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GENERAL INTRODUCTION




GLow WITH THE FLow

ABSTRACT This introductory chapter starts with an overview of the biomedical imaging
scene in which this thesis is set. The area of interest for the optical imaging techniques that
will be discussed is the microcirculation, therefore this chapter continues with a descrip-
tion of the microcirculation and the assessment of its functioning by quantifying the blood
flow velocity. The microcirculation plays a role in many pathologies and a dysfunctional
microcirculation can be the cause, mediator or result of other pathologies. Many tumours
for example, thrive and survive due to increased microcirculatory blood supply invoked by
tumour signalling molecules. However, quantifying the blood flow does not always provide
adequate information, for example it does not provide adequate contrast to localize
small tumour lesions. Therefore, the second part of the introduction focuses on achieving
high-sensitivity molecular contrast in tumours using photoluminescent nanoparticles. Finally
an overview of the thesis chapters covering quantitative flowmetry and photoluminescence
techniques is given.



INTRODUCTION

1.1 THE ScENE

Visual inspection is one of the oldest diagnostic tools used in medicine. In the early 1900’s
William Osler advised his students “Let not your conceptions of disease come from words
heard in the lecture room or read from the book. See, and then reason and compare and
control. But see first” [1]. In modern medicine, the importance of visual observation is still
a critical part of teaching [2, 3]. The physician’s eye and patient alone, however, do not
always result in the true diagnostic outcome. Enhancing human vision has long been recog-
nized as a valuable technique in medicine, from simple magnifying glasses and microscopes
(flourishing since the 1680’s) to advanced neurosurgical microscopes that allow 3-dimen-
sional visualization through binoculars during intracranial neurovascular procedures [4-6].
Not only magnification, but also other light interactions with tissue can enhance clinical
vision. For example the use of only a small part of the spectral range of light (colour) can
result in a substantial increase in contrast. In Fig. 1.1 an example is shown of an image of
microcirculatory blood vessels obtained using sidestream dark field (SDF) microscopy [7]
(a technique that will be discussed in Chapters 2 - 4) using respectively unfiltered (white)
and filtered (green) light for illumination. The large contrast in Fig. 1.1b is due to a large
absorption difference between blood and surrounding tissue for green light, whereas this
absorption difference is reduced when the whole visible spectrum is used (Fig. 1.1a).

Green light

Figure 1.1 Spectral imaging | Sidestream dark field (SDF) microscopy image of human sublingual microcirculation
using white (a) and green (b) illumination light.

The addition of magnifying and contrast enhancing tools to visual inspection allowed ad-
vancement of the area of optical biomedical imaging. Although the most common clinical
imaging modalities (20th century inventions like X-ray, CT, ultrasound imaging and MRI)
are non-optical, optical imaging is currently emerging due to the following advantages:
optical radiation is nonionizing and safe; optical instruments are generally cheap and por-
table; and optical tissue interactions provide both structural and physiological information,
usually at a higher resolution compared to the aforementioned modalities [8].

In the biomedical imaging field the goal is to obtain functional information about the tis-
sue of interest to aid in a true diagnostic outcome, to monitor therapy or more generally
to improve the understanding of life in health and disease. Tissue constituents like cells,
organelles, proteins and biomolecules interact with light. Tissue can absorb, scatter and de-
polarize light, fluoresce or phosphoresce, or all at the same time. Interpreting the result of
this complex, multiscale interaction can reveal information about the tissue of interest. Dis-
eased tissue, or samples from a diseased organism (blood, urine, biopsies, etc.) can have
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a different structure or composition compared to healthy tissue. The task of biomedical
imaging is to use the different optical signatures of healthy and diseased tissue to improve
the differentiation between them.

Using light-tissue interactions for diagnostics is not limited to imaging. Biomedical imaging
is a subfield of the larger research area called biophotonics, covering all techniques that
study light-tissue interactions in aid of the differentiation between (or understanding of)
healthy and diseased tissues. To complete the biophotonics landscape, a last but certainly
not least application is the use of light for clinical interventions and therapy, for example
laser surgery [9] or photodynamic therapy for the treatment of cancer [10]. An upcoming
research area is ‘theranostics’, where therapy and diagnostics are integrated, often in the
field of nanophotonics [11]. Ongoing research efforts to understand the complex interac-
tions of light with tissue will result in more effective optics-based therapies.

The challenges in biophotonics arise from the complex interactions of light with tissue. In
particular the highly scattering nature of tissue at optical wavelengths requires sophisti-
cated algorithms to obtain functional information or reconstruct images. In addition, scat-
tering reduces the penetration depth of light in tissue to maximally a few centimetres
in the near infrared region. The identification of potential application niches for optical
techniques and the optimization of illumination, detection and signal processing methods
are the driver behind the expansion of biophotonics in the biomedical field.

The versatile nature of tissue interactions with light logically results in a versatile field of
biophotonics. Many excellent applications have already made their way to the clinic, such
as the relatively simple pulse-oximeter [12] or advanced retinal imaging systems based
on optical coherence tomography [13]. The advantages of adopting optics in the clinical
setting are the potential for minimally invasive techniques, point-of-care diagnostics, and
safe and affordable devices. In addition, the enhanced functional information (structural
and physiological) that optical techniques can provide is arguably the most important
added value to the clinic. However, before functional, robust and practical devices can be
made, they have been preceded by in-depth, thorough and comprehensive research. This
thesis is set in this particular scene where the quantification and interpretation of optical
interactions with tissue are key concerns.

1.2 MICROCIRCULATION: WHERE PERFUSION MEETS METABOLISM

The particular biotissue of interest in this thesis is the microcirculation: a network of blood
vessels less than 100 Um in diameter. The microcirculation is the central region in the circu-
lation system where the total vessel surface area is at its largest, and the blood flow slows
down to allow exchange of gases, nutrients and metabolites providing the environment
necessary for cells to function. Adequate tissue perfusion by microcirculatory blood flow
is essential for healthy tissues and organs. Due to its function to meet the metabolic needs
of tissues the microcirculation is found in almost all parts of the body, thus also close to
the surface of tissues such as internal organs, muscles and skin (see Fig. 1.2). As light has
a limited penetration depth in tissue the microcirculation is an excellent target for optical
assessment with considerable clinical relevance.
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Figure 1.2 Microcirculation | (a) Simple representation of metabolism in the microcirculation. (b) The microcircula-
tion is everywhere (adapted from blog of Dr. S. Venkatesan, MD).

Adequate tissue perfusion by the microcirculation is essential for organ health, so inad-
equate perfusion by the microcirculation can result in diseases and eventual organ failure.
In the metabolic disease diabetes, common complications such as retinopathy and renal
disease are the results of impaired microcirculation. Microangiopathy is caused by in-
creased microvascular pressure and flow, but the exact cellular mechanisms causing this
are unknown. However, microangiopathy appears to precede cardiovascular diseases in
diabetic patients, and in turn, functional microvascular changes precede microangiopathy
[14, 15]. Assessing microvascular functionality thus aids in early diagnosis of diabetes and
its related complications and can also function as an indicator for effectiveness of treat-
ment [16].

