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ABSTRACT

This work presents optical methods utilizing visible light
for characterization of biological tissue during diagnostics
and treatment processes. The main aim has been to
improve the therapeutic outcome of treatment modalities
in ¢n wivo studies. = An optical probe instrument based
on fluorescence/reflectance spectroscopy was developed for
noninvasive monitoring of photosensitizer concentration in
the course of a photodynamic therapy (PDT) procedure.
Furthermore, upconverting nanoparticles were exploited as
probes for fluorescent imaging with direct applications in
preclinical research.

Photodynamic therapy (PDT) is a minimally invasive
treatment modality that uses light, a photosensitizing drug,
and oxygen to ablate malignant tumours and other diseased
tissues. PDT has been investigated for treating malignancies
in numerous organs and has become a promising modality
for some types of malignancies, including some skin tumours
and prostate cancers. PDT is, however, a highly complex
treatment modality with many parameters influencing the
treatment outcome. Improvements in dosimetry for PDT
are ongoing, with the goal to better correlate the clinical
outcome to what is planned prior to the treatment of PDT.
Accurate dosimetry and treatment planning require knowledge
of tissue optical properties and an accurate model for the light
propagation in the tissue. In the present work, we present a
technique to combine fluorescence and reflectance spectroscopy
to yield improvements in the accuracy of the treatment
planning.  These improvements are further facilitated by
multivariate analysis of the recorded data. FExtracting the
intrinsic fluorescence as well as optical properties of the tissue
is demonstrated. This technique does not require a priori
knowledge of the optical properties of the sample.

The application of luminescence spectroscopy as an
effective tool that allows detailed observations of tissues to
be made via labelling with exogenous probes, is growing
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remarkably in popularity. Lanthanide doped upconverting
nanoparticles (UCNPs) have recently been developed as
light-triggered luminescent probes in various biomedical
applications. ~ UCNPs have the ability to convert near-
infrared (NIR) radiation with low photon energy into visible
radiations with higher energy per photon via a non-linear
optical process. In this work, the non-linear dependence on the
excitation intensity was compensated to improve the accuracy
of measurements of the quantum efficiencies of UCNPs.

Recently, UCNPs have evolved as an alternative fluorescent
label to traditional fluorophores for imaging both in vitro and
in vivo. Their great potential stems from their properties which
include high penetration depth into the tissue, low background
signal and photostability. The aim of this work was also to
optimize the excitation wavelength to achieve significant signal
gain in deep tissues.
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Cancer is the second most common cause of death worldwide.
The successful treatment of cancer is typically only possible
when it is detected in its early stage. The conventional
diagnostic techniques, such as excisional biopsy, are invasive
and can sometimes not be used repeatedly. In this context,
optical spectroscopy has emerged as a potential diagnostic
tool that helps determine valuable structural and functional
information that can be used non-invasively to detect and
identify diseased tissues.

This thesis deals with development and evaluation of
optical methods to delineate and treat cancerous tumours
inside the body with the help of light. A lesion such
as a tumour has a molecular composition different to the
surrounding normal tissue. The interaction between light
and tissue, such as absorption, re-emission and photochemical
reactions could be used to differentiate the lesion from the
surrounding healthy tissue. In this way, non-invasive or
minimally invasive tumour diagnostics can be performed in
vivo and in real-time.

Among the various optical modalities, fluorescence-based
techniques have been of particular interest in various
biomedical applications in the past decades. The method
is particularly suited in quantifying various substances that
are present in human tissue naturally, such as melanin, or
are externally introduced as luminescent biomarkers. The
introduction of contrast agents is often necessary to enhance
the visualization of the lesions. They can also be used as
indication of the treatment outcome since the fluorescent light
that they emit can be measured and reflect the photochemical
states.

Photodynamic therapy is a treatment method that
combines light, oxygen, and a light sensitive drug called
photosensitizer (PS) to produce reactive oxygen species,
which cause oxidative damage to targeted cells and tissues.
Unlike radiotherapy, light in itself is completely harmless

ix
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and this allows a patient to be re-treated several times
with minimal side effects. In the present work a key
issue has been to define dosimetry for the photodynamic
treatment to predict the outcome. Efforts have focused on
quantifying the concentration of the photo sensitizing drug in
normal and malignant tissues using fluorescent and reflectance
spectroscopy techniques. One part of the work presented in this
thesis is devoted to using a fluorescence/reflectance system to
extract the intrinsic fluorescence from tissues in vivo during
photodynamic therapy.

Upconverting nanoparticles (UCNPs), a group of
photoluminescent contrast agents developed within the
last decades, have excellent spectroscopic and physiochemical
properties that enables their use in connection with optical
techniques. These nanomaterials possess possibilities for low
imaging background due to ability to efficient up-convert
near-infrared radiation into shorter wavelength. On the other
hand, biological detection based on UCNP probes is limited by
the low luminescence quantum efficiency of UCNPs, specially
at the low excitation fluence rate that is typical in deep
biological tissues. Omne part of this research explores a novel
composition of UCNPs that provides an increased signal at
larger depth in tissue compared to conventional UCNPs.
The major goal of the research on UCNPs is to develop a
robust system for measuring the quantum yield of UCNPs in
a reproducible way while considering parameters that effect
the quantum yield evaluation.

Upconverting nanoparticles attract interest because of their
potential in numerous pre-clinical biomedical applications.
The use of UCNPs provides promising features such as simpler,
faster and more sensitive read out which are beneficial in
clinical trials and pre-clinical studies. However, successful
translation of the use of UCNPs from laboratories to pre-
clinical research and clinical care requires further investigations
involving the exploitation of deeper penetration in biological
tissue and higher quantum yield.
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INTRODUCTION

CHAPTER 1

Biomedical optic technologies, with well-established knowledge
of the light and tissue interaction, are developing and growing
rapidly. When light encounters different tissue types, the light
collected after interacting with tissue carries useful information
about tissue structure that reflects underlying function and
composition. The principle is based on different interaction of
light with atoms, molecules, and subcellular structures with
varying refractive index. There exist many optical methods
that use this knowledge to extract valuable information
for medical diagnosis processes and treatment strategies [1—
6]. Among the optical methods, spectroscopic techniques
including absorption, reflectance and fluorescence have become
commonly used modalities to study human tissues.

The term ’Spectroscopy’ was first used scientifically by Isaac
Newton to describe the dispersion of white light through a
prism into the rainbow of colors. Later, it was extended to
cover all frequencies of electromagnetic radiation, from long-
wavelength radio waves, to short gamma rays as depicted in
Figure 1.1. Optical spectroscopy (OS) exploits the richness
of the visible and near-infrared spectra to provide a set of
techniques for a variety of applications in industrial and
medical fields. A great advantage with optical spectroscopy
is that it is non-invasive and can produced data in real
time. Fluorescence spectroscopy and imaging are the current
techniques of major interest, with fast and rapid diagnosis
abilities. A specific focus of fluorescence spectroscopic and
imaging applications has been towards early detection and
diagnosis of cancer with high sensitivity and specificity.
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Figure 1.1. The electromagnetic spectrum.

The work presented in this thesis exploits optical
spectroscopy techniques for the purpose of improvement in
medical diagnostics and treatment. More specifically, diffuse
reflectance and fluorescence spectroscopy are investigated for
quantitative measurement of biological tissue characteristics.
A new generation of luminescent agents, named Upconverting
Nanoparticles (UCNPs), will also be discussed.

This chapter will provide a brief introduction to the state of
the art in optical diagnostic imaging and therapy. In addition,
this chapter contains the aims and outline of this thesis.

1.1 Diagnostic imaging and therapy

Tumour growth is initiated by an inappropriate genetic
mutation leading to abnormal proliferation of few cells. At
an early stage of tumour development, the mutated cells
are typically benign and remain confined within the normal
boundaries of a tissue. However, further genetic changes allow
the tumour to grow and invade the adjacent tissues creating the
mass that is now called malignant. It would be of great benefit
to patients if one could improve the possibilities for early
diagnostics of tissue disorders and further to avoid spreading
malignant cells in connection to the treatment planning and
prognostic assessments. The survival rate for cancers is highly
dependent on the time of detection but varies greatly also
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with tumour type and severety of the genetic modification.
While, for instance, early detection for prostate cancer is
associated with 100% 5-year survival as compared to a relatable
reference population [7], the corresponding survival rate is
approximately 50% for lung cancers, and the most devastating
case is pancreatic cancer with an overall 5 year survival rate of
about 6% [8].

The development of diagnostics imaging has, during the
last 50 years, been towards better visualization in vivo and
of improved histopathological sample analysis [9]. Medical
imaging offers a non-invasive glimpse inside the human body
without the need for surgery or tissue sampling. Medical
imaging modalities are categorized into radiological imaging
and optical imaging. Current radiological imaging modalities
include X-ray, computed tomography (CT), ultrasound (US),
and magnetic resonance imaging (MRI) as the primary tools
to reveal internal structure for deep tissue imaging. Most
radiologics exams are only capable of identifying the gross
anatomical structure before tumours reach about 1 centimeter
or greater in size. For early detection of cancer, it is beneficial
to image the tumour physiology and molecular functioning
rather than the tumour morphology. Molecular imaging is a
relatively new discipline that is capable of visualising variations
in molecular concentrations in tissue or cells. Most molecular
imaging procedures are carried out using positron emission
tomography (PET) and single-photon emission computed
tomography (SPECT) imaging devices [10]. Recently,
multi-modality imaging, that combines imaging technologies,
has become a trend. Typically, an anatomical image is
complemented with a functional image modality, for instance,
PET-CT and PET-MRI. Such multimodality approaches
provide morpho-functional information to overcome the
limitations of each individual technique [11]. Various optical
imaging (OI) modalities are emerging as promising new
additions to medical imaging, performed based on light-tissue
interactions [12-15].  Optical techniques use non-ionizing
radiation such as visible, ultraviolet, and near-infrared light
to interrogate cellular and molecular function in living tissue.
This technology offers the potential to differentiate among soft
tissues due to their different absorption or scattering properties
at various wavelengths. The removal of tissue is not required
and the method is both minimally invasive and less time
consuming. Table 1.1 presents a comparison of a few different
imaging modalities.
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Table 1.1. Comparison between different imaging modalities. * High sensitivity for bone lesion only.
** High in ballistic imaging close to surface and low in diffuse optical tomography for deep tissues.

Characteristics X-ray Us MRI CT PET Ol
Spatial resolution Excellent Good Good Excellent Poor Mixed**
Soft-tissue contrast  Poor Good Good Intermediate Excellent Excellent
Sensitivity Excellent*  Good Good Good Excellent Excellent
Penetration depth Excellent Good Excellent Excellent Excellent Good
Data acquisition Fast Fast Slow Intermediate Slow Fast
Cost Intermediate Low High Intermediate High Low

1.2 Optical diagnosis and therapy

Optical imaging modalities provide highly versatile platforms
for pharmaceutical and biotechnological industries as well as
medical diagnostics and therapeutics. Optical imaging is
extremely sensitive, thereby promising to improve the accuracy
of disease detection at early stage and predict treatment
response. Recent advances in a wide range of optical imaging
technologies such as diffuse optical imaging and near-infrared
(NIR) fluorescence imaging further improve the qualitative
and quantitative accuracy that are typically limited by the
spatial resolution of different light techniques in tissue. Despite
the many merits of optical techniques, limited penetration
depth caused by absorption and high scattering is a major
challenge in biomedical optics and therapy. To overcome
this hurdle, specific contrast agents are being developed to
optimize contrast in recorded images at NIR wavelengths,
for which tissue attenuates light minimally. The exogenous
chromophores known as fluorescence probes are administred
into tissue to target a specific type of molecule and act as
a marker. The sample containing the fluorescence probe is
excited by light and the emission spectrum is used to infer
information about the sample. The fluorescence probe provides
a robust and highly sensitve approach for surgical guidance
and non-surgical cancer treatment, e.g., photodynamic therapy
(PDT). Photodynamic therapy is a therapeutic procedure
that uses a light-sensitive drug, called a photosensitizer,
and light at a particular wavelength matching the excitation
peak of the photosensitizer used, to treat malignant tumours
and other conditions, including acne and skin growths.
PDT is today approved for numerous indications [16-19].
Amongst a number of novel fluorescence probes, upconverting
nanoparticles (UCNPs), are emerging as promising contrast
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agents with numerous unique properties. There is a brief
introduction to the UCNPs in the following section, and
information is available in Chapter 6.

1.3 Upconverting nanoparticles

Luminescence imaging is the visualization of fluorescence
probes labelling molecular processes or structures. Lanthanide-
doped upconverting nanoparticles are a mnew class of
nanomaterials capable for improving contrast and spatial
resolution in luminescence imaging of biotissues. The term
upconversion refers to a mnonlinear optical process, where
the energy of the photons emitted are higher than for
those absorbed. In comparison to common luminescence
probes, such as quantum dots and organic dyes, they have
unique optical properties. This upconversion mechanism offers
high signal-to-background ratios and thereby high detection
sensitivity due to the absence of tissue autofluorescence.
Excitation with NIR light enables deep penetration into the
tissue and less photodamage to biological samples. These
advantages make them well-suited for bioimaging applications.

