed, SQ was due to either flu-
orescence energy transfer to dimers or collisional quenching. If no change of lifetime

was observed, SQ was due only to nonfluorescent dimer formation.
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6.2.4 Future applications of USMFT using fluorophore labelled liposomes

There are large amounts of potential applications that can be explored using USMFT
with the developed fluorophore labelled liposomes. With USMFT the existing appli-
cation of fluorescence imaging using exogenous fluorophores might be performed in
intact and native physiological state. For example, biodistribution of liposomes is
studied usually through examination of the removed organs after the mice are euth-
anized [255, 256]. With USMFT it is possible to noninvasively monitor the biodistri-
bution (also targeting, uptaking, and therapeutic efficiency) of liposome-encapsulated

drugs without having to excise the animals.

A clinically valuable application of USMFT using pyrene labelled liposomes is the
optical detection of tissue microenvironment such as oxygen concentration, pH, iron
concentration and other properties which can indicate diseases. Since pyrene and
its derivatives have a long excited state lifetime and are efficiently quenched by oxy-
gen [211], pyrene-labelled liposomes as an optical oxygen sensor to monitor tissue oxy-
gen concentrations is a promising application. The linear regression curve obtained
for emission intensity ratio of excimer and monomer intensity with Cu*" concentra-
tion [212] also suggests the possibility of using pyrene-labelled liposomes as a fluo-
rosensor for detecting Cu®" ions in living cells. However, due to the short penetration

depth of pyrene fluorescence, detection is limited to superficial tissue.

Excimer lablled liposomes at longer wavelength might be achieved using dyes from the
difluoro-boraindacene family (4,4-difluoro-4-bora-3a,4a-diaza-s-indacene, abbreviated
hereafter as BODIPY). BODIPY dyes have the emission wavelength maximum ranging
from A = 510 nm to 665 nm. Several BODIPY dyes, for example BODIPY-FL-ceramide,
also has the concentration dependent excimer formation characteristic [217]. In addi-
tion, BODIPY dyes combine many advantages and have been developed for various bi-
ological applications. For example, the C16-BODIPY-FL was developed for detection of
lipid peroxidation on red blood cells (RBC) using its excimer formation property [217].
Upon addition of cumene hydroperoxide or benzoyl peoxide to exadecanoyl-BODIPY-

labelled RBC suspensions, the monomer emission peak initially increases, then de-
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creases, while the excimer peaks continuously decrease. The ratio of the excimer to
monomer ratio can thus be used to monitor the onset of lipid peroxidation [217]. Other
applications include labels for biomolecules, indicators for proton and metal ions, stains
for organelles and substrates for enzymes [257]. With application of BODIPY labelled
liposomes as contrast agent of USMFT, it is promising to obtain this information in

deeper tissue.

6.2.5 Concerns for in vivo imaging using the fluorophore labelled liposomes

There are some concerns for in vivo imaging using the fluorophore labelled liposomes.
The effect of biological fluids, especially blood with which liposomes come into con-
tact on injection, might change the properties of the liposomes. Interaction of lipo-
somes with blood components such as plasma high density lipoproteins (HDL) might
lead to leaky vesicles. It was claimed that phospholipid loss to HDL for liposomes
made from ’high melting” phospholipid such as DPPC (used in this thesis) is reduced
greatly [159]. Still chemical and physical processes such as hydrolysis of the ester bonds
linking the fatty acids to the glycerol backbone, aggregation/flocculation and fusion/
coalescence [258] might affect the performance of liposomes and need to be evaluated

for effective in vivo imaging.