Another relevant area where microcirculation assessment can aid in both diagnosis and
therapy monitoring is at the intensive care unit (ICU). Sepsis is defined as the clinical syn-
drome characterized by the presence of infection and a systemic inflammatory response
of the body, and septic shock refers to acute circulatory failure characterized by persistent
arterial hypotension unexplained by other causes [17]. One of the major features of septic
shock is a heterogeneous distribution of microcirculatory blood flow and in more advanced
states a dysfunctional microcirculation leading to oxygen extraction deficit, severe func-
tional shunting and organ failure [18, 19]. The pathological causes for this are not yet
fully understood but suggestions includes triggers by inflammatory mediators, endothelial
alterations, loss of neural control, altered leukocyte adhesion, altered red blood cell de-
formability and the presence of micro thrombi [20-22]. Regardless of cause, the indicators
of septic shock are apparent in the microcirculation early on in disease development [23];
microcirculatory changes are more severe in nonsurvivors [24]; and an improved microcir-
culation functionality is associated with successful therapy and patient survival [25, 26].
In addition, during septic shock microvascular changes are independent of systemic hae-
modynamic variables [26, 27]. Other critical diseases where the microcirculation has been
reported to play a role are cardiac arrests, heart failure and cardiogenic shock [28, 29].
In circulatory failure blood flow is diverted from the less vital tissues (skin, muscle, gastro-
intestinal tract) to the vital organs (heart, brain, kidneys). Consequently, monitoring the less
vital tissues can be an early marker for hypoperfusion of vital organs with the advantage
that the peripheral circulation is more accessible [30]. Microcirculatory function and capil-
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lary recruitment have therefore been proposed as end-points for therapy in sepsis and as
potential parameters in other critical diseases [29, 31].

The microcirculation does not only provide adequate tissue perfusion to ensure healthy
organs, it also provides oxygen and nutrients to unwanted tissue such as tumours. Without
blood vessels tumours cannot grow beyond a critical size due to the limited diffusion dis-
tance of oxygen (100 - 200 um) [32]. At the beginning of their development, tumours are
usually not angiogenic (triggering blood vessel growth) due to a balance between pro-
and anti-angiogenic molecules. Various processes occurring around tumours (metabolic or
mechanical stress, immune or inflammatory response, genetic mutations) trigger the cells
tfo secrete pro-angiogenic signalling molecules to derail this balance and turn the angio-
genic ‘switch’ to ‘on’ [32, 33]. The subsequent growth of blood vessels around the tumour
allows the tumour to expand and facilitates transport of tumour cells to create metastasis
elsewhere in the body. On the other hand, tumour microcirculation also enables anti-cancer
drugs to be delivered to the tumour [32-34].

The microcirculation’s ability or inability fo accommodate the tissue’s metabolic needs is
thus an important pathological marker for various diseases, including those outlined above.
The causes for microcirculatory dysfunction, pro- and anti-angiogenic behaviour and mi-
croangiopathy are complex, broad and warrant further investigations. However there is
strong evidence that the microcirculation functionality and cellular processes are interde-
pendent [32, 35], and hence the study of microcirculation can elucidate the related cel-
lular processes and clinical physiology and can help to understand causes of diseases and
mechanisms of diagnosis and therapy.

1.3 FUNCTIONAL MICROCIRCULATION IMAGING

An important perception is that assessing a single capillary is not sufficient to verify (in)
adequate supply of oxygen to tissue. The functional parameters that have been identified
to be relevant in septic shock are a measure of vessel density and geometry; assessment
of capillary perfusion and the heterogeneity of microvascular perfusion [36]. This method
of microcirculation scoring was developed due to the availability of a new-generation
microcirculation microscopes that allowed capturing videos of the microcirculation of ap-
proximately 1 mm2 field of view, usually containing 20 or more capillaries, venules and /or
arterioles. The first imager was based on orthogonal polarization spectroscopy (OPS) [37]
and the improved version of sidestream dark field (SDF) imaging [7]. In both versions the
contrast is obtained by illumination with green light (higher absorption by blood compared
to surrounding tissue, see Fig. 1.1) and they share the common property that the specularly
reflected light is rejected from the imaging path, resulting in detailed videos of subsurface
microcirculatory vessels with flowing red blood cells (RBCs). Importantly, the techniques
can be implemented in hand-held and small instruments, which can be used at the ICU as
opposed to the bulky nailfold capillaroscopy microscopes that are historically used for
microcirculation assessment [38-40]. In addition, these devices can be placed sublingually
where the mucosal tissue overlaying the capillaries is quite transparent and the images
contain much more detail compared to the nailfold. SDF and OPS devices have extensively
been used for research on microcirculatory function during critical diseases [18, 19, 22-29,
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41-44]. The non-invasiveness of SDF and OPS imaging is favourable for patients in critical
circumstances especially for vulnerable patients such as on the paediatric intensive care
unit [45]. SDF microscopy was for example used to monitor the microcirculation in relation
to illness severity and therapy response in children with meningococcal disease [46], hypo-
thermia [47], and hypotension [48]. The quantitative parameters proportion of perfused
small vessels (< 20 um) [24, 25, 27, 29, 46], microvascular flow index [26, 28, 46, 47,
49] and flow velocity [23, 44, 46] are found to be decreased in critically ill patients, while
the microvascular heterogeneity increased [23]. Not all critical diseases lead to a change
in functional microcirculatory parameters [42, 43], however this does not negate clinical
relevance. On the other hand, concern has been raised about the requirement for time
consuming off-line data analysis [42] and the difficult interpretation of microcirculation
images [50], which could also be the reason for absence of significant microcirculatory
changes in the data.