1.4 Aim and outline of the thesis

The general aims of the research presented here have been
to solve well-defined existing medical challenges with novel
methods, and thereby develop paths to improve healthcare for
patients. More specifically, two main aims are stated below,
along with the references to the papers describing the research
in more details:

e to develop and improve the instruments and techniques
to retrieve the optical properties of biological tissue in
vivo from fluorescence and reflectance measurements.

e to improve the use of UCNPs in deep tissue imaging.

Detailed descriptions of the efforts towards these goals are
given in the scientific publications appended at the end of the
thesis. The general outline and structure of the thesis are as
follows.

Chapter 2 describes the interactions of light with tissue as
it propagates through biological media. The optical properties
of tissue, i.e. its scattering, absorption, and fluorescence are
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discussed.

Chapter 3 describes the theoretical aspects of light
propagation in turbid media such as human tissue. The
radiative transport equation (RTE) is introduced and widely
used aspects of tissue optics, such as known solutions to
transport theory, are discussed.

Chapter 4 presents several aspects related to
photodynamic therapy. Important factors in treatment
outcome are presented and challenges in forming a dosimetry
model to predict outcomes are reviewed. In Paper V an
instrument incorporating an optical probe fiber to be utilized
during photodynamic therapy to evaluate the treatment
progression is presented.

Chapter 5 gives an overview of diffuse reflectance
spectroscopy and fluorescence diagnostics and imaging. It
presents the approaches used to quantify optical properties
of the tissue, and fluorescence signals in vivo in biomedical
applications. Paper I looks into the validation of a hand-hold
optical fiber probe and Paper II reports the first clinical
measurement on skin tumours.

Chapter 6 introduces the fundamental principle of
upconverting nanoparticles.  An overview of UCNPs in
different applications is given and an accurate measurements
of quantum efficiencies of UCNPs are discussed (Papers IV
and VII). Different methods to increase the efficiency of
UCNPs are introduced in this chapter. As one approach,
shifting the excitation wavelength to penetrate deeper in
biological tissue is reported in Paper III. Finally, in Paper VI
a review of the potential use of UCNPs for biomedical imaging
is given.

Chapter 7 concludes the thesis by discussing areas of
future study and summarising the manuscript contributions.



LIGHT TISSUE INTERACTIONS

CHAPTER 2

A good understanding of how light propagates in tissue is
the basis for the success of a great variety of applications in
biomedical optics, and so the fundamental interactions of light
with the constituents of tissue must be understood. The light
tissue interactions involve different processes caused mainly by
tissue scattering, and absorption. Commonly encountered light
tissue interactions are depicted in Figure 2.1.

This chapter outlines the mechanisms that are most
relevant to this work for a basic understanding of the light
tissue interaction. After defining the optical properties of
tissue in this chapter, Chapter 3 describes the mathematical

Incident light Specular reflection
Back scattering
Diffuse reflected light
/ ,Fluorescence
Tissus
Absorptio Scattering

g% Chromophore
# Fluorophore
Transmitted light

Figure 2.1. Basic effects of light-tissue interactions.



2.1 Scattering

H,0 @ @

@ Protein
Mitochondria
<>

(@]

10um —T Cells
Nuclei
1um [——| Mitochondria
Mie Lysosomes,
scattering Vesicles
0.1 pym
H Stripes in collagen fibres
Rayleigh Macromolecules
scattering (Proteins)
0.01 uym Membranes

Figure 2.2. Major organelles
and inclusions of the cell.

basis of light transport in tissue.

Specular reflection from the surface is directed at an
angle equal to the incident angle and is generally relatively
uninteresting because it contains little information about the
underlying tissue. The fraction of the refracted light which
emerges from the tissue after single or multiple scattering
events is called backscattering. When light penetrates further
in the tissue, it undergoes multiple scattering and absorption
events by the tissue scatterers and chromophores, respectively.
If photons are absorbed by fluorophores, fluorescence can
be emitted and can propagate to and beyond the tissue
surface. Therefore, light propagation within a tissue depends
on the scattering and absorption properties of its components
such as cell organelles and their molecules. Although there
are numerous types of cells in the human body, they are
classified into four categories by forming a particular tissue
based on their composition of constituents: Epithelial tissue,
connective tissue, muscle tissue, and nervous tissue. For
instance, human brain tissue is built by billions of nervous cells
whereas connective tissues hold collagen and elastin proteins.
Human skin is a multi-layered and inhomogeneous organ in the
category of epithelial tissues.

In this chapter, light interaction with tissue will be introduced
according to the different phenomena as shown in Figure 2.1.

2.1 Scattering

Biological tissues consist of structures on many different
length-scales and compositions. Each such structure carries
a specific refractive index [20]. The consequence of these
spatial distributions of different refractive indices is that tissues
strongly deviate light from its original direction (Figure 2.2).
This significant factor in light-tissue interaction is known
as scattering. There are two different types of scattering
processes: elastic scattering and inelastic scattering. In elastic
scattering, the redirected photon retains its energy. Rayleigh
and Mie scattering are elastic scattering processes. In the case
of inelastic scattering, such as Raman scattering, the energy
of the photon is changed as well as its direction. Scattering in
biological tissue is mostly elastic without alteration in photon
energy. However, Raman spectroscopy is an essential clinical
tool for real-time diagnostics of disease and in situ evaluation
of living tissue [21-23].

Even though the shapes of all scattering materials in
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biological tissue are not spherical, scattering characteristics
of tissue can be analysed by assuming a mixture of spherical
particles in various sizes. When scattering occurs by particles
much smaller in size than the wavelength of the incident
radiation (d < A), the Rayleigh theory is applicable. For
this theory, the scattering cross section is proportional to A%
and is equally strong in the forward and reverse directions.
If scattering is caused by particles of a size similar to the
wavelength of the incident light (d > A), the term Mie
scattering is used. Mie scattering tends to be stronger in the
forward direction and has a weaker dependence on wavelength
(Figure 2.3).

The scattering property of tissue can be expressed by
the scattering coefficient, u [cm™1], denoting the probability
of scattering per unit distance travelled by the light. The
reciprocal of the scattering coefficient, 1/ps [cm] is the
distance light travels before the next scattering event occurs.
Forward scattering is predominant in biological tissue. This
characteristic is described by the angular distribution function,
i.e.,, the scattering phase function (p(cos(f)). Here, P
indicates the probability function. The Henyey-Greenstein
phase function is often used in tissue optics to describe the
angular distribution of the scattered light by tissue (Figure
2.4).

(cost) = = 10" (21)
cosf) = — . .
b 47 (14 g% — 2gcosh)3/2

Here g is the anisotropy factor, g=<cos(#)>

[dimensionless], which gives the angular distribution of
light intensity scattered by a single particle at a given
wavelength. The value of g varies in the range from -1 to 1.
For Rayleigh scattering that is symmetric in the back and
forward directions (isotropic), g=0 while for Mie scattering
(non-isotropic) in biological tissue g>0.8. Taking into account
the g value, the reduced scattering coefficient is frequently
used in highly scattering biological tissues when there are
sufficient scattering events before an absorption event occurs
(Figure 2.5). This coefficient is defined as

py = p1s(1 = g). (22)

In highly scattering media, the directionality is lost and
the average photon propagation distance becomes dependent
on ps(l — g) rather than on the specific value of ps and g.
Scattering of tissue is typically a combination of Rayleigh and
Mie scattering depending on the structure of tissue as shown

Rayleigh Scattering

Mie Scattering

Scattered light

-

Incident light

g=<cos6>

Figure 2.3. The difference
between Mie and Rayleigh
scattering.

g=0
g=0.7

10
-180 -90 0 9 180

9(°)

Figure 2.4. Henyey-Greenstein
scattering phase function for
g=0, g=0.7, and g=0.9.



2.2 Absorption

Figure 2.5. Representation of 10
smaller steps of mean free path
equivalent to one big step with
a reduced mean free path.

Mie+Rayleigh
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Figure 2.6. Wavelength
dependency of Mie and Rayleigh
scattering.
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in Figure 2.2. The general approach is often to describe the
spectrally dependent reduced scattering coefficient as follows
[24]:

y = a(%o)’b, (2.3)

where a and b are related to the tissue structure and Ag
is a reference wavelength of choice. In Mie theory, a is the
scattering amplitude at wavelength Ao reflecting the scatter
density and b is related to the particles size. Alternatively, u;
can be written as a sum of the separate contributions by Mie
and Rayleigh scattering [24]. Figure 2.6 shows that the reduced
scattering, u;, versus wavelength A\ depends on Rayleigh and
Mie scatterers.

/ A

A
_
Hs = a [fRay(5OOnm

“haie] (2.4
500nm) Lo 24

)+ (1 = fray(

which is a combination of Mie and Rayleigh scattering. In
this expression, the wavelength is normalized to a reference
wavelength of 500 nm. The factor o’ is the value (A =
500nm), which scales the wavelength-dependent term. frqy
indicates the fraction of Rayleigh scattering, where 1 - frqy
corresponds to the fraction of Mie scattering, and by is the
scattering power of Mie scattering related to the particle size
[25].

2.2 Absorption

Absorption is a process by which one photon excites an atom,
ion or molecule from a lower energy level to a higher energy
level. These higher states are unstable and during de-excitation
the energy is generally converted to heat or fluorescence. An
absorbing medium thus consists of atoms and molecules that
absorb light at specific wavelengths. According to quantum
mechanics, atoms and molecules have discrete energy levels.
The lowest energy level an atom or molecule can have is
called the ground state. In a semi-classical picture, when light
with a certain frequency propagates in a medium, it can be
absorbed by atoms or molecules causing them to be excited
to a higher energy level. In this case, it will be said that
the frequency of the light is in resonance with a transition
of the atom or molecule. Hence, absorption is dependent on
the frequency (wavelength) of the electromagnetic radiation.
This fact provides opportunities for many types of biomedical
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applications. To describe the absorption probability when light

is propagating within a tissue, the absorption coefficient pu, — =

[ecm™1] is introduced. This parameter gives the probability = =

per unit path length that a photon is absorbed in a particular L = Zi =,
material. The absorption coefficient is described by Equation ¢ == — ol
2.5 and is proportional to the product of the concentration C; ==

[M] of molecule i, and its extinction coefficient ¢; [M~! em™1]. = =

fa(A) = Z Ciei(N). (2.5)

Figure 2.7. Beer’s law describes
Values of the absorption coefficients for typical tissue lie — the diminution in intensity of a
. 9 N _1 . beam when it traves through a
in the range 107° to 10* cm™" mostly dependent on light  edium that contains absorber.
wavelength. Haemoglobin and water are the most commonly

found absorber in biological tissue. = Haemoglobin is an

iron-containing protein in the red blood cells that carries

oxygen to the entire body. Haemoglobin molecules are present

at a high concentration in blood vessels and can appear

either as oxygenated haemoglobin (HbOs) or deoxygenated

haemoglobin (Hb). The absorption spectra of haemoglobin

depends on the amount of oxygen bound to the haemoglobin

molecules. This difference in absorption spectra can be used

as a valuable tool in assessment of tissue oxygenation. The

total absorption coefficient of blood can be approximated as

emp(N)Crp + €Hb0,(A)CHbo,. Haemoglobin strongly absorbs

light in the UV and visible spectral range and presents low

absorption in the near-infrared spectra range, depicted in

Figure 2.8. Water constitutes roughly 70% of the human

body and absorbs mainly in the NIR wavelength region. In

addition to haemoglobin and water, tissue has a wide variety

of other chromophores including absorbers and endogenous

fluorophores. In the UV and visible regions, other important

absorbing substances include melanins and lipids. Melanin

is the primary pigment that effectively absorbs the light to

protect the skin from harmful UV rays from the sun. Lipids,

which optically are mainly known to cause scattering, are also

absorbers.

To model the behaviour of absorption as light propagates
through a non-scattering medium, the exponential Beer-
Lambert law can be used.

I, = Ipel~Ha®), (2.6)

where I is the intensity of light after the propagation
distance x through the medium. The absorption-induced
intensity decreases as the beam travels through a material

11
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Figure 2.8. Absorption spectra of the most common chromophores
in biological tissue.

(Figure 2.7). The inverse of the absorption coefficient is called
the penetration depth.

Lo =1/ pia. (2.7)

The penetration depth is defined as the depth at which the
intensity of the radiation in the tissue has decresed to 1/e of its
initial value. Knowledge of the penetration depth is essential
if the Beer-Lambert law is applied in highly scattering media
[26].

2.3 Fluorescence

The process of fluorescence involves the emission of a photon
from an electronically excited state of a molecule or atom,
following absorption of an incident photon. The amount of
the light absorbed by the molecules as well as the emitted
fluorescence light both depend on the structure of the molecules
and the wavelength of the light. A molecules that is able to
emit fluorescence light is called a fluorophore. A Jablonski
diagram illustrating the processes involved between absorption
and emission of light is shown in Figure 2.9. It depicts
the electronic potentials Sy and S; corresponding to the



LIGHT TISSUE INTERACTIONS

ground and excited electronic state. Following an absorption,
depending on the fluorophore, the molecule may undergo
vibrational relaxation (non-radiative), where the molecules
fall down to the lowest electronic excited state energy level.
This process in on the picoseconds time scale and energy
lost is dissipated as heat. A fluorescent emission occurs
typically from the lowest vibrational sub-level of the first
excited singlet state to the ground state by releasing its energy
in the form of light. This fluorescent photon generated has
lower energy than an individual excitation photon due to the
energy loss in the internal relaxation process. The phenomenon
of fluorescence displays several general characteristics for a
particular biological situation. Omne is that the vibrational
relaxation is responsible for the emitted photon having lower
energy than the incident photon causing a red-shifted emission
of the fluorescence relative to the excitation wavelength.
Second, emission wavelengths are relatively independent of
the excitation wavelength. In general, radiative relaxations
which are on a very short time scale, i.e., dipole allowed
transitions, are known as fluorescence. A slower time scale
of the re-emission is associated with spin conversion and
transition from excited state S; to the first excited triplet
state T7 (Intersystem crossing). Emission from Tj yields
phosphorescence and lasts much longer, typically with lifetimes
spanning from milliseconds to seconds. Luminescence is a
more general term to describe relaxation process when light is
produced. It includes fluorescence and phosphorescence, and
also encompasses bioluminescence and upconverted emission.