It was demonstrated that given intravenous injection liver, spleen, and bone marrow
intercept most of the liposomes, while for subcutaneous injection much of the lipo-
somes retained at the site of injection [159]. Therefore to obtain fluorescence images
at other anatomical sites such as the kidney, heart and bladder, it might be more effec-
tive to modify the fluorophore labelled liposomes so that it can target a specific moiety
such as a receptor. This could be done by attaching the liposomes to site-directing lig-
ands that can bind and interact with specific cellular or tissue epitopes. Numerous
approaches have been developed in the field of drug delivery for liposome targeting
using site-directing ligands. For example, PGN635 is a human monoclonal antibody
that specifically targets phosphatidylserine, which is normally constrained to the inner
plasma membrane but becomes exposed on the surface of endothelial cells in tumor

vasculature. Liposomes conjugated with PGN635 exhibited localization to tumor and
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significantly reduced accumulations in liver or spleen [259]. One concern for modifica-
tion of the fluorophore labelled liposomes is that the attached ligands might influence
the US dynamics of the fluorophore labelled liposomes through change of the physical
properties of lipid bilayer such as the lipid density. Therefore care should be taken to
maintain the desirable properties of fluorophore labelled lipsomes when using ligand

targeting.
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APPENDIX A

Simulation of microbubble radius and fluorescence emission in-
tensity
Oscillation of radius and fluorescence emission intensity when using 10 cycles of US

were shown in Section 3.3.2 of Chapter 3. Here similar simulations are provided, but

with 1 cycle and 50 cycles of US.
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Figure A.1: Oscillation of microbubble radius (R) and fluorescence emission intensity
(S) in time domain ((a) and (b)) and frequency domain ((c) and (d)). Nc = 1; Rg =
2.5um; P4 = 100 kPa.
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Figure A.2: Oscillation of microbubble radius (R) and the fluorescence emission inten-
sity (S) in time domain ((a) and (b)) and frequency domain ((c) and (d)). N¢c = 50;
Ro = 2.5pm; P4 = 100kPa. Signals only at the first 10 ps are shown in the time do-
main. The oscillation at the first four cycles is similar to Fig. 3.7 (Nc = 10). The peak
amplitudes of the oscillation after the first four cycles are almost constant. With longer
time of the signal, the frequency bandwidth becomes narrower. However the oscilla-
tion amplitudes are the same as the case for 10 pulses of US.
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Figure A.3: Oscillation of microbubble radius (R) and fluorescence emission intensity
(S) in time domain ((a) and (b)) and frequency domain ((c) and (d)). Nc = 1; Rg =
2.5um; P4 = 500 kPa.
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Figure A.4: Oscillation of microbubble radius (R) and fluorescence emission intensity
(S) in time domain ((a) and (b)) and frequency domain ((c) and (d)). N¢c = 50; Ry =
2.5um; P4 = 500 kPa. It can be seen that the oscillation amplitudes are almost constant
after the second cycle of oscillation.
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Figure A.5: Oscillation of microbubble radius (R) and fluorescence emission intensity
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0.75um; P4 = 100kPa. The time periods of the oscillation for both the size and the
emission intensity are shorter compared with Ry = 2.5 um microbubble shown in Fig.
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Figure A.6: Oscillation of microbubble radius (R) and fluorescence emission intensity
(S) in time domain ((a) and (b)) and frequency domain ((c) and (d)). N¢ = 50; Ry =

0.75um; P4 = 100 kPa.
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APPENDIX B

Modulation depth and SNR in a scattering phantom

Simulation results for the modulated signal, modulation depth, and SNR while vary-
ing Rp and C in a scattering medium are shown in the following. The simulation is
similar to that in Section 3.3.4 of Chapter 3, but at different US pressures (Fig. B.1:
P, = 200kPa; Fig. B.2: P4 = 300kPa; Fig. B.3: P4 = 400kPa; Fig. B.4: P4 = 500 kPa;
Fig. B.5: P4 = 600kPa). It can be seen that US does not change the dependance of the
modulated signal, modulation depth, and SNR on Ry and C.
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Figure B.1: Influence of Ry and C on (a) modulated signal; (b) modulation depth; and
(c) SNR. P4 = 200 kPa.
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Figure B.2: Influence of Ry and C on (a) modulated signal; (b) modulation depth; and
(c) SNR. P4 = 300 kPa.
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Figure B.3: Influence of Ry and C on (a) modulated signal; (b) modulation depth; and
(c) SNR. P4 = 400 kPa.
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Figure B.4: Influence of Ry and C on (a) modulated signal; (b) modulation depth; and
(c) SNR. P4 = 500 kPa.
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Figure B.5: Influence of Ry and C on (a) modulated signal; (b) modulation depth; and
(c) SNR. P4 = 600 kPa.
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Spectra of the optical filters