Quantification of the SDF or OPS images is currently semi-automatic using commercially
available software (AVA3.0 Microvision Medical, Amsterdam, The Netherlands). The al-
gorithm for flow assessment to determine the important microvascular parameter vessel
perfusion (and the proportion and heterogeneity thereof) is based on tracking of RBCs and
plasma gaps in a space-time diagram [51]. However, the maximal flow velocity measure-
ment is limited by the frame rate and exposure time of the camera, which is around 1 - 2
mm /s in the current system. In addition, the analysis needs to be performed off-line and in-
volves considerable user-interaction limiting its use at the bedside. An alternative range of
techniques to visualize microcirculatory flow is based on the temporal statistics of coherent
light backscattered from dynamic structures, referred to as Dynamic Light Scattering (DLS)
techniques [52, 53]. In this case, the contrast is not based on absorption but on scattering
by flowing RBCs. Techniques such as Laser Doppler Flowmetry (LDF) [54], Laser Speckle
Contrast Imaging (LSCI) [55] and Diffusing Wave Spectroscopy (DWS, also called diffuse
correlation spectroscopy) [56] fall in this category. These techniques are sensitive to a wide
flow range, but generally lack a quantitative representation of flow velocity. Often their
measurement quantities can be determined automatically with simple algorithms, but are
expressed in quantities such as ‘flux’ or ‘relative blood flow’ or ‘perfusion units’ [57-59],
related to the product of the number of moving RBCs and their average velocity. These
techniques can therefore be used to visualize blood flow or quantify relative flow metrics,
but are not a measure of absolute blood flow velocity. The techniques are discussed in
more detail in Chapter 2 and their key differences in technology, temporal and spatial
resolution, field of view and probing depth are listed. DLS techniques often use wave-
lengths within the so-called ‘tissue transparency window’ (approx. range 650 - 1300 nm)
[60] and therefore probe deeper, but with reduced spatial resolution compared to SDF
video-microscopy [61-63]. The handheld SDF microscope uses green light for high contrast
but with limited penetration depth in tissue due to the high scattering and absorption
properties of tissue for green light. The maximum focus depth of the device is 0.4 mm. SDF
microscopy can only acquire microcirculation images at locations where the vessels are su-
perficial and in optically transparent tissues, such as mucosal tissue (sublingual, conjunctiva,
nail-fold) [7, 64], organ surfaces [65] or neonatal skin [47]. LDF, DWS and LSCI have the
ability to image the microcirculation through e.g. skin or skull [58, 59, 66].
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Besides diagnosis and monitoring of critical diseases, imaging techniques that quantify
microvascular parameters have also been used e.g. fo assess neurovascular changes to
gain insight in brain metabolism under normal or pathological conditions [67]; skin grafts
and burn wounds [68, 69] and microvascular disorders in metabolic [15], cardiovascular
[70] or oncologic diseases. Microcirculatory parameters such as vessel geometry, vascular
pattern and blood flow were assessed using OPS imaging on oral squamous cell carcinoma
[71] and brain tumours [72]. Dilated and chaotic vessels or vessels with low flow compared
to healthy areas were found to characterize cancerous regions [71, 72]. This suggests that
microcirculatory imaging can be a useful tool in the detection of cancer-related vascular
aberrations, the effects of therapy on the tumour microvasculature or for guidance dur-
ing tumour neurosurgery. Ideally, a blood flow imager should be objective, non-invasive,
and capable of performing instantaneous and reproducible readings (for some diseases
continuously) [30, 73]. Therefore, a substantial part of this thesis is devoted to optimizing
optical technologies to comply with these requirements.

1.4 MICROCIRCULATORY DELIVERY IN TUMOURS

The observation that tumour angiogenesis occurs around tumours and that the vessels dis-
play ‘chaotic irregularity’ was made more than 100 years ago [74]. The imbalance of
angiogenic regulators and the vigorous nature of tumour and blood vessel growth cause
tumour vessels to be structurally and functionally abnormal. In contrast to healthy vessels,
tumour vessels are dilated, tortuous, have uneven diameters, and show excessive branch-
ing and shunting [32]. As elucidated in the previous section, the appearance of the mi-
crocirculation can be an indicator for the presence of tumours making direct visualization
an important non-invasive clinical tool. At the same time, it is expected that cancerous
angiogenic regions are visible in microcirculation images only when the tumour has grown
to a reasonable size and is superficial enough for vessel image details to be retained in
the presence of scattering. In addition, inflamed areas can also induce changes in micro-
circulatory perfusion similar to malignancies, as measured by LDF [75]. However, for the
detection of small or deep tumours the microcirculation can still be useful as a delivery
system for contrast enhancing particles to enable detection by advanced optical imaging
techniques [76].

The delivery of macromolecular complexes to tumours is mediated by the enhanced per-
meability and retention (EPR) effect [77]. Not only do tumour vessels look distorted on a
Mm to mm scale (dilated, tortuous, irregular, etc.) the composition of the tumour vessel wall
also differs from normal on a nm to Um scale. The pathological angiogenesis process dur-
ing tumour growth as a result of dysregulation of pro- and anti-angiogenic signalling mol-
ecules can result in a defective cellular lining of tumour vessels composed of disorganized,
loosely connected, branched, overlapping or sprouting endothelial cells [78]. The resulting
vessel wall is ‘leaky’ and exhibits an enhanced permeability to macromolecules. In normal
fissue such macromolecules would be cleared by the lymphatic system, however, other
characteristics of tumour tissue are compressed and damaged lymphatic vessels, possibly
due to the high interstitial fluid pressure built up by the growing tumour mass [32, 79]. The
absence of lymphatic drainage results in macromolecules retaining in the tumour for pro-
longed periods. This passive targeting of macromolecules to tumours through the EPR effect
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results in a higher concentration inside the tumour as compared with the surrounding tissue
[80, 81]. As a result, when the macromolecular complexes have photoluminescent proper-
ties, the tumour imaging contrast can be enhanced [76, 82, 83].

The macromolecular complexes need to exhibit certain physical and biochemical proper-
ties to take full advantage of the EPR effect. Obviously the size is important since particles
that are too large cannot diffuse through the permeable vessel wall, while small particles
quickly diffuse through the tumour and are not retained [84]. Endothelial intercellular
openings in the range 0.3 - 4.5 Um and transcellular holes of 0.6 Um in diameter were
measured using scanning electron microscopy images of mouse mammary tumour, as shown
in Fig. 1.3 [78]. In a human colon tumour xenograft a cut-off size of 400 - 600 nm was
found by observing transvascular transport of liposomes [85]. Optimal sizes of macromol-
ecules for the EPR effect around 60 - 100 nm are reported [84, 86]. In addition, these
nanoscale particles must remain in the circulation long enough for accumulation in the
tumour, escaping clearance by the immune system, liver and spleen and without interac-
tion with components in the blood vessels or vessel walls [80]. Engineering nanoparticles
using biocompatible molecules or coating nanoparticles with biocompatible surface groups
increases their circulation time [87]. Other properties such as surface charge, hydrophobic-
ity and shape also play a role [80, 81]. In addition, co-administration of nanoparticles
with factors that increase the permeability of tumour vessels has been shown to enhance
the EPR effect [80, 83], for example by increasing the blood pressure and widening the
endothelial cell-cell gaps [88].

Figure 1.3 Tumour vessel leakiness | Scanning electron microscopy image of a mouse mammary tumour blood

vessel wall. (a) Multiple intercellular openings (arrows) in endothelial cell lining of a tumour vessel. Region in box in
(a) is shown at higher magnification in (b), where the arrowheads (<) point at three transcellular holes, much smaller
than the intercellular hole (arrow). Figure adapted from ref. [78].