A common parameter to characterize the efficiency of
photon emission is the luminescence quantum yield (QY), ¢,.
Luminescence quantum yield represents the fraction of the
incoming, exciting photons which results in emitted photons
from an optically excited fluorophore [27].

_ #photons — emitted

1) (2.8)

~ #photons — absorbed

The quantum yield is often effected by the micro-
environment in which the fluorophore is present. For example,
a reduction in temperature generally suppresses non-radiative
processes and thus increases the quantum yield. pH and
presence of quenchers are also factors that effect luminescence
quantum yield and may also induce spectral shifts in the
measured fluorescence spectra [28]. The characterization of
the QY for fluorescence materials is of paramount importance
both for material developments and practical applications. In

Vibrational Intersystem
relaxation crossing

s
I N
d

»

Energy
Absorption
Fluorescence

Phosphorescence

Sa

Excitation Emission

Figure 2.9. Jablonski diagram
indicationg the luminescence
process.
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this thesis, a robust technique to measure the QY of UCNPs
is described; see Papers IV and VII.

2.3.1 Fluorophores

Two broad classes of fluorophores exist - endogenous
fluorophores which exist naturally in biological tissue, and
exogenous fluorophores, which are introduced into living
organisms using biotechniques to enhance image contrast in
various fluorescence imaging procedures.

Endogenous fluorophores encompass mainly a variety
of aromatic amino acids (Tryptophan, Tyrosine, and
Phenylalanine), structural proteins (Collagen, FElastin),
Enzymes and coenzymes (FAD and NADH), and different
kinds of porphyrins and vitamins. For most endogenous
fluorophores, the excitation maxima range between 250
to 450 nm (UV/visible spectral range). The fluorescence
from endogenous fluorophores is called autofluorescence
with emission maxima laying between 300 to 700 nm. The
fluorescence spectra of the main endogenous fluorophore are
summarised in Figure 2.10. A difficulty with autofluorescnce
spectroscopy is to spectrally decompose the measured spectra
into its different fluorophore constituents. However, through
measurement of autofluorescence signals, it would be possible
to identify tissue transformation processes around the onset
of carcinogenesis. For example, the fluorescence signal of
NADH and FAD are differentiated within tumours relative
to healthy tissue due to changes in metabolic states [29, 30].
High tissue absorption in the UV typically only allows surface
examination using autofluorescence spectroscopy.

Exogenous fluorophores are non-native biomolecules
that can be employed as labels for a variety of tissues,
physiological functions and disease conditions. Advantages
in the use of exogenous fluorescence for studying biological
systems are to label the molecules of interest exogenously by
fluorescent molecules with desirable excitation wavelength
and high quantum yield. An astounding number of probes
are available now, for example, small fluorescent dyes,
semiconductor nanoparticles, and a new generation of
nanoparticles, the upconversion nanoparticles. Such particles
will be introduced in details in Chapter 6.

Photosensitizers (PS) are light triggered fluorescent
components that can catalyse chemical reactions within tissue
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following absorption. They have been broadly used in a
wide variety of tissue sites for cancer diagnosis based on
fluorescence measurement [32, 33]. The accumulation tendency
of PSs in malignant cells makes them attractive to be used in
therapeutic applications such as photodynamic therapy. PSs
can be endogenous in living cells or they can be introduced as
exogenous sources. Porphyrin is one the most widely studied
endogenous PS, present in all living cells in small amounts as a
precursor to heme. In recent years, the use of 5-aminolevulinic
(ALA), a precursor of protoporphyrin IX (PpIX) provides
a promising solution in photodynamic therapy of gliomas
[34, 35], some cases of skin tumours [36, 37], bladder cancers
[38—40] and prostate cancers [41, 42] allowing their complete
eradication/ablation.  Another well-known photosensitizer,
used in this thesis, is Chlorin E6. The extinction and
fluorescence emission spectra of these two PSs are shown in
Figure 2.11 and 2.12. Their photochemical properties are also
shown in Table 4.1 in Chapter 4 where photodynamic therapy
is summarized.

.5 1

Extinction coefficient (norm.)
)
Fluoresence (norm.)

RSN

0 -

300 400 500 600 700 800
Wavelength (nm)

Figure 2.11. The Extinction
(blue) and fluorescence (red)
emission spectra of the AIA
PpIX. Data are taken from [43].
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Figure 2.12. The Extinction
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emission spectra of the Chlorin
E6. Data are taken from [43].
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LIGHT PROPOGATION IN TISSUE

CHAPTER 3

The simulation of light propagation through biological
structures is a prerequisite for quantitative imaging and
dosimetry. Two commonly used mathematical descriptions
of the light transport in turbid media are the analytical and
transport theories. The full analytical theory is based on
Maxwell’s equations yielding the wave equations under certain
conditions. Due to the complex nature of biological tissue, this
model is in most cases proven to be impractical to describe
multiple-scattering problems. The radiative transfer equation
(RTE), in which light is treated as a stream of energetic
particles, is yet another well known method for modelling
light propagation in a scattering medium. This model neglects
the wave nature of light, and is not well suited to describe
propagation when that aspect is important. This chapter
summarizes different approaches for solving the RTE, as well
as the diffusion theory of photon migration through highly
scattering media. Before that, the most important physical
quantities used to described photon migration in tissue with
radiative transport theory are defined.

Photon distribution function N(r,,t) [m~3sr—!] depicts
the number of photons per unit volume at position 7
propagating in the § direction at time t.

Radiance L(r,3,t)[Wm~2sr~!],  describes the power
propagation in direction § at position 7 and time t per unit
area. Radiance is defined as photon distribution function
times the photon energy and speed.

L(r,8,t) = N(r,8,t)hvc. (3.1)

17



3.1 Radiative transport equation

Figure 3.1. Events relevant for
the radiative transport equation:
1: Divergence 2: Extinction 3:
Scattering gain 4: Source.
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Here h denotes Plank’s constant, v and ¢ frequency and
speed of light, respectively.

Fluence rate ¢(r,t) [Wm™2] is the integral of the radiance
over all solid angles and thereby disregarding the propagation
direction of the photons,

o(r,t) = hve | N(r,§,t)d§ = hvc.p(r,t), (3.2)
A
where p(r, t) is the photon density [m~3] stating the number
of photons per unit volume at a given position r and time ¢.

Photon flux J(r,¢)[Wm™?2] is vector quantity of fluence rate
defining the net power flow rate per unit area,

J(r,t) = /4 4.L(r, 8,t)ds. (3.3)

3.1 Radiative transport equation

In general, the RTE is an energy balance equation for the
radiance L in infinitesimal volumes of the tissue. As photons
traverse in tissue volume V with boundary S, the loss or gain
in the energy radiance per unit time construct the RTE by
considering photon conversation in any direction s. The change
in energy radiance is zero and the contribution of the losses and
gains can be equated as follow for an arbitrary volume:

LI = ST ) L e [ L0061 ()
" (3.4)
Here c[ms™!] is the speed of light in the medium,
and p(§,§’), is the scattering phase function describing the
probability of a photon being scattered from the direction s’
into §. The left-hand side of Equation (3.4) is the change in
radiation over time which may be caused by following events
on the right-hand side.
5.V.L(s) (Divergence) photon transfer across the boundary.

(o + ps)L(s) (Extinction) photons lost from scattering
from direction § to other directions and absorption.

ps [, L(s")p(3, s')ds' (Scattering) photons scattered into
the direction § from all other directions.
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q(s)(Source) [Wm™3] photon energy generated per second
within the volume by sources. Considering a small volume V
in a domain, the processes leading to lost and gain photons
are depicted in Figure 3.1.

Different approaches have been developed to solve the RTE
in various physical situations. In most cases, the RTE is
solved using numerical techniques where complex geometries
and/or heterogeneous optical property distributions need to
be considered, or is simplified based on certain approximations
so that analytical solution of the RTE can be found for simple
geometries. Numerical approaches to analyse the RTE, such
as finite element methods [44] or Monte Carlo simulations
[45] are extensively employed in various diffusive media to
obtain an accurate description of light propogation within the
tissue. However, significant computational time and memory
size are required to simulate light propagation in highly
scattering media. To reduce computation time, the Diffusion
approximation (DA) is frequently used instead of the RTE to
describe light propagation. It can be solved analytically in
specific geometries and numerically in more complete cases.

3.2 Monte Carlo simulation

A gold standard to solve the radiative transport equation is
Monte Carlo (MC) simulation. Interaction of photons with
a medium is simulated based on its optical properties and
light trajectories are predicted by persistent random walk in
which the light has to obey the laws governed by the radiative
transport equation. A widely used computer program to
carry out simulation for light propagation in multi layered
tissue is MCML, which is coded by Wang et al. [45] For
the work in this thesis, CUDAMCML [46] has primarily been
employed in an inverse model to retrieve optical properties of
the probed tissue by relating simulations to reflectance values
of a database generated by using forward MC simulations.
The accuracy of MC simulations depends on the number of
photon packages launched in the simulation. A larger number
of photon packages yield longer computational time, which is
the main limitation of MC methods. CUDAMCML enhances
the computation performance by using the graphical processing
unit (GPU) of the computer to speed up the light propagation
modelling.

19
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20

3.3 Diffusion approximation

When a medium is highly scattering, the directions of the
photons are randomized after a few scattering events. Under
these conditions, the energy radiance is nearly isotropic and the
RTE can be simplified to the differential equation of diffusion
theory. To study the radiance in the diffusion limit, a low-order
approximation to the RTE can be expressed by translating a
serial expansion of the radiance in the RTE into the two first
terms, an isotropic and gradient term:

1

L(r, 6,8 ~ (. t) + —-J(r,1).5, (3.5)
4 47

q(r,8,t) = q(r,t) + q1(r,5,1).3, (3.6)

being a combination of the fluence rate and the photon flux
vector. Subsituation of Equation(3.5) into the RTE (Equation
(3.4)), and integration over all solid angles, yields the following
scalar differential equation

% + pad(r,t) + V. J(r,t) = q(r,t). (3.7)

Substituting Equation (3.5) into the RTE, multiplying both
sides by s, and integrating over all solid angles, yields the
second differential equation

8J(r, 1))

1
cot + (ﬂa + us')J(T7 t) + §V¢(r, t) =0. (38)

The source is here assumed to emit light isotropically (¢1=0
and the temporal change in the flux is assumed to be negligible.
With these two assumption, Equation (3.8) reduces to Fick’s
law

1
J(rt) = ———— Né(r,t) = —DV(r, 1), 3.9
() =~ g Voln = ~DVOD, (9
with D = m ~ 3;+/ denoting the diffusion coefficient

and pg = (1 — g)ps, the reduced scattering coefficient.

Inserting Equation (3.9) into Equation (3.7), yields the time-
resolved diffusion equation (DE)

9p(r, 1)
cot

+ Mad)(rv t) - VDV(;S(T', t)) = Q(Ta t)' (310)
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Truncations and assumptions were made to retrieve the DE,
which will constrain its applicability. The truncation to the
first-order approximation of the expansion of the RTE is valid
only if pg > pe. This requirement is fairly true for most
tissues studied in the red and near-infrared spectral region.
Furthermore, the assumptions that sources are isotropic, mean
that the diffusion approximation is not valid close to a non-
isotropic source. Isotropy is clearly not always the case,
however, in a highly scattering media this requirement is
fulfilled after a propagation distance of 1/us. The second
assumption that the temporal change of the flux is negligible
is acceptable in the time-dependent migration provided that
the angular frequency w < cuy . For steady-state problems,
w = 0.

3.3.1 Solutions to the diffusion equation

Analytical solutions to the DE exist for a variety of geometries,
source functions and boundary conditions. For the diffuse
equation dealing with the fluence rate, the boundary condition
should describe the fact that light approaching a boundary
of the medium is partly reflected at the boundary due to the
commonly existing refractive index mismatch at the tissue-air
interface. In addition, the boundary condition is responsible
for assuring that light leaving the medium never returns. This
means that the photon flux from the air to the tissue has to
be zero. Furthermore, the source term must be specified to
solve the DE. Since the DE is valid for isotropic point sources
only, any type of directional light source can be approximated
as a point source positioned at a depth 1/ug from the source
surface. Another alternative to represent a light source incident
to a boundary of a complex geometry is to modify the
boundary condition. Below the solutions for geometries with
homogeneous optical properties, e.g. an infinite and a semi-
infinite medium are presented.