The spectra of the optical filters used in this thesis are provided in the following. Filters
with spectra shown in Fig. C.1a, Fig. C.1b and Fig. C.1c are used in Chapter 3; filters
with spectra shown in Fig. C.1d and Fig. C.1e are used in Chapter 4; filters with spectra
shown in Fig. C.1f, Fig. C.1g and Fig. C.1h are used in Chapter 5.
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Figure C.1: Spectra of the optical filters. (a) FF01-532/3-25; (b) #67-119; (c) FF02-575/25-
25; (d) #65-128; (e) #86-962; (f) FF01-676/37-25; (g) #87-759; (h) NT63-347. Data in (a),
(c), (f) were provided by Semrock, New York, USA. Data in (b), (d), (e), (g), (h) were
provided by Edmund Optics, York, UK.
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Measurements of absorbance spectra

To obtain ep;r/ep;ip for calculation of DiR based FRET efficiency in Section 5.4.1 of
Chapter 5, the absorbance spectra of DiD only liposomes and DiR only liposomes were
measured using a spectrophotometer (Biochrom Libra S32 PC, Cambridge, UK). The
prepared DiD and DiR only liposomes were diluted 10 times to have a lipid concen-
tration of 1.28 mM, which is the same as that used for fluorescence emission spec-
trum measurements. DiD or DiR concentrations of 0.05mol%, 0.1 mol%, 0.25mol%,
0.5mol%, 0.75mol% and 1 mol% were measured. Wavelengths from 450 nm to 900 nm
were scanned with a step of 1nm and scan speed of 1856 nm/min. PBS buffer were
used as a reference and the reference scan acted as a temporary baseline for the other
samples. The measured results of DiD only liposomes, DiR only liposomes, and PBS
buffer were shown in Fig. D.1, Fig. D.2, and Fig. D.3 respectively. The absorbance at

633 nm was extracted from the absorbance spectra and summarized in Table D.1.

Table D.1: Absorbance at 633nm of DiD only lipo-
somes and DiR only liposomes.

Concentration (mol%) ADl‘Dl ADiR2 ADiR/ADiD
0.05 0.35 | 0.36 1.03
0.1 050 | 0.27 0.54
0.25 0.70 | 0.35 0.50
0.5 1.23 | 0.50 0.41
0.75 1.52 | 0.60 0.39
1 1.67 | 0.63 0.38

1 Absorbance of DiD only liposomes
2 Absorbance of DiR only liposomes
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Figure D.1: Absorbance (Abs) spectra of DiD only liposomes at (a) 0.05mol%; (b)
0.1 mol%; (c) 0.25 mol%; (d) 0.5 mol%; (e) 0.75 mol%; (f) 1 mol%.
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Influence of US pressure and exposure time

The dependance of the intensity difference and On-to-Off ratio on US pressure and
exposure time were investigated in Section 5.5.3 of Chapter 5. Here the US mediated
variations of the fluorescence emission intensity at individual US pressure and expo-

sure time are provided.
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Figure E.1: US mediated variation of fluorescence emission intensity at US pressures (a)
0.26 MPa; (b) 0.7 MPa; (c) 1.21 MPa; (d) 2 MPa when detecting at DiD emission wave-
length from DiD-DiR labelled liposomes with 0.1 mol % concentration.
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Figure E.2: US mediated variation of fluorescence emission intensity at US exposure

times (a) 0.01s; (b) 0.5s; (c) 3s; (d) 5s when detecting at DiD emission wavelength
from DiD-DiR labelled liposomes with 0.1 mol % concentration.