The EPR effect essentially links the microcirculation to the cellular processes leading to
tumour angiogenesis, enabling a passive way of enhancing molecular contrast in tissue.
An active approach to enhancing molecular contrast is to conjugate the nanoparticles with
tumour-specific recognition molecules (antibodies, ligands) that actively target tumour cells
[89]. Targeted nanoparticles are recognised by tumour cell surface receptors, followed by
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nanoparticle binding and receptor-mediated endocytosis. Pre-clinical data on targeted
nanoparticle delivery to tumours has shown an increased cellular uptake compared to non-
targeted nanoparticles [90].

Drug delivery is another attractive application to use nanoparticles. The important ad-
vantage of engineering drugs as nanoparticles instead of the free drug, is the increased
efficiency of delivery (either passively or targeted) to the tumour compared to the healthy
tissues, as healthy vessels are not permeable for nanoparticles. This reduces side effects
for patients and lowers the drug dosage necessary for tumour response (or detection). Cur-
rently, there are at least six clinically approved nanoparticle-based cancer therapies and
another few hundred companies are developing novel nanoscale therapeutics [81]. The
first approved form of loading drugs in a nanoparticle was the encapsulation of doxoru-
bicin (standard chemotherapy for e.g. breast and ovarian cancer) in liposomes of around
100 nm. In comparison with conventional doxorubicin, equi-effective (and lower) doses of
liposomal doxorubicin show a decreased rate of cardiotoxicity, impaired bone marrow
activity, hair loss and nausea/vomiting [91].

The utility of targeted and non-targeted contrast enhancing agents aiming for a higher
therapy success has been demonstrated in humans during surgical procedures. The suc-
cess of surgery, measured as thorough removal of all tumour tissue while leaving as much
healthy tissue as possible, can be increased by enhancing intraoperative tumour visibility
for the surgeon, exemplified by the realization of tumour-specific targeted fluorescence-
guided ovarian cancer surgery in humans [92]. And recently, surgeons equipped with fluo-
rescence goggles saw an enhanced tumour-to-healthy tissue contrast while resecting liver
carcinomas during fluorescence-guided surgery [93]. These studies were accomplished us-
ing clinically approved fluorescent dyes. The design and approval of new nanotechnol-
ogy based delivery of contrast enhancing agents can further enhance the specificity and
sensitivity of visualizing tumour regions.

In spite of the above drug delivery and surgery prospects, the clinical effects of tumour
therapy are confounded. This is illustrated by the withdrawal of the drug bevacizumab
for patients with metastatic breast cancer, where impressive tumour reductions were seen
but there was no improvement in overall survival [94]. This reveals the limitations and
challenges in understanding tumour development where structural, cellular and molecular
imaging can help to improve cancer treatments and guide the adaptation of nanotechnol-
ogy based drug delivery approaches. The heterogeneity of angiogenesis in tumours, both
spatially and temporally, is one of the problems resulting in unreachable areas of the tu-
mours for nanoparticles. The high interstitial fluid pressure, which is on the one hand respon-
sible for reduced lymphatic drainage and retention, on the other hand forms a barrier for
transvascular transport [95]. In addition, the tumour size, type and location, immune system
activity, co-medication and other patient specific characteristics all influence the EPR effect,
nanoparticle delivery and the tumour response to therapy [32, 94]. Understanding and
predicting EPR effects, assessing angiogenesis in primary and metastatic tumours and cor-
relating EPR activity to clinical response are key considerations to improve nanomedicine
in oncology [32, 33, 94]. Quantitative imaging of the microcirculation perfusion, geometry,
permeability and delivery of nanoparticles can contribute to this quest.
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1.5 GLoW WITH THE FLOW: QUANTIFYING BLOOD FLOW AND PHOTOLUMINESCENCE
SIGNAL IN BIOLOGICAL TISSUE

Understanding the complexity of microcirculation pathology during the course of diseases
is aided by minimally invasive techniques that do not interfere with the physiology and bias
results (ranging from changing the blood flow to interfering with the immune system). Opti-
cal techniques have advantageous characteristics that allow repeated monitoring, obtain
functional information or allow sensitive detection using photoluminescent nanoparticles.
The complex interactions of light with tissue represent important challenges in biophotonics.
Understanding the complexity of these interactions can be the basis for novel biomedical
imaging techniques. Designated niches for optical techniques are just below the surface
of tissues. Since the microcirculation is in virtually all parts of the body, probing this part
of the circulation is feasible and allows minimally invasive monitoring, even at the cellular
and molecular level.

1.5.1 Thesis aim

This thesis aims to assess 2 optical imaging techniques for clinical applications in order
to: 1. quantify microcirculatory flow velocities using laser speckle contrast imaging and 2.
quantify photoluminescence signal from luminescent nanoparticles in biological tissues. The
combination of these techniques can be especially useful in the context of tumour therapy
by providing information on tumour angiogenesis, enabling molecular contrast and deliver-
ing nanoparticle-based drugs.