An infinite homogeneous medium is the simplest case:
Assuming an infinite homogeneous medium with absorption
coefficient i, isotropic scattering g, and diffusion coefficient
D =1/3(ps ), the time-independent DE reduces to

-2+ L2Jo(r) = 25(r), (3.11)

where py [Wm ™3] is power per unit volume of a point source
positioned at r. Assuming a light power P, as a point source,
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Tissue

Figure 3.2. Configuration of
extrapolated boundary in
semi-infinite homogenous
medium.
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then one can solve the DE (Equation (3.11)), using the Green’s
function approach.

¢(r) = PoG(r) = exp(—fiess7), (3.12)

47 Dr

where pers [em™'] is called the effective attenuation
coefficient and is defined as

]

fia
peff =1\ 3 (3.13)

The time-resolved DE for fluence rate following a point
illumination in a medium with scattering and absorption is
given by

cPy ( —r?
er
(4rxDet)t P axDet

where ct is the accumulated path length of individual
photons at time t¢.

¢(r,1) = — Hact), (3.14)

The infinite homogeneous medium or slab geometry is
a frequently encountered geometry for which an analytical
solution can be obtained through the use of mirrored sources.
In this case, a boundary condition, so called extrapolated
boundary, needs to be introduced to modify the equation
to account for the reflection at the boundary. Figure 3.2
illustrates the case for a semi-infinite medium illuminated from
the top with a parallel beam. The light in the beam will
have lost its directionality after the depth us. Therefore,
considering a light source ¢4 positioned inside the scattering
medium at a depth 2] = 1/p,, a negative mirror image of the
first source, ¢_ is placed above the surface at z; = —(z5+22y).
To account for a refractive index mismatch between the turbid
medium and the surrounding an extrapolated boundary is
located at distance z;, outside the scattering medium where
the fluence rate is set equal to zero ¢(p,z = —z,) = 0. The
Green’s function for the time-independent DE can thereby be
written as a sum of two point sources.

1

1 1
_ _ _ L ern(— _ 1
G(r) 47TD[7,+€96P( pefsr+) = —exp(—piegsr-)l,  (3.15)

where 7y = /12 4+ (2 — z57).
Note, that by having the sources in these positions, the
fluence rate is zero at the extrapolated boundary, as the sources
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are placed equidistant from those boundaries. In the case
of two boundaries, also known as infinite slab geometry, the
extrapolated boundary conditions must be fulfilled at both
interfaces. In a similar fashion, the analytical solution can
be found using an infinite series of positive and negative image
sources. In a complex geometry, numerical modelling can be
done using the finite element method (FEM), which discretizes
the volume into a large number of elements.

3.4 The inverse problem

Generally, in the forward problem, models are used to predict
light propagation within a medium and the resulting unknown
measurements give the spatial distribution of tissue optical
properties within the entire model. The inverse problem
describes situations where measurements are used to determine
the spatial distribution of the optical properties (Figure 3.3).
Within the scope of this thesis, the model-based inverse
problem is used to extracts the attributes of the tissue optical
properties from diffuse reflectance spectra.

The forward problem

N Unknown measurements

L =7
U Uy

J/
Tissue volume with known optical properties

The inverse problem
— Known measurements
N

’ ?2? —><I)\J‘n)/

Tissue volume with unknown optical properties

Figure 3.3. A schematic picture
describing the forward problem
and inverse problem.
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PHOTODYNAMIC THERAPY

CHAPTER 4

Photodynamic therapy (PDT) is a treatment modality that
relies on the combination of a photosensitizer, light, and
molecular oxygen for treatment of various cancers, including
lung [47-49], skin [50, 51], cervical [52, 53], prostate [54, 55],
and bladder malignancies [56-58]. The therapy involves
the administration of an exogenous photosensitive agent
(PS), followed by subsequent irradiation of light at the
proper dose and wavelength to locally excite the PS in the
target tissue. Light irradiation leads among other things
to the photochemical conversion of molecular oxygen (30s)
into singlet oxygen (1O,) and other reactive oxygen species
or radicals which cause therapeutic effects to biologically
important structures in the target tissue. The aim in this
chapter is not to fully summarize PDT in the clinical arena,
but instead a brief introduction to PDT mechanism is provided
in order to motivate and highlight the importance of dosimetry
in clinically applied PDT.

4.1 PDT mechanism

Photodynamic therapy requires irradiation of the tumour site
with light as well as more or less selective uptake of the PS by
the tumour to induce cellular and tissue effects in an oxygen-
dependent manner. The drug can be administered to the
patient systemically or locally. Different PSs, formulations and
application schemes target different tissues. Initially, the PS is
in the singlet ground state. Upon excitation by the treatment
light of an appropriate wavelength, the PS is promoted to its
first excited state (short-lived, nanoseconds). From this excited
state, PS relaxes back to the ground state non-radiatively or

Light

OO
AT
[ =l

Tumour destruction

Figure 4.1. Schematic of PDT.
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by fluorescence emission. This intrinsic fluorescence property
of PSs is of interest for treatment monitoring and dosimetry
and allows in vivo fluorescence imaging in living animals or
patients. Another alternative for the relaxation from this
excited state is intersystem crossing to the excited triplet state.
This state exhibits much longer lifetime (milliseconds) than
the excited state. The PS excited triplet state can undergo
two kinds of reactions catalyzing a treatment response of the
targeted tissue (Figure 4.2):

Type I reactions. The PS in the excited triplet state can
react directly with a substrate in the tissue, such as a cell
membrane or molecules, and transfer a proton or electron
to form radicals (often reactive radical oxygen species(ROS)).
These radicals are very reactive/destructive and interact with
the target tissue.

Type II reactions. The dominant reactions for most
sensitizers used in PDT are treatment mediated by the type
IT reactions. The excited triplet state can transfer its energy
directly to ground state molecular oxygen (303) to form highly
reactive and cytotoxic singlet oxygen (1O5).

Both types of reactions coexist and can occur
simultaneously and are critically dependant on the
concentration of the substrate and presence of oxygen.
Tumour destruction by both types of photoreactions can be
divided in three independent mechanisms involving direct
tumour cell kill, vascular damage and initiation of an immune
response against tumour cells. The complex interplay between
the PDT pathways above is still not well understood, but each
has a specific importance in the therapeutic response to PDT.

4.2 Factors that affect PDT efficacy

Efficiency of PDT depends on the number of factors such
as choice of PS, concentration of PS, the anatomical
localization, rate of light exposure and light doses, time
between administration of the drug and irradiation with light
(drug light interval (DLI)), and amount of oxygen in the
treated tissue. These parameters are outlined below.

Photosensitizer distribution and concentration in target
cells is highly dependent on the chemical structure of a PS and
its preferred localization in the tissue. The most effective PSs
are hydrophobic and tend to rapidly diffuse into tumour cells
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Figure 4.2. Photochemical reactions in PDT.

and localize in intra-cellular components such as mitochondria
which induce direct tumour damage [59, 60]. More polar
compounds tend to stay in blood vessels, rendering vascular
destruction. With time, the PS accumulates in tumour tissue
and is less likely to be found in the circulatory system [61].
Maximum selectivity of PS accumulation to tumours tissue
is always desirable, minimizing the degree of damage to
the surrounding normal tissue. Approaches to increase the
selectivity of tumour targeting are outlined by Jori [59]. Most
of the PSs used in cancer therapy are generally classified as
porphyrins and non-porphyrins. Porphyrins were identified
over 150 years ago and are the most extensively studied PSs
[62]. A purified preparation of Hematoporphyrin became
known as Photofrin and was the first clinically approved
photosensitizer. Acknowledged disadvantages of Photofrin
including skin photosensitivity, low selectivity for tumour
tissue, and low molar absorption coefficient, have stimulated
research leading to the development of new generation PSs.
Effective PSs can be synthesized with absorption bands
between 650 and 800 nm to increase the light penetration
into the tissue. A PS should have no dark toxicity but be
strongly photocytotoxic. It should also have rapid clearance
from tissue, thus minimizing a long duration of systemic
photon-toxicity. High triplet-state yield and a long triplet-
state lifetime are desired to allow for effective production of
singlet oxygen and ROS [60, 63].

While numerous PSs have been developed, few have been
approved for pre-clinical and clinical PDT applications. Table
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Table 4.1. Some PSs used in pre-clinical and clinical applications. A - wavelength of the absorption
peaks for PDT, and DLI — Drug-light interval.
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A
. . . . DLI

PS Applications Localization (nm)

Bladder,

. @ . .

Photofrin bronchus, cervix, Golgi apparatus, 630 24-48 h
[64, 65] lung, head and plasma membrane

neck

Actinic 15 min—
ALA-PpIX® [66] keratoses, Basal Mitochondria 635 1h

cell carcinoma

Endoplasmic
Foscan® [67, 68] Head and neck reticulum, 652 48-110h
mitochondria

Actinic
Chlorine E6®  keratoses, Lysosomes, 405, 46 h
[69-71] Bowen, Basal endosomes 660

cell carcinoma
TOOKAD® [72] Acne, - prostate Vascular target 762 10 min-

cancer 4h

4.1 presents some of the most used photosensitizers along with
their photophysical, chemical and pharmacological properties.

Light dose for superficial lesions, given in J/em? is
described by
F:%:Ims, (4.1)
where P[W] is the optical power and t[s] is the exposure
time, A[cm?] is the illuminated area and I.[W/cm?] is the
delivered intensity of the light. PDT light delivery has an
important role to support successful treatment resulting in
excellent therapeutic effects [73]. The effect of light dose is
clearly reflected in the fact that a low dose leads to activation
of apoptosis whereas a high dose results in direct necrosis
[74]. The light propagation for a specific treatment session
depend on both the geometry and the optical properties of
the tissue. It is possible to use diffusion theory or Monte
Carlo simulation to predict how light travels into the tissue,
thereby adjusting the illumination parameters to optimize
the light dose for the entire tumour volume. Development of
advanced light delivery systems for advanced PDT dosimetry
technologies is reported by Mang [75]. Diode lasers and LED
light sources currently dominante as light sources for PDT.
Fiber optic delivery devices optimize light penetration into
the target and the corresponding spatial light distribution
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in the tumour volume [76]. Drug-light interval (DLI) can
be a critical component of controlling the PDT. While early
illumination after PS administration, vascular effects dominate
while longer intervals will favour tumour cell effects since the
photosensitizer will have leaked out of the vasculature and
diffused into the cells [61].

Oxygen plays a key role in PDT. Reduced availability
of oxygen within the tissue can limit direct tumour-cell
destruction. Immediate oxygen reduction as a result of
photochemical processes, as well as vascular occulsion occurs.
High light dose rate treatment leads to transient depletion of
oxygen resulting in decrease of treatment effectiveness [77].
Depending on the DLI and localization of the photosensitizer,
variations in tissue oxygenation are reported [78]. Tissue
oxygenation can increase if the DLI is long as the immediate
response to the PDT is that the immune system is triggered
with increased blood flow as a result [79, 80].

4.3 Dosimetry

Dosimetry of PDT is challenging due to the complex nature
of this treatment modality in which many parameters are
dynamically interdependent influencing treatment efficacy.
Deficiency in any one of the parameters may reduce the efficacy
of the treatment. Early studies suggested a model for the tissue
response to PDT based on PDT’s threshold dose [81]. In this
model, the target tissue exposed to doses below the threshold
survive, while at dose above the threshold necrosis takes place.
The evaluation of PDT threshold is a challenge because the
routes to malignant cell death are effected by numerous factors.
Thus, assumptions are needed to define a dose metric to reduce
the complexity which implies that light dosimetry alone will
likely not be sufficient to predict clinical outcome. The rest
of this chapter describes different approaches to address these
challenges. Unfortunately there is no direct way to measure
the tumour response during the treatment, but the response
is delayed. This motivates the demand on accurate PDT
dosimetry.

4.3.1 Implicit dosimetry

Oxygen is a critically important mediator in PDT [82]. Singlet
oxygen is, as mentioned above, often considered the direct
phototoxic module responsible for the tissue destruction after
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PDT. The measurement of singlet oxygen, therefore has been
investigated as a tool in determining tumour response to PDT,
known also as a direct dosimetry metric [83, 84]. The amount of
singlet oxygen can be quantified by detecting its luminescence
signal at 1270 nm. The short lifetime and low probability
for emission of the luminescent photons posses a challenge to
detect this emission and discriminate it from other background
luminescent signals. Another more clinically feasible dosimetry
approach is to measure the photosensitizer bleaching based on
the fact that many sensitizers photobleach significantly over
the course of treatment and this is assumed to be caused
mainly by the PS reaction with singlet oxygen generated. The
chemical reactions that degrade the drug concentration are
similar to those that damage the tissue. This approach is
especially important for PDT treatment with ALA-PpIX as
PpIX is very prone to photobleaching. Implicit dosimetry is
eloquently summerized by Wilson et al. [85].