230



APPENDIX E:

6 6 6 6
14710 1.42%10 1.45%10 1510
—~ —~ —~ —~
7% ) ) D
Q o Q14 Q14
o O 14 o o
e L e e
2135 > 2135 213
I e T - 2 2
5 I3 8 13 812
£ £ £ £
13 136 125 11
0 20 40 60 80 100120 0 20 40 60 80 100120 0 20 40 60 80 100120 0 20 40 60 80 100 120
Time (s) Time (s) Time (s) Time (s)
(a) (b) (c) (d)

Figure E.3: US mediated variation of fluorescence emission intensity at US pressures (a)
0.26 MPa; (b) 0.7 MPa; (c) 1.21 MPa; (d) 2 MPa when detecting at DiR emission wave-
length from DiD-DiR labelled liposomes with 0.1 mol % concentration.
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Figure E.4: US mediated variation of fluorescence emission intensity at US exposure

times (a) 0.01s; (b) 0.5s; (c) 3s; (d) 5s when detecting at DiR emission wavelength from
DiD-DiR labelled liposomes with 0.1 mol % concentration.
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Figure E.5: US mediated variation of fluorescence emission intensity at US pressures (a)
0.26 MPa; (b) 0.7 MPa; (c) 1.21 MPa; (d) 2 MPa when detecting at DiD emission wave-
length from DiD labelled liposomes with 0.1 mol % concentration.
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Figure E.6: US mediated variation of fluorescence emission intensity at US exposure

times (a) 0.01s; (b) 0.5s; (c) 3s; (d) 5s when detecting at DiD emission wavelength
from DiD labelled liposomes with 0.1 mol % concentration.
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Figure E.7: US mediated variation of fluorescence emission intensity at US pressures (a)
0.26 MPa; (b) 0.7 MPa; (c) 1.21 MPa; (d) 2 MPa when detecting at DiR emission wave-
length from DiD labelled liposomes with 0.1 mol % concentration.
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Figure E.8: US mediated variation of fluorescence emission intensity at US exposure
times (a) 0.01s; (b) 0.5s; (c) 3s; (d) 5s when detecting at DiR emission wavelength from
DiD labelled liposomes with 0.1 mol % concentration.
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Figure E.9: US mediated variation of fluorescence emission intensity at US pressures (a)
0.26 MPa; (b) 0.7 MPa; (c) 1.21 MPa; (d) 2 MPa when detecting at DiD emission wave-
length from DiD-DiR labelled liposomes with 0.5 mol % concentration.
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Figure E.10: US mediated variation of fluorescence emission intensity at US exposure
times (a) 0.01s; (b) 0.5s; (c) 3s; (d) 5s when detecting at DiD emission wavelength from
DiD-DiR labelled liposomes with 0.5 mol % concentration.
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Figure E.11: US mediated variation of fluorescence emission intensity at US pressures
(a) 0.26 MPa; (b) 0.7 MPa; (c) 1.21 MPa; (d) 2 MPa when detecting at DiR emission wave-
length from DiD-DiR labelled liposomes with 0.5 mol % concentration.
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Figure E.12: US mediated variation of fluorescence emission intensity at US exposure

times (a) 0.01s; (b) 0.5s; (c) 3s; (d) 5s when detecting at DiR emission wavelength from
DiD-DiR labelled liposomes with 0.5 mol % concentration.
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Figure E.13: US mediated variation of fluorescence emission intensity at US pressures
(a) 0.26 MPa; (b) 0.7 MPa; (c) 1.21 MPa; (d) 2 MPa when detecting at DiD emission wave-
length from DiD labelled liposomes with 0.5 mol % concentration.
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Figure E.14: US mediated variation of fluorescence emission intensity at US exposure

times (a) 0.01s; (b) 0.5s; (c) 3s; (d) 5s when detecting at DiD emission wavelength from
DiD labelled liposomes with 0.5 mol % concentration.
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Figure E.15: US mediated variation of fluorescence emission intensity at US pressures
(a) 0.26 MPa; (b) 0.7 MPa; (c) 1.21 MPa; (d) 2 MPa when detecting at DiR emission wave-
length from DiD labelled liposomes with 0.5 mol % concentration.
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Figure E.16: US mediated variation of fluorescence emission intensity at US exposure

times (a) 0.01s; (b) 0.5s; (c) 3s; (d) 5s when detecting at DiR emission wavelength from
DiD labelled liposomes with 0.5 mol % concentration.
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