1.5.2 Thesis overview

The first part of this thesis addresses the problem of obtaining quantitative information on
blood flow velocity, while maintaining technical simplicity. Using a hand-held microscope,
a laser, LEDs and a software-controlled camera, two complementary flowmetry techniques
were integrated into one device. SDF flowmetry, based on light absorption by RBCs, is
excellent for visualizing blood vessels and quantifying low flows, while LSCI, based on
dynamic light scattering by RBCs, is sensitive to a wide range of flow dynamics. Combining
the two techniques potentially reduces their individual shortcomings: processing time and
flow range (SDF), and quantification (LSCI). Building upon existing theoretical frameworks
[54, 56, 96, 97] and recent advances in the understanding of optical scattering by blood
[98] the quantitative abilities of LSCI are reassured in the first part of this thesis. The theo-
retical framework is described in Chapter 2, as well as the specific challenges and gaps
for quantitative flowmetry. Chapter 3 describes the validation of integrated SDF-LSCI
using a flow phantom and a first in vivo calibration of the technique in humans. Chapter 4
further explores the effects of light scattering with flowing particles of different sizes and
concentrations to enable quantitative blood flow measurements in vivo for variable vessel
diameters and blood volume fractions. LSCI can be used continuously, non-invasively and
automated algorithms can be developed. The results of chapters 2 - 4 allow the quantita-
tive visualization of blood flow, flow velocity and perfusion of microcirculatory beds, with-
out being limited to relative flow measures. This enables SDF-LSCI to study microcirculation
within and between organs and organisms, during the course of disease and therapy and
resulting from different metabolic requirements.
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Assessing the EPR effect and (targeted) delivery of macromolecules into tumours, whether
it is for contrast-enhanced diagnosis, therapy, or both, is aided by highly sensitive and high
contrast imaging. Therefore, macromolecules are often designed to enhance optical con-
trast due to their specific fluorescent, photoluminescent, scattering or absorption properties.
High contrast is achieved when the macromolecules exhibit optical properties distinct from
biological tissue. Since biological tissues can absorb, scatter and emit fluorescent light (au-
tofluorescence), a novel type of luminophore capable of nonlinear ‘upconversion’ of light
might be an excellent candidate for contrast-enhanced imaging in vivo [99, 100], given
that tissues do not exhibit this property. The upconversion process and the unique optical
properties of upconversion nanoparticles (UCNPs) are discussed in Chapter 5. To assess
their utility for biomedical imaging a thorough quantification of the optical properties in
the context of tissue scattering and absorption is a necessity, which is experimentally real-
ized in Chapter 6. Their unique properties are exploited to achieve single UCNP imaging
through an absorbing layer of haemolysed blood. This result is extended towards in vivo
applications by theoretically modelling the ability to detect a single UCNP at different
depths in skin. In Chapter 7 we further advance this approach to include biological com-
plexity by preparing UCNPs equipped with tumour-specific mini-antibodies and assessing
their targeting abilities to human breast cancer cells in vitro. To model the in vivo detection
limits of a cluster of breast cancer cells, we covered the labelled cancer cells with breast
tissue simulating phantom layers and quantified the detectable upconversion signal at in-
creasing thickness. This novel class of nanoparticles holds promise for future clinical tumour
detection and therapy, especially in the context of the growing abilities of nanoscale en-
gineering and technology. Quantitative experimental and theoretical modelling of optical
upconversion signals in biomedical context is important to identify the opportunities and
limitations of this unique class of photoluminescent nanomaterials, and identify feasible
application niches. Chapters 5 - 7 are aimed at the quantification of optical upconversion
signals in the context of biological tissue scattering, absorption and labelling performance
of UCNPs. Other biologically relevant parameters of UCNPs (biological toxicity of UCNPs,
blood circulation times and microvascular delivery of UCNPs to tumours in a chick embryo
model) are presented in the Discussion and Conclusion Chapter 8. Chapter 8 also discusses
additional results on quantitative laser speckle flowmetry and recommendations to further
improve the LSCI technique. Chapter 9 presents a short summary and outlook on the results
presented in this thesis, in particular the potential combination of photoluminescence and
perfusion imaging in the context of the challenges in diagnosing and treating tumours, and
the role of the microcirculation herein.



1.6

1.

REFERENCES

W. S. Thayer, “Osler the teacher,” Bulletin of
Johns Hopkins Hospital 30, 198-200 (1919).
R. C. Anderson, M. J. Fagan, and J. Sebastian,
“Teaching students the art and science of physi-
cal diagnosis,” American Journal of Medicine,
The 110, 419-423 (2001).

S. Naghshineh, J. P. Hafler, A. R. Miller, M. A.
Blanco, S. R. Lipsitz, R. P. Dubroff, S. Khoshbin,
and J. T. Katz, “Formal art observation train-
ing improves medical students’ visual diagnos-
tic skills,” J. Gen. Intern. Med. 23, 991-997
(2008).

J. Hogg, “History of the invention and improve-
ments of the microscope,” in The microscope;
its history, construction and application (Rout-
ledge, London, 1867), pp. 1-14.

T. C. Kriss and V. M. Kriss, “History of the op-
erating microscope: from magnifying glass to
microneurosurgery,” Neurosurgery 42, 899
(1998).

K. Ulug, G. C. Kujoth, and M. K. Baskaya, “Op-
erating microscopes: past, present, and future,”
Neurosurg. Focus 27, 4 (2009).

P. Goedhart, M. Khalilzada, R. Bezemer, J.
Merza, and C. Ince, “Sidestream Dark Field
(SDF) imaging: a novel stroboscopic LED ring-
based imaging modality for clinical assessment
of the microcirculation,” Optics express 15,
15101-15114 (2007).

L. V. Wang and H.-i. Wu, Biomedical optics:
principles and imaging (John Wiley & Sons,
2012).

S. L. Trokel, R. Srinivasan, and B. Braren, “Ex-
cimer laser surgery of the cornea,” Am. J. Oph-
thalmol. 96, 710-715 (1983).

. T. ). Dougherty, C. J. Gomer, B. W. Henderson,

G. Jori, D. Kessel, M. Korbelik, J. Moan, and Q.
Peng, “Photodynamic therapy,” J. Natl. Cancer
Inst. 90, 889-905 (1998).

. X. S. Chen, “Introducing theranostics journal-

from the editor-in-chief,” Theranostics 1, 1
(2011).

. I. Yoshiya, Y. Shimada, and K. Tanaka, “Spec-

trophotometric monitoring of arterial oxygen

saturation in the fingertip,” Med. Biol. Eng.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

INTRODUCTION

Comput. 18, 27-32 (1980).

D. Huang, E. A. Swanson, C. P. Lin, J. S. Schuman,
W. G. Stinson, W. Chang, M. R. Hee, T. Flotte,
K. Gregory, and C. A. Puliafito, “Optical coher-
ence tomography,” Science 254, 1178-1181
(1991).

H.-H. Parving, G. Viberti, H. Keen, J. Christian-
sen, and N. Lassen, “Hemodynamic factors in
the genesis of diabetic microangiopathy,” Me-
tabolism. 32, 943-949 (1983).

W. D. Strain, D. D. Adingupu, and A. C. Shore,
“Microcirculation on a large scale: techniques,
tactics and relevance of studying the microcir-
culation in larger population samples,” Micro-
circulation 19, 37-46 (2011).

A. Jaap, C. Pym, C. Seamark, A. Shore, and
J. Tooke, “Microvascular Function in Type 2
(Non-insulin-dependent) Diabetes: Improved
Vasodilation After One Year of Good Gly-
caemic Control,” Diabet. Med. 12, 1086-1091
(1995).

M. M. Levy, M. P. Fink, J. C. Marshall, E. Abra-
ham, D. Angus, D. Cook, J. Cohen, S. M. Opal,
J-L. Vincent, and G. Ramsay, “2001 sccm/
esicm/accp/ats/sis international sepsis defi-
nitions conference,” Intensive Care Med. 29,
530-538 (2003).

C. Ince, “The microcirculation is the motor of
sepsis,” Crit. Care 9, S13 (2005).

C. Ince and M. Sinaasappel, “Microcirculatory
oxygenation and shunting in sepsis and shock,”
Crit. Care Med. 27, 1369-1377 (1999).

D. Annane, E. Bellissant, and J.-M. Cavaillon,
“Septic shock,” The Lancet 365, 63-78 (2005).
F. G. Bonanno, “Physiopathology of shock,” J.
Emerg. Trauma Shock 4, 222 (2011).

D. De Backer, “Microcirculatory alterations:
potential mechanisms and implications for ther-
apy “ in Continuous Renal Replacement Thera-
pies Online, 2012),

S. Trzeciak, R. P. Dellinger, J. E. Parrillo, M.
Guglielmi, J. Bajaj, N. L. Abate, R. C. Arnold, S.
Colilla, S. Zanotti, and S. M. Hollenberg, “Early
microcirculatory perfusion derangements in pa-

tients with severe sepsis and septic shock: re-




20

GLow WITH THE FLow

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

lationship to hemodynamics, oxygen transport,
and survival,” Ann. Emerg. Med. 49, 88-98.
e82 (2007).