4.3.2 Explicit dosimetry

Most clinical dosimetry protocols use explicit dosimetry
[85, 86]. The model takes into account three components
responsible for inducing the PDT action, i.e light dose, as
well as photosensitizer and oxygen concentrations in the
target tissue. The light fluence can be measured directly
when light is delivered to the treatment volume using a
calibrated optical probe in or near regions of interest. To
predict the total integrated light dose throughout the entire
volume, computational modeling of the light dose such as
diffusion theory or Monte Carlo must be considered. An
even light fluence distribution is challenging, specially for
larger tumour volumes. This is partly addressed by employing
interstitial light delivery. In interstitial PDT dosimetry,
the light distribution in various regions of the tissue must
be taken into account as a primary pre-treatment planning
[17, 55]. Measurement of the photosensitizer concentration
can be achieved either before injection as a prescribed delivery
dose or after injection through fluorescence measurement.
The pre-treatment dosimetry is often not sufficient due to
wide variability in photosensitizer uptake between individuals
as well as within each individual. During the therapeutic
illumination the photosensitizer concentration degrades as
a result of interaction with ROS. Thus, measuring the
fluorescence emission can be considered as a surrogate for
actual tissue drug concentration. It is necessary to correct
the fluorescence for tissue optical properties. A final obvious
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measurement in explicit dosimetry is the oxygen level in
the treated tumour. Monitoring tissue oxygenation in vivo
is complicated because oxygen concentration varies spatially
and dynamically throughout the treatment. As presented
in Section 2.2 the absorption spectra for oxy- and deoxy-
hemoglobin are different, hence, tissue oxygenation can be
assessed by monitoring the blood saturation using optical
techniques such as diffuse reflectance spectroscopy. The main
limitation in accurate implementation of explicit dosimetry
is the inacurracy of the above parameters. Efforts to define
dosimetry in PDT have focused primarily on integration of all
PDT factors without the need to measure them separately.

In this thesis, fluorescence and reflectance spectroscopy are
used as an outstanding method to measure PS concentrations
in vivo while compensating for variation in optical properties
(Papers II, I, and V)
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CHAPTER D

FLUORESCENCE AND REFLECTANCE
DIAGNOSTICS

Fluorescence-based techniques have become essential tools
in biology and biomedical science. @ They are employed
to develop novel, non-invasive technologies for diagnostic
purposes including early detection of malignant diseases. One
motivation is to reduce the need for surgical removal of biopsy
tissue samples and instead rely on spectral analysis of the tissue
using an imaging system or employing a fibre probe close to
the tissue to minimally-invasively record fluorescence spectra
in vivo. Studies on fluorescence diagnostics of malignant
tumours have been centred on two approaches. One is
based on the detection of deviations in the fluorescence
spectra of native fluorophores between normal and diseased
tissue.  The other approach uses the administration of
exogenous biomarkers that concentrate in malignant tissues.
A few of these fluorophores are introduced in Chapter 2.
A fluorescence signal can be measured and analysed in
various ways to extract information regarding concentration
and spatial distribution within the tissue.  Steady-state
fluorescence techniques are the most widely used measurements
since they require only simple and cheap instrumentation.
Temporal properties of the fluorescence emission is another
approach that can provide effective means of discrimination
among fluorophores. In this chapter, fluorescence emission
spectroscopy for bulk tissue diagnostics and different methods
to retrieve undistorted in wivo fluorescence signals are
discussed. Moreover, the use of quantitative in wvivo
information such as fluorophore concentration is discussed to
establish dosimetry for photodynamic therapy.
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5.1 Fluorescence emission spectroscopy of
turbid media

Steady-state  fluorescence  spectroscopy  consists  of
measurements and analysis of the wavelength distribution
of various fluorophores [87]. Discrimination among distinct
fluorophores is achieved on the basis of differences in
their spectral shape, peak positions, and intensity. The
fluorescence emission spectrum of a particular fluorophore is
the fluorescence intensity measured over a range of emission
wavelengths at a fixed excitation wavelength (usually at the
excitation maximum for that fluorophore). The fluorescence
excitation of a clear medium can be obtained using the Beer-
Lambert law. However, fluorescence excitation and emission
from a turbid media, such as tissue, is complex to assess as it
is distorted by the absorption and scattering properties of the
tissue. Fluorophores are often distributed inhomogeneously
within the tissue. For instance, the layered architecture of
the skin has a variable spatial distribution of blood and other
chromophores. The concentration of the scatterers within
the tissue can also significantly distort measured fluorescence
signals. Clearly, quantitative information about fluorophore
concentrations can only be assessed if proper correction
techniques are exerted to compensate for the effects of tissue
scattering and absorption. Despite the distorting contributions
of absorption and scattering in obtaining intrinsic fluorophore
concentrations in tissue, absorption and scattering properties
may themselves provide valuable diagnostics information. For
example, knowing the blood oxygenation level in tissue is
helpful from a diagnostics perspective. Furthermore, changes
in the scattering are indicative of changes in tissue structure.
Diffuse reflectance spectroscopy is a suitable method to
characterize absorption and scattering coefficients.

5.2 Diffuse reflectance spectroscopy

Steady-state diffuse reflectance spectroscopy (DRS) is a
technique that reflects the composition and morphology of
tissue by measuring the diffusely reflected light following
its interactions with the tissue. To quantify the optical
properties of the tissue, a model for light propagation through
it is needed. This is then used to resolve the relationship
between the measured spectra and optical properties in the
framework of the radiative transport equation. As discussed
in Chapter 2, the two most suitable forward methods are
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the diffusion approximation and Monte Carlo simulation.
Analytical solutions from the diffuse approximation can be
obtained rapidly and accurately if photons are sufficiently
scattered and the geometry allows such solutions [88]. The
source detector distance (SDD) is an important parameter to
consider when the diffusion approximation is used. The SDD
is required to be much larger than the inverse of the reduced
scattering coefficient to collect multi-scattered photons deeper
in tissue. Therefore, the DE is not accurate for application
of superficial measurement. MC simulation is, thereby, a gold
standard for this purpose since any tissue structure and range
of optical properties can be modelled in different illumination-
collection geometries. An inverse MC look-up table is used
in Paper V to extract the tissue parameters from diffuse
reflectance measurements.

5.3 Tissue fluorescence attenuation
correction

Correction techniques to retrieve the intrinsic fluorophore
concentrations in turbid media are possible first if one can
isolate changes in the tissue fluorophore from changes in
other tissue optical properties. There have previously been
several attempts to extract the intrinsic fluorescence based on
fluorescence and reflectance information [89-93]. Below, the
most commonly used techniques are described.

5.3.1 Reflectance utilization

The most common techniques to compensate for changes
in tissue absorption are based on a ratio of fluorescence
intensity to backscattered excitation light intensity [94, 95].
Figure 5.1 represents the raw uncorrected fluorescence signal
(FAex1;s Aem1). The raw uncorrected fluorescence signal is
divided to the reflected signal at the excitation wavelength.

F()\exla )\eml)
R()\ezl)

This technique is valid at high absorption and constant
scattering. In a similar fashion, a correction factor is taken into
account for the optical properties at the emission wavelength
[96]. However, this method is only accurate when absorption
is weak. Finlay et al. [97] proposed a modification of the
above approaches which involves the ratio of fluorescence to
reflectance at both excitation and emission wavelengths.

(5.1)

Fluorescence peak

Excitation peak

Absorption (a.u.)

Figure 5.1. Schematic
illustration of the absorption
and emission spectra for
quantification of fluorophores.

Fluorescence emission (a.u.)
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Source (4,) Fluorescence (1) Reflectance (4,)

Tissue

Figure 5.2. Diagram of the
measurement geometry for two
distance optical fiber.
Excitation light is delivered
through the source optical fiber.
The fluorescence and reflectance
are collected with fiber in the
middle and fiber in the right,
respectively.
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5.3.2 Spatially resolved reflectance

Spatially resolved techniques rely on the monitoring of the
diffuse reflectance as a function of distance away from an
excitation optical fiber. The concentration of the PS has
been quantified to an accuracy of about 10% by using a probe
with a small source-detector separation [98]. The approach is
based on the theory that the ratio of fluorescence to scattered
light is linearly proportional to the absorption coefficient of
the photosensitizer. Weersink et al. incorporated the diffuse
reflectance and fluorescence measurement at two different
distances [99]. A diagram of the measurement geometry
is shown in Figure 5.2. They proposed that the ratio of
fluorescence at a source detector distance of 0.65 mm to the
reflectance at 1.35 mm is only weakly dependent on the optical
properties of the tissue sample. A different technique for
determining fluorophore concentration is based on the diffusion
equation. A priori knowledge of the optical properties is
applied in a forward model to correct for tissue attenuation.
This approach has limited dynamic range of optical properties
when used with a single fiber-source distance. To overcome
this limitation, multiple source-collector distances can be used
to expand the dynamic range of optical properties.

5.3.3 Correlation techniques

The possibility of utilizing multivariate analysis methods to
extract the concentration of fluorophores from the intensity
measurements has been explored in 1996 by Durkin and
Richards [100]. Such techniques are constrained using training
data sets which cover underlying physical parameters in all
possible conditions that may occur in later measurements.
A mixture of calibration constants to build the training
dataset must include accurate values of tissue fluorophore
concentrations and optical properties. This method is used
in Papers I, II, and V.

It has been proven that the optical properties of
cancerous lesions are different from those of normal tissue.
Therefore determination of the intrinsic fluorescence and
analysis of tissue scattering and absorption parameters, in
combination, would provide a better understanding of the
morphological changes that take place during progression of
disease than only fluorescence or reflectance. One specific
example is a disease to be treated using photodynamic
therapy where one considerable issue is to retrieve the
dosimetric values when the optical properties of the tissue
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Figure 5.3. Schematic diagram of multi-excitation multi-emission
system (MEME).

are unknown. In this thesis, a novel multi-excitation multi-
emission system was used to characterize optical properties of
biological tissue as well as quantitative information about PS
concentration during photodynamic therapy. To achieve that,
a multivariate analysis technique was employed to correlate
the experimentally determined data with in vivo data real-
time. This technique does not require a priori knowledge of
the optical properties of the sample.

5.4 Instrumentation

The multi-excitation multi-emission (MEME) system has been
primarily developed for precise tumour delineation during
brain surgery [101]. The schematics diagram of the system is
shown in Figure 5.3 and details of components are described in
Paper II. The light source employed in this system consists
of light-emitting diodes (LED) at different wavelengths as
shown in Figure 5.3. The light sources are modulated
with high frequency allowing suppression of ambient light
during measurement in the clinical environment. Excitation
wavelengths match the absorption of the compounds of
interest. The custom-made hand-held fiber probe consists of
six surrounding delivery fibers and one collecting fiber at the
centre. The collected light is then routed to one photodetector
(PD) and four avalanche photo detectors (APDs). A narrow-
band bandpass filter was positioned in front of each APD.
The real-time signal manipulation was performed by a custom
LabVIEW program.
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n (Number of variables/inputs)

Number of
individuals

Figure 5.4. The input matrix
X, with dimension of mxn. Any
row xp represents the measured
quantities of one individual.
Any column x,, represents one
data observation for all
individuals.

Dimension 3

Dimension 2

Figure 5.5. PCA linear
transformation. PC1 and PC2
are orthogonal axes which best
represent the variabity in the
dataset X with m=3.
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5.5 System validation

Tumour-mimicking phantoms are widely used in biomedical
optics research for system validation and stability testing as
well as in illumination and collection evaluation. To validate
the MEME system, an aqueous suspension containing absorber
and scatterer was used to emulate the optical properties
of real tissue. Intralipid is a scattering agent biologically
similar to the lipid membrane of cells and organelles [102].
These are the main scatterers in tissue. Intralipid is broadly
used to reproduce the scattering coefficient and anisotropy
factor g of real tissue. = One major constituent causing
absorption in biological tissue is blood. For MEME validation,
bovine blood purchased from a local supermarket was used
as an absorber in the tissue phantoms. The MEME system
was used for two pre-clinical trials employing two different
photosensitizers as described in Section 2.3.1. Validation of
the system for both specific fluorophores used in the studies
was required. The stock solutions of the fluorophores were
prepared and a tissue phantom study was performed by
altering the concentration of Intralipid, blood and fluorophore
in order to render different optical properties and fluorophore
concentration for the studies.

5.6 Multivariate analysis

Multivariate analysis (MVA) methods have been applied as an
alternative to other statistical methods in modern data analysis
for predicting, identifying, and decision making [103]. MVA
is quickly evolving in the medical industry for data analysis
purposes without the need for human involvement. Medical
records of patients contain many variables often interrelated to
one another, and the most interesting trends are hidden within
a combination of dependent variables. Using conventional
methods, it is not possible to analyze this significant volume of
information. Therefore, MVA is developing various algorithms
to interpret complex data quickly and confidently. There
are several different MVA methods that can be used for
extracting the most significant data in a data set, as well as
for regression and classification purposes. Methods include
principal component analysis (PCA), partial least squares
(PLS), and support vector machines (SVM). PCA is a very
useful algorithm that simplifies the complexity in a large
set of variables within a dataset, while still retaining as
much information as possible. A typical dataset is usually
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represented as a matrix X consisting of n rows and m columns
and is organized as shown in Figure 5.4. Each input n can
be represented as a point in an m-dimensional coordinate
system. PCA transforms the large number of variables in
measurements X into a number of uncorrelated variables called
principal components (PC:s) (Figure 5.5). The first principal
component accounts for as much of the variability in dataset
X as possible. PCA is an unsupervised learning technique in
which the datasets are not labelled and there is no response
value (Y matrix in supervised learning). Therefore, PCA
captures only the characteristics of the predictive variables (X
variables) and it does not consider the correlation between the
so called dependent and independent variables (Y variables).
PLS as a supervised dimension reduction takes into account
the correlation between dependent and independent variables.
This technique extracts factors from both X and Y such that
the covariance between the extracted factors is maximized.
SVM is another supervised learning algorithm which has been
proved highly effective in data classification. The principle is
similar to PLS in reduction of data to a simpler form and
considers the correlation between X and Y. This learning
algorithm finds an optimal hyperplane in-between different
classes of data which could best separate the data. The vectors
in the data set that define the optimum hyperplane are the
support vectors. Support vectors are closer to the hyperplane
and influence the position and orientation of the hyperplane
(support vectors are indicated by circles in Figure 5.7).