D. De Backer, J. Creteur, J.-C. Preiser, M.-J. Du-
bois, and J.-L. Vincent, “Microvascular blood
flow is altered in patients with sepsis,” Am. J.
Respir. Crit. Care. Med. 166, 98-104 (2002).
Y. Sakr, M.-J. Dubois, D. De Backer, J. Creteur,
and J.-L. Vincent, “Persistent microcirculatory
alterations are associated with organ failure
and death in patients with septic shock®,” Crit.
Care Med. 32, 1825-1831 (2004).

S. Trzeciak, J. V. McCoy, R. P. Dellinger, R. C.
Arnold, M. Rizzuto, N. L. Abate, N. |. Shapiro,
J. E. Parrillo, and S. M. Hollenberg, “Early in-
creases in microcirculatory perfusion during
protocol-directed resuscitation are associated
with reduced multi-organ failure at 24 h in
patients with sepsis,” Intensive Care Med. 34,
2210-2217 (2008).

D. De Backer, J. Creteur, M.-J. Dubois, Y. Sakr,
M. Koch, C. Verdant, and J.-L. Vincent, “The ef-
fects of dobutamine on microcirculatory altera-
tions in patients with septic shock are indepen-
dent of its systemic effects*,” Crit. Care Med.
34, 403-408 (2006).

Y. G. Omar, M. Massey, L. W. Andersen, T. A.
Giberson, K. Berg, M. N. Cocchi, N. I. Shapiro,
and M. W. Donnino, “Sublingual microcircula-
tion is impaired in post-cardiac arrest pa-
tients,” Resuscitation 84, 1717-1722 (2013).
D. De Backer, J. Creteur, M.-J. Dubois, Y. Sakr,
and J.-L. Vincent, “Microvascular alterations in
patients with acute severe heart failure and
cardiogenic shock,” Am. Heart J. 147, 91-99
(2004).

A. Lima and J. Bakker, “Noninvasive monitoring
of peripheral perfusion,” Intensive Care Med.
31, 1316-1326 (2005).

C. Ince, “Microcirculation in distress: A new re-
suscitation end point2*,” Crit. Care Med. 32,
1963-1964 (2004).

P. Carmeliet and R. K. Jain, “Angiogenesis in
cancer and other diseases,” Nature 407, 249-
257 (2000).

J. Folkman, “Angiogenesis in cancer, vascular,

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

rheumatoid and other disease,” Nat. Med. 1,
27-30 (1995).

J. Fang, H. Nakamura, and H. Maeda, “The EPR
effect: unique features of tumor blood vessels
for drug delivery, factors involved, and limi-
tations and augmentation of the effect,” Adv.
Drug Delivery. Rev. 63, 136-151 (2011).

B. Fagrell and M. Intaglietta, “Microcirculation:
its significance in clinical and molecular medi-
cing,” J. Intern. Med. 241, 349-362 (1997).

D. De Backer, S. Hollenberg, C. Boerma, P.
Goedhart, G. Bichele, G. Ospina-Tascon, .
Dobbe, and C. Ince, “How to evaluate the mi-
crocirculation: report of a round table confer-
ence,” Crit. Care 11, R101 (2007).

W. Groner, J. W. Winkelman, A. G. Harris,
C. Ince, G. J. Bouma, K. Messmer, and R. G.
Nadeau, “Orthogonal polarization spectral
imaging: a new method for study of the micro-
circulation,” Nat. Med. 5, 1209-1212 (1999).
M. Roustit and J.-L. Cracowski, “Non-invasive
Assessment of Skin Microvascular Function in
Humans: An Insight Into Methods,” Microcircula-
tion 19, 47-64 (2012).

M. Cutolo, A. Sulli, M. Secchi, S. Paolino, and
C. Pizzorni, “Nailfold capillaroscopy is useful
for the diagnosis and follow-up of autoimmune
rheumatic diseases. A future tool for the analy-
sis of microvascular heart involvement?,” Rheu-
matology 45, iv43-iv46 (2006).

K. R. Mathura, K. C. Vollebregt, K. Boer, J. C. De
Graaff, D. T. Ubbink, and C. Ince, “Comparison
of OPS imaging and conventional capillary mi-
croscopy to study the human microcirculation,”
J. Appl. Physiol. 91, 74-78 (2001).

C. A. Den Uil, E. Klijn, W. K. Lagrand, J. J. Brugts,
C. Ince, P. E. Spronk, and M. L. Simoons, “The
microcirculation in health and critical disease,”
Prog. Cardiovasc. Dis. 51, 161-170 (2008).
N. Vellinga, E. C. Boerma, M. Koopmans, A.
Donati, A. Dubin, N. I. Shapiro, R. M. Pearse, F.
R. Machado, M. Fries, and T. Akarsu-Ayazoglu,
“International Study on Microcirculatory Shock
Occurrence in Acutely Il Patients,” Crit. Care
Med. (2014).

L. Maddison, J. Karjagin, M. Buldakov, M. Mall,



44.

45.

46.

47.

48.

49.

50.

51.

R. Kruusat, K. Lillem&e, U. Kirsimégi, and J.
Starkopf, “Sublingual microcirculation in pa-
tients with intra-abdominal hypertension: A
pilot study in 15 critically ill patients,” J. Crit.
Care 29, 183.e181-183. 186 (2014).

M. Fries, M. H. Weil, Y.-T. Chang, C. Castillo,
and W. Tang, “Microcirculation during cardiac
arrest and resuscitation,” Crit. Care Med. 34,
$454-S457 (2006).

A. Top, R. C. Tasker, and C. Ince, “The microcir-
culation of the critically ill pediatric patient,”
Crit. Care 15,213 (2011).

F. Paize, R. Sarginson, N. Makwana, P. B. Baines,
A. P. Thomson, I. Sinha, C. A. Hart, A. Riordan,
K. C. Hawkins, and E. D. Carrol, “Changes in
the sublingual microcirculation and endothelial
adhesion molecules during the course of severe
meningococcal disease treated in the paediat-
ric intensive care unit,” Intensive Care Med. 38,
863-871 (2012).

E. Ergenekon, I. Hirfanoglu, S. Beken, O. Turan,
F. Kulali, E. Kog, and K. Giciyener, “Peripheral
microcirculation is affected during therapeutic
hypothermia in newborns,” Archives of Disease
in Childhood-Fetal and Neonatal Edition 98,
F155-F157 (2013).

A. Schwepcke, F. D. Weber, Z. Mormanova, B.
Cepissak, and O. Genzel-Boroviczény, “Micro-
circulatory mechanisms in postnatal hypoten-
sion affecting premature infants,” Pediatr. Res.
74,186-190 (2013).

P. E. Spronk, C. Ince, M. J. Gardien, K. R. Mathu-
ra, H. M. Straaten, and D. F. Zandstra, “Nitro-
glycerin in septic shock after intravascular
volume resuscitation,” The Lancet 360, 1395-
1396 (2002).

I. H. Koh, J. L. Menchaca-Diaz, T. H. Koh, R. L.
Souza, C. M. Shy, V. E. Rogerio, and A. M. Lib-
eratore, “Microcirculatory evaluation in sepsis:
a difficult task,” Shock 34, 27-33 (2010).

J. G. Dobbe, G. J. Streekstra, B. Atasever, R.
Van Zijderveld, and C. Ince, “Measurement
of functional microcirculatory geometry and
velocity distributions using automated image
analysis,” Med. Biol. Eng. Comput. 46, 659-
670 (2008).

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

INTRODUCTION

B. J. Berne and R. Pecora, Dynamic light scat-
tering: with applications to chemistry, biology,
and physics (Courier Dover Publications, 2000).
V. V. Tuchin, Tissue optics: light scattering meth-
ods and instruments for medical diagnosis (SPIE
press Bellingham, 2007), Vol. 642.

M. Stern, “In vivo evaluation of microcirculation
by coherent light scattering,” Nature 254, 56-
58 (1975).

A. Fercher and J. Briers, “Flow visualization by
means of single-exposure speckle photogra-
phy,” Opt. Commun. 37, 326-330 (1981).

D. Pine, D. Weitz, P. Chaikin, and E. Herbol-
zheimer, “Diffusing wave spectroscopy,” Phys.
Rev. Lett. 60, 1134 (1988).

G. E. Nilsson, T. Tenland, and P. A. Oberg, “A
new instrument for continuous measurement of
tissue blood flow by light beating spectrosco-
py,” Biomedical Engineering, IEEE Transactions
on, 12-19 (1980).

M. Roustit, C. Millet, S. Blaise, B. Dufournet, and
J. Cracowski, “Excellent reproducibility of laser
speckle contrast imaging to assess skin micro-
vascular reactivity,” Microvasc. Res. 80, 505-
511 (2010).

C. Cheung, J. P. Culver, K. Takahashi, J. H.
Greenberg, and A. Yodh, “In vivo cerebrovas-
cular measurement combining diffuse near-in-
frared absorption and correlation spectrosco-
pies,” Phys. Med. Biol. 46, 2053 (2001).

R. Weissleder, “A clearer vision for in vivo im-
aging,” Nat. Biotechnol. 19, 316-316 (2001).
G. Dietsche, M. Ninck, C. Ortolf, J. Li, F. Jail-
lon, and T. Gisler, “Fiber-based multispeckle
detection for time-resolved diffusing-wave
spectroscopy: characterization and application
to blood flow detection in deep tissue,” Appl.
Opt. 46, 8506-8514 (2007).

M. Ninck, M. Untenberger, and T. Gisler, “Dif-
fusing-wave spectroscopy with dynamic con-
trast variation: disentangling the effects of
blood flow and extravascular tissue shearing
on signals from deep tissue,” Biomedical optics
express 1, 1502-1513 (2010).

K. Johansson, H. Ahn, J. Lindhagen, and O.

Lundgren, “Tissue penetration and measuring

21




22

GLow WITH THE FLow

64.

65.

66.

67.

68.

69.

70.

71.

72.

depth of laser Doppler flowmetry in the gas-
trointestinal application,” Scand. J. Gastroen-
terol. 22, 1081-1088 (1987).

K.-D. Schaser, U. Settmacher, G. Puhl, L. Zhang,
T. Mittlmeier, J. Stover, B. Vollmar, M. Menger,
P. Neuhaus, and N. Haas, “Noninvasive analysis
of conjunctival microcirculation during carotid
artery surgery reveals microvascular evidence
of collateral compensation and stenosis-de-
pendent adaptation,” J. Vasc. Surg. 37, 789-
797 (2003).

C. A. den Uil, R. Bezemer, D. R. Mirandq, C. Ince,
W. K. Lagrand, J. M. Hartman, A. J. Bogers, P.
E. Spronk, and M. L. Simoons, “Intra-operative
assessment of human pulmonary alveoli in vivo
using sidestream dark field imaging: a feasibil-
ity study,” Med Sci Monit 15, 141 (2009).

G. A. Holloway and D. W. Waitkins, “Laser Dop-
pler measurement of cutaneous blood flow,” J.
Investig. Dermatol. 69, 306-309 (1977).

A. K. Dunn, H. Bolay, M. A. Moskowitz, and D.
A. Boas, “Dynamic imaging of cerebral blood
flow using laser speckle,” J. Cereb. Blood Flow
Metab. 21, 195-201 (2001).

C. M. Choi and R. G. Bennett, “Laser Dopplers
to determine cutaneous blood flow,” Dermatol.
Surg. 29, 272-280 (2003).

H. van Herpt, M. Draijer, E. Hondebrink, M.
Nieuwenhuis, G. Beerthuizen, T. van Leeuwen,
and W. Steenbergen, “Burn imaging with a
whole field laser Doppler perfusion imager
based on a CMOS imaging array,” Burns 36,
389-396 (2010).

K. Farkas, E. Kolossvary, Z. Jérai, J. Nemcsik,
and C. Farsang, “Non-invasive assessment of
microvascular endothelial function by laser
Doppler flowmetry in patients with essential
hypertension,” Atherosclerosis 173, 97-102
(2004).

J. A. Lindeboom, K. R. Mathura, and C. Ince,
“Orthogonal polarization spectral (OPS) imag-
ing and topographical characteristics of oral
squamous cell carcinoma,” Oral Oncol. 42,
581-585 (20006).

K. R. Mathura, G. J. Bouma, and C. Ince, “Ab-

normal microcirculation in brain tumours during

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

surgery,” The Lancet 358, 1698-1699 (2001).
M. D. Stern, D. L. Lappe, P. D. Bowen, J. E. Chi-
mosky, G. Holloway, H. Keiser, and R. Bowman,
“Continuous measurement of tissue blood flow
by laser-Doppler spectroscopy,” Am. J. Physiol.
232, H441-H448 (1977).

E. Goldmann, “The growth of malignant dis-
ease in man and the lower animals, with special
reference to the vascular system,” Proc. R. Soc.
Med. 1, 1 (1908).

M. Stiicker, I. Horstmann, C. Nuchel, A. Réchling,
K. Hoffmann, and P. Altmeyer, “Blood flow com-
pared in benign melanocytic naevi, malignant
melanomas and basal cell carcinomas,” Clin.
Exp. Dermatol. 24, 107-111 (1999).