The SVM is also a predictive data-regression algorithm
that assigns new data elements to a given labelled training
data set (supervised learning). In SVM regression, the data
set of training data includes predictor variables and observed
response values. The aim is to learn the mapping function
from the input X variable to the output Y variable. This
transformation can be done using some linear algebra; the
Kernel function. Kernel functions approximate the mapping
function as accurately as possible such that when there is
new input data, the output variable for the dataset can be
predicted. As a consequence, the SVMs model can be used for
predicting the outcome of feature measurements. The principle
is depicted in Figure 5.8. Usually the performance of an SVM
model in terms of maximum prediction precision and stability
is evaluated by a cross validation approach (CV) in a way that
the dataset is divided into training and testing sets. Then,
the training set is used to test the model. The correlation
coefficient for the training and testing datasets are calculated
to evaluate the prediction performance.

Possible Hyperplanes

Dimension 2

Dimension 1

Figure 5.6. The linear classifier
for SVM modelfor two group
classification problem.

Dimension 2

Dimension 1

Figure 5.7. SVMs learn an
optimal separating hyperplane
which maximizes the margin
distance. The support vectors
are in squares.

Unknown Data

Training Data

Regression phase

Learning Phase (Predicting the Unknown)

(Training the Predictor)

Figure 5.8. The principle of
SVM for prediction an known
data by using a model created
from a training dataset.
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The Least Squares formulation of SVM, called LS-SVM, is
a recent, simplified version of standard SVM. Standard SVM
uses optimized quadratic programming methodology while LS-
SVM solves linear equations by replacing the inequality with
equality constrains. In this work, PLS was used in Paper I
to validate the instrument performance in quantification of
fluorophore concentration. LS-SVM is used in Papers IT and V
to predict the optical properties and fluorophore concentration
in in vivo measurements.



UPCONVERTING NANOPARTICLES

CHAPTER 0

The use of exogenous luminescent biomarkers enables non-
invasive detection and real-time visualization of biological
processes from subcellular structures to the organ level.
Upconverting nanoparticles (UCNPs) are a type of luminescent
particles doped with lanthanide ions featuring a wealth of
electronic transitions within 4f electronic shells. The UCNPs
possess a number of attractive and unique properties that
make them highly interesting for the purpose of luminescence
imaging in biological applications. This chapter introduces
photon upconversion processes followed by a description of the
properties and applications of UCNPs.

6.1 Upconversion process

Upconversion refers to a non-linear optical process involving
two or more excitation photons being absorbed and converted
into one emitted photon with higher energy. UCNPs are
thus able to convert near-infra-red excitation into visible
and ultraviolet emission.  Upconversion can be achieved
through a number of different mechanisms. For UCNPs, three
basic routes have been determined: excited state absorption
(ESA), also known as sequential two-photon absorption,
energy transfer upconversion (ETU), and photon avalanche
effect (PA). The principles of these upconversion processes
are schematically presented and discussed in several articles
[104, 105].

Excited state absorption. In ESA (Illustrated in Figure
6.1 a)) an activator ion is first excited to an excited state (E)
and then absorbs a second photon and is further excited to an
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Figure 6.1. Schematic of the
upconverion process. a) excited
state absorption (ESA), b)
energy transfer upconversion
(ETU), and photon avalanche
(PA). Dashed, solid and dotted
lines represent photon
absorption, photon emission and
energy transfer processes,
respectively.
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emitting level (Es). Subsequently, the ion relaxes back to the
ground state providing the upconverted emission. Lanthanide
ions, including Er3t, Tm3t, and Ho®t possess a ladder-like
arrangement of the energy states, so that ESA can be easily
observed in these ions. ESA is the least efficient of the UC
processes discussed here.

Energy transfer upconversion (ETU) is considered
the most efficient upconversion process in UCNP crystals. In
this process, successive energy transfer between neighbouring
ions at different sites in the crystal promote the excitation of
an ion to a highly excited state. In particular, the sensitizer
absorbs a photon and is excited to an excited state. The
energy transformation takes place in a non-radiative manner
to an activator ion not only between ground state and the
first excited (ETUL in Figure 6.1 b)) but also between excited
states (ETU2). Yb3' is typically used as a sensitizer due
to a large absorption cross-section in the NIR region and
long luminescence lifetime. The energy separation of the
Yb3T ground and excited states match the transitions of the
activator ions well which results in significant energy transfer
between ions. This energy transfer occurring between identical
ions resulting in the population of an intermediate level of the
activator ion is known as cross relaxation (CR). UC emission
of different colour can be obtained with different sensitizer
and activator combinations. In this thesis, ETU has been
employed.

Photon avalanche (PA) is also based on sequential energy
transfer between ions. It is a looping process that requires
a pump intensity above a certain threshold value. The PA
process involves weak non-resonant ground state absorption
(GSA), followed by resonant ESA to populate the E2 level
ultimately. An efficient cross relaxation energy transfer occurs
between the excited ion and neighbouring ground state ions,
and results in strong UC emission as an avalanche process [106].

6.2 Composition

An upconversion system typically consists of three components
including an inorganic host, absorber (sensitizer) and an
emitter (activator). It is essential to carefully engineer crystals
with lanthanide dopant for upconversion processes as it totally
depends on the energy transfer between sensitizer and activator
within a suitable proximity. A description of each component
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is presented here.

6.2.1 Host materials

The crystal structure and the optical properties of the host
material play important roles in the UC process and in
particular dictate the luminescence efficiency. An ideal host
material needs to be transparent, chemically stable and possess
low lattice phonon energies to avoid deexcitations or phonon
excitation processes. To date, amongst different crystalline
host lattice materials, NaYF, and NaGdF, have gained
significant attention, particularly for biological applications.
Regarding crystal structure of host matrices, several studies
have shown that hexagonal NaYF, is favourable and exhibits
UC emission with efficiencies of about one order of magnitude
greater than a cubic NaYF, [107-110]. Beside the crystal
structure, crystal decomposition [111] and core/shell structure
have been applied to increase the efficiency of UCNPs [112,
112].

6.2.2 Lanthanide dopants

The Lanthanide (Ln) ions, also known as rare-earth (RE)
metals, with multiple metastable energy level structure are the
most commonly used luminescent centres for this application.
Their special electron configuration with a partially filled 4f
electron shell and completely filled 552, 5p? and 6s? sub-
shells results in sharp and narrow f-f transition bands and
a stable excitation state. The choice of sensitizer-activator
pair amongst all possible combinations of Lanthanide ions is
based on efficient energy transfer between them as well as the
emission wavelength of interest for a specific application. As a
sensitizer ytterbium Yb3t and as an activator erbium Er3*
or thulium Tm3* are the most commonly used pairs since
they provide visible optical emission under low pump power
densities. The widely accepted energy level diagram of Yb-Er
and Yb-Tm is shown in Figure 6.2. The Yb-Tm doped are of
particular interest due to their NIR-to-NIR conversion. The
particles absorb light at 980 nm and emit upconverted light at
800 nm allowing for autofluorescence-free biodetection [113].
The UC efficiency is influenced by the dopant concentration
[114]. The sensitizer concentration must be high enough to
optimize energy transfer between sensitizer and activator, but
not too high to move the activator ions in too much proximity
to induce quenching by CR.
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Figure 6.2. Energy level diagram and upconversion scheme for
the Yb-Er and Yb-Tm pairs are shown. The figure is taken with
permission from [115].

6.3 Optical properties of UCNPs

The use of NIR light in biomedical applications has provided
numerous opportunities with great potential for bioimaging.
UCNPs have the capability to convert near infra-red radiation
(NIR) into visible light resulting in deep tissue penetration.
The anti-Stokes emission makes UCNPs attractive candidates
for a variety of broad applications, spanning from background-
free biological sensing and drug delivery to super-resolution
microscopy [116, 117].  Compared to other conventional
fluorescent dyes, UCNPs shows high photostability and non-
blinking behaviour. These nanoparticles contain individual
and variable absorption and emission centres. It is feasible to
dope multiple types of lanthanide ions into a host matrix for
customized multimodal imaging probes. The advantage of the
UCNPs as imaging probes stems also from the need of a modest
CW NIR laser source for exciting UCNPs. The upconversion
process requires sequential absorption of two or more excitation
photons by sensitizer lanthanide ions to transfer energy to the
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activator ions. Consequently, the optical luminescence and
the quantum yield are excitation power dependent [112, 118].
Despite the enormous potential that UCNPs offer for different
applications, a number of limitation still need to be addressed.
Compared to conventional contrast agents such as organic
dyes and semiconductor probes, the quantum yield of UCNPs,
a parameter proportional to brightness, is relatively low.
Nowadays, one of the greatest trends in the field of UNCPs
research is the quest to enhance the luminescence brightness
of UCNPs. Different methods to synthesize UCNPs have been
proposed and reviewed in detail in various articles [119, 120]
as well as in Paper VL.

6.4 Excitation wavelength optimization

Most commonly used Yb3T-sensitized UCNPs have an
excitation band centred at 980 nm (the peak absorption of
Yb3* ions), overlapping an absorption peak of water molecules.
This causes heat generation in tissue and poor penetration
depth for biomedical applications. Tuning the excitation
wavelength to a region with less water absorption in tissue
is possible by designing new UCNPs where RE?* ions provide
new excitation pathways. Zhan et al. reported a continuous
wave laser at 915 nm to excite Tm?**/Er®*/Ho3*-doped
NaYF, to avoid overheating of tissue [121]. However, water
absorption has remained a challenge. A novel class of UCNPs
are engineered by cascade sensitization employing Nd®tas an
800 nm photo co-sensitizer [122]. In this thesis, a core-shell
structure with Nd3* ions in the shell with excitation at 808
nm and Nd3*/Yb3* /Er®t dopants in the core with emission
at 650 nm was designed and used in measurements described
in Paper III.

6.5 Power density dependence and quantum
yield characterization

The power dependenece of the UCNPs is governed by the
competition between the ETU rates from the sensitizer ion
to the activator ion and the linear decay rate for depletion of
the intermediate states of the activator ions involved in the
UC process. This nonlinear behaviour results in non-linear
power dependent curves for core and core-shell nanoparticles.
Under low excitation intensities, the depopulation from the
intermediate state is dominating over the ETU rate causing
low luminescence efficiency with a slope of 2.0, indicating
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a two-photon absorption process. Increasing the excitation
intensity leads to saturation of the upconversion process
where the curve appears with a slope of 1.0. Figure
6.3 represents this trend in an experimentally determined
quantum yield for the core NaYF4:Yb3*/Tm3* and core/shell
NaYF4:Yb3t /Tm3T@NaYF, UCNPs over a power density
interval from 0 to 20 W/cm?.  Recently, a theoretical
investigation based on a simplified steady state rate equation
model was derived to well characterize the quantum yield of
UCNPs in different excitation power density regions. H.C. Liu
proposed a balancing power density point, at which the ETU
rate and the linear decay rate equally contribute to depopulate
the intermediate level of activator ion [123]. The QY can be
well characterized by two parameters: the balancing power
density behaviour for an arbitrary excitation power density
and QY at the power density. This approach was used to
characterize the quantum yield of UCNPs in Papers IV and
VII.

6.6 Beam profile compensation in quantum
yield measurement

Determining the QY of UCNPs can be accomplished with
an integrating sphere or a fluorometer [124, 125]. Due
to nonlinear dependency on excitation irradiance, it is
important to characterize the distribution of the excitation
power within the cross-sectional area of the excitation beam.
Typically, unmodified laser beams introduce an inhomogeneous
distribution of the excitation light on the sample, usually close
to a Gaussian distribution. For a linear excitation process, the
beam profile is not a serious concern while for an upconversion
process the luminescence intensity depend on P™, where P
is power density of the laser beam and n is the number of
photons required for the excitation process. In an integrating
sphere, the excitation light passes through the sample many
times after reflecting from the sphere wall. It is therefore
difficult to precisely determine the actual excitation profile that
contributes to the detected luminescence signal. Experimental
characterization of the beam profile can be accomplished with a
suitable camera in a fluorometer setup (without the reflections
in an integrating sphere). In a fluorometer-based setup, a
reference standard sample is required to conduct a relative
quantum yield measurement as light is only collected in a
limited solid angle. Beam profile compensated quantum yield
measurements are described in Papers IV and VII.



OUTLOOK

CHAPTER [

Luminescence spectroscopy has become a crucial tool
in biomedical applications. In particular, fluorescence
spectroscopy provides a simple, fast, and inexpensive method
to determine the concentration of fluorophores in biological
tissues. = However, improvements in instrumentation and
methodologies are still needed to obtain accurate information
from highly scattering media. PDT dosimetry based on
steady-state fluorescence measurement has been proposed to
improve real-time monitoring of treatment efficacy, while the
intrinsic measurement of fluorescence concentration remains
a challenge. Toward the goal to extract fluorophore
concentration in highly scattering media, we develop a
novel combined fluorescence/reflectance system to measure
photosensitiser concentration as well as optical properties in
tissue during photodynamic therapy. These studies have
provided encouraging results and show the potential to become
a valuable tool in evaluation of treatment outcomes in real
time. A goal for the future is to miniaturise the system
and improve its performance for various specific medical
applications. Extending the number of light sources will
increase the amount of data measured and will enable the
retrieving of information about fluorophore concentrations
in biological tissue.  This in turn will help to extract
diagnostic information in addition to obtaining the absolute
PS concentration. In the precise quantitative measurement
of optical properties and PS concentration, multivariate
analysis of datasets with a specific focus on data exploration
and dimension reduction is a useful technique. A robust
multivariate model can be constructed with special attention
to predictive performance when the variable selection is
considered carefully. These improvements will lead to
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improved PDT dosimetry in individual patients. Therefore,
PDT will gain further acceptance by becoming a reliable tool
for controlled therapeutic outcome.