S. Luo, E. Zhang, Y. Su, T. Cheng, and C. Shi, “A
review of NIR dyes in cancer targeting and im-
aging,” Biomaterials 32, 7127-7138 (2011).
Y. Matsumura and H. Maeda, “A new concept
for macromolecular therapeutics in cancer che-
motherapy: mechanism of tumoritropic accu-
mulation of proteins and the antitumor agent
smancs,” Cancer Res. 46, 6387-6392 (1986).
H. Hashizume, P. Baluk, S. Morikawa, J. W.
Mclean, G. Thurston, S. Roberge, R. K. Jain, and
D. M. McDonald, “Openings between defective
endothelial cells explain tumor vessel leaki-
ness,” The American journal of pathology 156,
1363-1380 (2000).

G. Helmlinger, P. A. Netti, H. C. Lichtenbeld, R.
J. Melder, and R. K. Jain, “Solid stress inhibits
the growth of multicellular tumor spheroids,”
Nat. Biotechnol. 15, 778-783 (1997).

H. Maeda, H. Nakamura, and J. Fang, “The
EPR effect for macromolecular drug delivery
to solid tumors: improvement of tumor uptake,
lowering of systemic toxicity, and distinct tumor
imaging in vivo,” Adv. Drug Delivery. Rev. 65,
71-79 (2013).

A. Z. Wang, R. Langer, and O. C. Farokhzad,
“Nanoparticle delivery of cancer drugs,” Annu.
Rev. Med. 63, 185-198 (2012).

E. I. Altinoglu, T. J. Russin, J. M. Kaiser, B. M.
Barth, P. C. Eklund, M. Kester, and J. H. Adair,
“Near-infrared emitting fluorophore-doped

calcium phosphate nanoparticles for in vivo im-



83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

aging of human breast cancer,” ACS Nano 2,
2075-2084 (2008).

D. B. Pink, W. Schulte, M. H. Parseghian, A. Zi-
jlstra, and J. D. Lewis, “Real-time visualization
and quantitation of vascular permeability in
vivo: implications for drug delivery,” PLoS One
7,e33760 (2012).

S. D. Perrault, C. Walkey, T. Jennings, H. C.
Fischer, and W. C. Chan, “Mediating tumor
targeting efficiency of nanoparticles through
design,” Nano Lett. 9, 1909-1915 (2009).

F. Yuan, M. Dellian, D. Fukumura, M. Leunig, D.
A. Berk, V. P. Torchilin, and R. K. Jain, “Vascu-
lar permeability in a human tumor xenograft:
molecular size dependence and cutoff size,”
Cancer Res. 55, 3752-3756 (1995).

A. L. Seynhaeve, S. Hoving, D. Schipper, C. E.
Vermeulen, G. aan de Wiel-Ambagtsheer, S. T.
van Tiel, A. M. Eggermont, and T. L. ten Hagen,
“Tumor necrosis factor a4 mediates homoge-
neous distribution of liposomes in murine mel-
anoma that contributes to a better tumor re-
sponse,” Cancer Res. 67, 9455-9462 (2007).
S. M. Moghimi, A. C. Hunter, and J. C. Murray,
“Long-circulating and target-specific nanopar-
ticles: theory to practice,” Pharmacol. Rev. 53,
283-318 (2001).

M. Suzuki, K. Hori, I. Abe, S. Saito, and H. Sato,
“A new approach to cancer chemotherapy: se-
lective enhancement of tumor blood flow with
angiotensin II,” J. Natl. Cancer Inst. 67, 663-
669 (1981).

W. Arap, R. Pasqualini, and E. Ruoslahti, “Can-
cer treatment by targeted drug delivery to
tumor vasculature in a mouse model,” Science
279, 377-380 (1998).

M. Wang and M. Thanovu, “Targeting nanopar-
ticles to cancer,” Pharmacol. Res. 62, 90-99
(2010).

R.-D. Hofheinz, S. U. Gnad-Vogt, U. Beyer, and
A. Hochhaus, “Liposomal encapsulated anti-
cancer drugs,” Anti-Cancer Drugs 16, 691-707
(2005).

G. M. van Dam, G. Themelis, L. M. Crane, N.
J. Harlaar, R. G. Pleijhuis, W. Kelder, A. Sa-
rantopoulos, J. S. de Jong, H. J. Arts, and A.

93.

94.

95.

96.

97.

98.

99.

INTRODUCTION

G. van der Zee, “Intraoperative tumor-specific
fluorescence imaging in ovarian cancer by fo-
late receptor-[alpha] targeting: first in-human
results,” Nat. Med. 17, 1315-1319 (2011).

Y. Liy, Y.-M. Zhao, W. Akers, Z.-Y. Tang, J. Fan,
H.-C. Sun, Q.-H. Ye, L. Wang, and S. Achilefu,
“First in-human intraoperative imaging of HCC
using the fluorescence goggle system and tran-
sarterial delivery of near-infrared fluorescent
imaging agent: a pilot study,” Transl. Res. 162,
324-331 (2013).

U. Prabhakar, H. Maeda, R. K. Jain, E. M. Se-
vick-Muraca, W. Zamboni, O. C. Farokhzad, S.
T. Barry, A. Gabizon, P. Grodzinski, and D. C.
Blakey, “Challenges and key considerations of
the enhanced permeability and retention ef-
fect for nanomedicine drug delivery in oncol-
ogy,” Cancer Res. 73, 2412-2417 (2013).
C.-H. Heldin, K. Rubin, K. Pietras, and A. Ost-
man, “High interstitial fluid pressure—an ob-
stacle in cancer therapy,” Nat. Rev. Cancer 4,
806-813 (2004).

R. Bonner and R. Nossal, “Model for laser Dop-
pler measurements of blood flow in tissue,” Ap-
plied optics 20, 2097-2107 (1981).

D. Weitz, J. Zhu, D. Durian, H. Gang, and D.
Pine, “Diffusing-wave spectroscopy: The tech-
nique and some applications,” Phys. Scr. 1993,
610 (1993).

N. Bosschaart, G. J. Edelman, M. C. Aalders,
T. G. van Leeuwen, and D. J. Faber, “A litera-
ture review and novel theoretical approach on
the optical properties of whole blood,” Lasers
Med. Sci. 29, 453-479 (2014).

S. Heer, K. Kémpe, H. U. Gidel, and M. Haase,
“Highly Efficient Multicolour Upconversion Emis-
sion in Transparent Colloids of Lanthanide-
Doped NaYF4 Nanocrystals,” Adv. Mater. 16,
2102-2105 (2004).

100.G. Yi, H. Ly, S. Zhao, Y. Ge, W. Yang, D. Chen,

and L.-H. Guo, “Synthesis, characterization,
and biological application of size-controlled
nanocrystalline NaYF4: Yb, Er infrared-to-
visible up-conversion phosphors,” Nano Lett. 4,
2191-2196 (2004).

23