Upconverting nanoparticles have proven to be effective in
biological applications due to their unique optical and chemical
properties. In spite of the many merits of UCNPs, their
efficiency is restricted and quantum yield is low. Therefore,
a main focus remains to develop UCNPs with enhanced
brightness and emission efficiency. Amongst possible paths
towards improved UCNPs properties are the engineering of
the surfaces and the modification of luminescence pathways.
In spite of recent efforts and progress, more research is needed
and is underway. A complication is that it is often difficult
to compare the optical performance of UCNPs in different
studies, and standardised procedures are required to quantify
the performance of the different UCNPs developed. As
the field is growing out of its infancy and develops toward
biomedical applications, the quantum efficiency becomes a key
factor to compare different UCNPs. Therefore, standardize
protocols and robust systems are of great importance to
build a foundation in the field, and thereby enable the
accurate measurement of luminescence efficiency. We have
in this work developed a multi-modal UCNP characterisation
instrumentation and measurement protocol for accurate
determination of UCNP properties relevant for biomedical
applications. We believe that this work can contribute to a
standardisation of UCNP characterisation and comparisons. 1
hope this can be of great benefit to the field moving forward.

As a personal note, this PhD has developed me as a person.
The experiences gained first being a new team member in
a larger research group, and then increasingly working more
independently has been great for my development both as
a person and as a researcher, although frustrating at times.
Managing to complete this interesting and challenging PhD
work and at the same time being part of raising an amazing and
supporting family, with husband, two fantastic children and a
playful dog, has boosted my self-confidence enormously and is
for me a proof that I am now, if not fully, at least partially
assimilated in this new world (academically and culturally).
After completing this part of my life and education, I am very
inspired and feel very ready for new challenges.
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I Development of a novel combined fluorescence
and reflectance spectroscopy system for guiding
high-grade glioma resections: confirmation of
capability in lab experiments
M. Mousavi, H. Xie, Zh. Xie, M. Brydegaard, J. Axelsson,
S. Andersson-Engels
In this study, a hand-held fiber optic probe instrument was
developed to assist the surgeon in distinguishing tissue types
during brain tumour resection. The system performance
is based on fluorescence and reflectance spectra collected
from the probed sample. It was required to validate the
instrument capabilities in the lab before being used in the
clinic. Measurements were performed on tissue-equivalent
phantoms with a variety of optical properties that mimic
biological tissues. I was the main responsible person for the
design of the phantom experiment, I took an active part in
the preparation of the phantoms and in acquiring data, as
well as in data evaluation using multivariate analysis. I wrote
the manuscript.

IT Design and validation of a fiber optic point
probe instrument for therapy guidance and
monitoring
H. Xie, Zh. Xie, M. Mousavi, M. Brydegaard, J. Azelsson,
S. Andersson-Engels
In this study, a clinically adapted fiber optic system was
used to measure fluorescence and reflectance spectra from
patients with skin tumours. The system was validated on
tissue phantoms and showed a good correlation with true
fluorophore concentration. I contributed substantially to the
phantom measurement. I’ve been involved in preparing the
system to be used in the clinic, and I have took part in the in
vivo measurements. [ wrote minor parts of the manuscript.
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Increasing depth penetration in biological tissue
imaging using 808-nm excited
Nd3TY b3+ Er3t-doped upconverting nanoparticles
H. Séderlund, M. Mousavi, H. Liu, S. Andersson-FEngels

In general, upconverting nanoparticles are excited at 975 nm,
where the water absorption is strong dominantly. In this
study, a new type of UCNPs was synthesised to increase
the depth penetration of the excitation light in biological
tissue by shifting the excitation light from 975 nm to 808
nm wavelength. The experiment was carried out mainly by
Hugo Soderlund. I made substantial contributions to the
preparation of the manuscript.

Beam-profile-compensated quantum yield
measurements of upconverting nanoparticles

M. Mousavi, B. Thomasson, M. Li, M. Kraft, Ch. Wurth,
U. Resch-Genger, S. Andersson-Engels

The characterization of the quantum yield of upconverting
nanoparticles is a crucial issue in developing upconverting
materials. In this study, the quantum yield of upconverting
nanoparticles was measured considering the influence of the
beam profile. The quantum yield measurement was based
on a simple relationship between the quantum yield and
excitation intensity for two-photon upconversion emission. I
took part in the development of the experimental set-up and
contributed substantially to all experiment. I supervised a
bachelor student to perform the experimental work and data
evaluation. I prepared the manuscript.
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VI

Real-time photodynamic therapy dosimetry
using multi-excitation, multi-emission
wavelengths: towards accurate prediction of
treatment outcome

M. Mousavi, L. Moriyama, C. Grecco, M. Nogueira,
K. Svanberg, C. Kurachi, S. Andersson-Engels

A hand-held fiber optic probe instrument based on
fluorescence and reflectance spectroscopy is used to measure
the intrinsic fluorescence signal during photodynamic therapy.
The design employs multiple light sources, enabling to
compensate for optical property effects on quantification of
Chlorine E6. The project was conducted in Brazil. The
system was developed in Lund and transported to the Sao
Carlos institute and measurements were performed in vivo. 1
was involved in all the experimental work. I was responsible
for data analysis and manuscript preparation.

Potential biomedical use of diode-laser-induced
luminescence from upconverting nanoparticles
M. Mousavi, S. Andersson-Engels

This paper is a chapter in the book ’'Handbook of
Semiconductor Lasers and Diode-based light sources in
Biophotonics’ This chapter presents the potential biomedical
use of diode-laser-induced luminescence from upconverting
nanoparticles. I made substantial contribution to the
preparation of this book chapter.
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VII Multi-variable compensated quantum yield

measurements of upconverting nanoparticles
with high dynamic range: A systematic
approach

S. Konugolu, J. Matias, G. Dumlupinar, L. Niemilz,
M. Mousavi, K. Komobilus, S. Andersson-Engels

The excitation-intensity-dependent quantum yield of
upconverting nanoparticles makes them challenging to
characterize using commercial quantum yield systems. In
this study, a modified multimodal system is developed to
measure UCNPs quantum yield compensated for various
distorting parameters, significantly, beam profile influence.
This system provides an accurate high dynamic range
quantum yield curves. At the start of the project, I provided
valuable information regarding the optical arrangement and
data analysis. I travelled to Cork for final stabilization of the
system and also to conduct last measurements to finalize the
manuscript.
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Development of a novel combined fluorescence and reflectance
spectroscopy system for guiding high-grade glioma resections _
Confirmation of capability in lab experiments

Monirehalsadat Mousavi, Haiyan Xie, Zhiyuan Xie, Mikkel Brydegaard, Johan Axelsson, and Stefan
Andersson-Engels
Lund University, Department of Physics, P.O. Box 118, SE-221 00, Lund, Sweden

ABSTRACT

Total resection of glioblastoma multiform (GBM), the most common and aggressive malignant brain tumor, is
challenging among other things due to difficulty in intraoperative discrimination between normal and residual tumor
cells. This project demonstrates the potential of a system based on a combination of autofluorescence and diffuse
reflectance spectroscopy to be useful as an intraoperative guiding tool. In this context, a system based on 5 LEDs coupled
to optical fibers was employed to deliver UV/visible light to the sample sequentially. Remitted light from the tissue;
including diffuse reflected and fluorescence of endogenous and exogenous fluorophores, as well as its photobleaching
product, is transmitted to one photodiode and four avalanche photodiodes. This instrument has been evaluated with very
promising results by performing various tissue-equivalent phantom laboratory and clinical studies on skin lesions.

1. INTRODUCTION

Surgical resection of glioblastoma tumors, the most common and aggressive type of malignant brain tumor, is difficult
due to its similarity in appearance to surrounding brain tissue and its infiltrative growth pattern. The standard method
used today for tissue discrimination during surgical resections is visual inspection and palpation. Ultrasound and MR
images are also taken before and after surgery in order to locate the tumor, delineate the borders between malignant and
healthy tissue, as well as to verify the result of the resection. This information is not always sufficient for optimal
surgical results. Several previous studies have been made to utilize various optical guidance techniques to guide brain
tumor resections, mainly based on fluorescence [1-9]. The aim is here to develop an in-contact hand-held system with
improved sensitivity that can guide surgeries.

The main idea of this project is to develop a system that can assist the surgeon in distinguishing tissue types during brain
tumor resection. This system is based on an optical fiber probe, enabling in vivo fluorescence and reflectance
spectroscopy during surgery. The tissue discrimination in the fluorescence signals is based on both endogenous
fluorescence and contrast agents, while the reflectance correlates with optical properties of the tissue. The contrast agent
employed is 5-aminolevulinic acid (ALA)-induced protoporphyrin IX (PpIX). It is assumed that the PpIX concentration
is well correlated with the malignant transformation of the tissue. The ALA is administered orally to the patient prior to
surgery. Malignant glial tumor tissue will then build up a higher concentration of Protoporphyrin IX, providing a
fluorescence peak at 635 nm following 405 nm light excitation. The primary goal is obviously to provide a signal with
high sensitivity and specificity for malignant tissue.

The idea for the system is thus to combine multi-wavelength diffuse reflection and fluorescence signals to obtain
information related to PplX concentration, independent on the amount of blood in the tissue. This would be an
improvement to the previous generation of this setup, called optical touch pointer (OTP) [4], which was also somewhat
sensitive to ambient light during the measurements, such as microscope lamp and room light in the operating room. In
that system laser was as a source for fluorescence excitation illumination and a spectrometry method was used to detect
fluorescence signals during tumor resection. The suppression capability of background light was not fully optimal,
mainly due to that the signal integration time was rather long. The ambition was to reduce this sensitivity in the now
presented system. By pulsing the light sources and employing lock-in type detection, this ambient light can very
efficiently be suppressed in the detection. This method has in lab tests proven to detect very low PpIX fluorescence
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concentrations in tissue phantoms, with insignificant influence of ambient light. An in vivo elaborate test on skin tumor
was conducted with this specific system to demonstrate its full capability, before the systems will be taken into use in the
ongoing clinical research program for glioblastoma tumors.

2. MATERIALS AND METHODS

2.1 System specification

DAQ
. PC
Analog output Analog inputs|

Electronic Board | l|_,
5 405L53?§35 ‘
FaN

Lens A
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Figure 1. Schematic representation of the system

The system developed with the purpose to be useful for guiding brain tumor resections is outlined in Figure 1, including
a schematic illustration of the distal end of the fiber-optic probe. It has three main parts: A light source, a fiber optical
probe and a detector unit. The light source (Prizmatix Ltd.) is constructed of LEDs with four different wavelengths:
365nm, 405nm, 530nm, 635nm as well as a white light LED. The UV light (365nm) is used to excite endogenous
fluorophores in tissue, while the violet light (405 nm) serves as an excitation source for PpIX. The other wavelengths and
the white light are used to provide reflection data and thus signals correlating with optical properties from the tissue at
these wavelengths. The light source is controlled by the output ports of a 16-bit data acquisition (DAQ) board (National
Instrument, Type No. USB6351). A labview program controls the light generation sequences and time intervals between
the on (high voltage) and off (low voltage) mode of the LEDs. For this purpose, a custom made electrical board was
designed and connected to the Digital Clock (CTR) output channel of the DAQ board.

The hand-held fiber-optical probe delivers light to the sample by five optical fibers each with a core diameter of 750 um,
a numerical aperture of 0.5 and a length of 4 meters suitable for the operating room. The optical fiber located in the
center of probe is used to collect fluorescence and diffusely reflected light from the sample and guides the collected light
to the detection unit. There is a fiber collimator (Edmund Optics; 64770) in front of the detection unit. The collimated
light is split into five different light paths by means of four dichroic beam splitters (BS) (Thorlabs; DMPL425, 505, 567,
and 638, respectively). The detector after the first beam splitter is a silicon photodiode (PD) (Edmund Optics; 53378).
This is employed to detect diffusely reflected UV and violet light from the probed tissue. Four avalanche photodiodes
(APD) (Hamamatsu; S9075), are used to detect the collected endogenous fluorescence light, exogenous PplX-
fluorescence and its photobleaching products, and also reflectance from the red, green and white LED. To suppress the
strong diffusely reflected light from reaching the APDs, a long pass cutoff filter (3 mm Edmond optics GG-435) is
mounted after the first elastic channel. Bandpass filters (Edmund Optics; FB405-10, FB470-10, FB530-10, FB-635-10,
and FB-660-10, respectively) are mounted in front of each detector to transmit only the desired spectral band of light to
each detector. The bandpass filters are followed by a lens to focus the light onto the center of the active area of the
detector. The photocurrents from the photodetectors are first converted to voltages by five trans-impedance amplifiers,
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one for each detector, transmitted to five analogue inputs of the DAQ board and then sent to the computer. Real-time
control and initial data analysis is performed in LabView (Version 2012, National Instruments).

2.2 Signal processing

Light intensity modulation has been employed in the data acquisition for two reasons. Firstly, it was important to
measure the signals generated for the five LEDs independently. Secondly it was essential to enable measurements in
strong ambient light conditions. The periodic square-wave modulation has been evaluated to modulate the light from the
source in this system. This modulation is based on a TTL signal generated from the CTR port of the DAQ board. A
series of square wave pulses is created with a varied voltage sequence with square wave voltage pulses between 0 (low)
and 5V (high) at a frequency of 777 Hz. The resulting waveform from the square wave modulation consists of a 777 Hz
repeated time sequence of 11 time slots. This sequence includes one time slot where each of the LEDs is on at maximum
and reduced power, respectively, and one where they are all switched off. The main reason to apply voltage in high and
low power is to monitoring the power fluctuation resulted from temperature variation of LEDs. For each detection
channel, the average signal value within each of these time slots is calculated and the background from ambient light
measured with all LEDs switched off is subtracted from all signals. In order to increase the signal-to-noise ratio, this
sequence is repeated over 70 cycles and an average value was calculated, corresponding to a 90 ms integration time.

2.3 Samples

In order to validate and test the system performance, water-based tissue phantoms were prepared. The tissue phantom
employed in this study was based on three major ingredients, an absorber, a scatterer and a fluorophore. Diluted
Intralipid (Fresenius Kabi, Sweden; 200 mg/ml), which is a fat emulsion, was added to provide the required scattering
properties, while bovine blood (purchased from a local supermarket) or diluted India ink (Pelican Fount, Germany; 1:100
stock solution prepared in our lab), were used as absorbers. The Protoporphyrin IX (PpIX, Fisher Scientific) was served
as a fluorophore. In order to better control and suppress any aggregation of PplX in the phantom, the surfactant tween
(Scharlau Chemie) was mixed into the phantom. The phantoms were designed to mimic the optical properties of gray
matter of brain tissue.

3. RESULT

3.1 System linearity assessment

Several sets of experiments were carried out to validate our setup. First only 405nm excitation light was used for studies
on system validation of linearity response and background light suppression capabilities in a dark room as well as under
well controlled ambient light conditions. In the first series of experiments liquid phantoms were prepared by mixing 3.5%
volume of Intralipid, 0.5% of Ink (1:100 stock solution) and 96% water. PpIX powder (0.056 g) was dissolved in 20 mL
of DMSO and 80 mL of distilled water was added to obtain a 1 mM PplIX stock solution. The fluorophore concentration
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Figure 2. PpIX quantification using violet light. The solid line indicates a linear fit to the
data
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in the tissue phantom was, in this series of measurements, varied between 10 to 100 nM. The phantom with the highest
fluorophore concentration was prepared in a glass cylinder container. The lower concentrations have subsequently been
prepared by diluting with the initial tissue phantom, without any fluorophore. A gentle stirring of the sample during
measurement was employed to prevent the fluorophores from aggregation and to minimize the photobleaching so that the
bleached dye molecules directly under the tip of the delivering fiber were continuously replaced by fresh fluorophores.
The measured data need to be corrected to account for any small variation in source power. For this purpose, the ratio
between fluorescence and reflection signals was formed. Figure 2 shows the results from the first set of measurements.
The ratio has a very linear dependence on the fluorophore concentration using 405 nm LED as an excitation source. The
work has shown that very low fluorescence concentration is detectable by this system, much lower concentrations than is
expected in brain tissue during clinical use [10].

3.2 Ambient light suppression

As mentioned in the Introduction, the previous generation of this setup (OTP) [4] was sensitive to the ambient light
during the measurements, such as fluorescence microscope lamp and room light in the operating room. In order to
evaluate the capability of suppressing ambient light with the present system, measurements were conducted with tissue
phantoms under well controlled ambient light conditions. In this study we used a white light ring-lamp from a
microscope with similar emission spectrum to the surgical operating microscope, to examine the influence of different
light conditions on the recorded signals. A tissue phantom with 100 nM PplIX concentration was prepared and the ring
light was located at varying distances vertically above the sample to provide an even illumination of different intensities.
A light-meter was used to quantitatively determine the ring light intensity at the surface of the tissue phantom. The
experiment started with a 60 centimeter distance from the sample. The distance was then decreased to obtain a stronger
ambient light condition.
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Figure 3. Sensitivity of the system to the ambient light level for a fixed PpIX concentration of 100 nM. Figures (a)
shows the raw data when the violet light was modulated by a square waves and (b) demonstrates the fluorescence vs
reflection ratio (i.e. the eval d signal corresponding to the PpIX concentration) in different ambient light
conditions.

Figure 3(a) illustrates the results, including raw data, for different ambient light conditions. Since the ambient light has
the modulations in the low frequency range (0-100 Hz), the detected signal with a modulation at 777 Hz is totally related
to the light from the LED source. In The low frequency wavy shape of the raw data curves is related to the ring light
while the relatively small pulses were produced from the 777 Hz frequency-modulated LED. Figure 3(b) illustrates the
evaluated signal level as a function of the ambient light intensity. Here, the on-off lock-in type of subtraction was
performed for the 777 Hz modulation to remove the influence of the ambient light. As mentioned in the experimental
setup chapter, the average signal value was for these plots calculated over 70 cycles to increase the signal-to-noise ratio.
The results clearly indicate that the measured signal is almost completely dominated by the ambient light, while the
fluorescence signal could be recovered almost uninfluenced by the ambient light when the lock-in type of subtraction
was performed.
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3.3 Evaluation protocol

Now, after having been able to successfully demonstrate the capability of suppressing any influence of ambient light on
the detected signal using one 405 nm excitation source, all channels were connected. The multiple LEDs were run
sequentially using an electrical board (multiplexer) connected to the DAQ board. In order to evaluate the experimental
data, multivariate analysis is used in the data processing. The partial least squares (PLS) method was employed to
develop a linear model of sample fluorescence and optical properties from 269 different samples varied in known
dependent variables such as absorption, scattering and fluorescence. Intralipid concentration varies between 3% -8% of
the whole phantom volume, while 0%-4% of the blood concentration was considered as an absorption variation.
Protoporphyrin concentration was varied between 0 to 1000 nM. The samples were prepared through several dilution
steps starting from the highest concentration. It was diluted into the lowest concentration and the last sample was
measured in a separate container without any fluorophore. The measurement process occurs similarly to the previous
experiment. For the PLS model regression, data normalization was done and a data matrix was created. This model can
be used to predict the fluorescence concentration in unknown samples in the future, as long as the absorption, scattering
and fluorescence properties fall into the interval of this set of samples. Leave-one-out methodology was used to evaluate
the accuracy of predicting the fluorophore concentrations. LOO-CV split the dataset into two groups, it left one
observation as the validation data, and the remaining observations were used to build the PLS regression model and this
was repeated so that each variable was used as validation data.

Linear regression analysis was performed using the data from all sample measures to correlate between predicted and
true properties for different variables.
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Figure 4. PpIX quantification in liquid phantom with various optical properties. a) Predicted Intralipid
tration b) Predicted blood tration and c) Predicted PpIX concentration.

Figure 4 illustrates the relation between these values and also indicates their coefficient of determination. This coefficient

denotes the goodness of linear relation between responds and predicted values. As can be seen, the estimated blood and
intralipid concentration are highly correlated with correlation coefficient of 0.96 and 0.96, respectively. For fluorescence
concentration, the correlation coefficient is 0.95. The result shows the viability of PLS regression for intralipid/scattering,
blood/absorption, and PplX fluorescence concentration estimation using the multi-LEDs arrangement.

3.4 Invivo experiments

In order to ensure that the system will work in complex living systems, an in vivo clinical human trial was performed.
Skin tumors are easily accessible and such tumors were used in this first clinical trial. The whole setup was packed on to
a portable case for outpatient clinical data acquisition and carried to the clinic of Dermatology at Skane University
Hospital in Lund.
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Figure 5. a) A typical skin tumor under treatment .b) In vivo fluorescence reflectance spectroscopy of a patient
with a skin tumor before ALA administration before PDT and after PDT.

Figure 5(a) presents one of the eight measurements of the different experiments conducted on patients with skin tumor
undergoing PDT. The PpIX accumulation at the site of application in the skin tumor is obvious from the results presented
in the Figure 5(b). In this case it was straight forward to detect the lesion in the turbid tissue with a robust distinction. The
curve after PDT evidences PplX existence after treatment which indicates a somewhat prolonged photosensitivity of this
drug in the lesion.

4. CONCLUSION

A novel combined fluorescence reflectance spectroscopy system based on LED-excitation and APD-detection has been
developed and evaluated. The system is built as an intraoperative guiding tool for resection of glioblastoma, the most
frequent and complex to treat malignant brain tumor. The LEDs as diagnostic light sources are interesting in respect of
their compactness and low cost. As well, it provides sufficient intensity at the desired wavelengths, and any wavelength
desired for the diagnostics. The main advantage for the present application of APDs as detectors, instead of a
spectrometer used in the previous generation of the system [4] is the short integration time. This makes it possible to
correctly subtract any ambient background light in a noise-free manner.

The combined use of reflectance and fluorescence, using different wavelength of interest, optimizes the diagnostic
capabilities. The UV light excitation source provides information about tissue autofluorescence properties. The other
light sources are employed to compensate for any variations of optical properties of the examined tissue. The use of
multiple detection wavelengths in parallel allows to also compensating for any small fluctuations in the LED output by
forming dimensionless ratios of detection signals. The violet light is also utilized to induce PpIX fluorophore. Accurate
extraction of intrinsic fluorescence could potentially provide better diagnostic accuracy.

The linearity study conducted demonstrates that very low fluorescence signal can be detected in the presence of strong
ambient light with the developed system. The ambient light suppression, as a main challenge in previous study, is
successfully achieved for improved clinical applicability. Multivariate analysis of the signals has proved a great potential
in separating the contributions to the signal from fluorescence, absorption and scattering in a serious of tissue phantom
measurements.
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The clinical trials on skin tumors were performed in order to test the instrument and its performance. While the data are
promising, future work will focus on improving the system performance and preparing the setup to carry out real-time
measurement in collaboration with Linképing University for ALA-guided brain tumor resections.
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Abstract. Optical techniques for tissue diagnostics currently are experiencing tremendous growth in biomedical
applications, mainly due to their noninvasive, inexpensive, and real-time functionality. Here, we demonstrate a
hand-held fiber optic probe instrument based on fluorescence/reflectance spectroscopy for precise tumor delin-
eation. It is mainly aimed for brain tumor resection guidance with clinical adaptation to minimize the disruption of
the standard surgical workflow and is meant as a complement to the state-of-the-art fluorescence surgical
microscopy technique. Multiple light sources with fast pulse modulation and detection enable precise quantifi-
cation of protoporphyrin IX (PplX), tissue optical properties, and ambient light suppression. Laboratory measure-
ments show the system is insensitive to strong ambient light. Validation measurements of tissue phantoms using
nonlinear least squares support vector machines (LS-SVM) regression analysis demonstrate an error of <5% for
PpIX concentration ranging from 400 to 1000 nM, even in the presence of large variations in phantom optical
properties. The mean error is 3% for reduced scattering coefficient and 5% for blood concentration. Diagnostic
precision of 100% was obtained by LS-SVM classification for in vivo skin tumors with topically applied 5-amino-
levulinic acid during photodynamic therapy. The probe could easily be generalized to other tissue types and
fluorophores for therapy guidance and monitoring. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0
Unported License. Distribution or reproduction of this work in whole or in part requires full attribution of the original publication, including its DOI.
[DOI: 10.1117/1.JBO.19.7.071408]

Keywords: fluorescence spectroscopy; fiber optic sensors; reflectance; tissue; light-emitting diodes.
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1 Introduction spectroscopy of turbid tissue. These probes are capable of pro-
viding quantitative molecular and functional information to
distinguish normal from abnormal human tissue. For example,
Kanick et al.'" employed a single-fiber reflectance spectroscopy
system for lung cancer staging. They developed a data evalu-
ation model to extract information about the physiological and
morphological properties of lymph tissue. Austwick et al.'®
developed a scanning elastic scattering spectroscopy system,
combined with statistical discrimination analysis. It was used
to detect metastatic breast cancer in sentinel lymph nodes.
Fluorescence spectroscopic probes are a different approach,
where either endogenous tissue fluorescence (i.e., tissue auto-
fluorescence) or exogenous fluorescence from contrast agents is
used for tissue discrimination. For instance, a fiber optic fluo-
rosensor was developed to measure the fluorescence signal from
5-aminolevulinic acid (ALA)-induced protoporphyrin IX (PpIX)
for tumor resection guidance during open brain surgery.*> To
correct for tissue autofluorescence superimposed on the PpIX
fluorescence peak, a dimensionless fluorescence ratio was taken
between these two spectral bands. To further improve the data
evaluation, a photobleaching-insensitive method was developed
based on a dynamic model together with multivariate analysis.'®
Valdes et al. reported a combined fluorescence and reflectance
spectroscopy system for in vivo quantification of PpIX in low-
and high-grade glioma surgery. They conducted model based
evaluation to correct the detected fluorescence spectra for tissue
optical properties from the reflectance.®!” Foscan® concentra-
tion in rat liver in vivo was measured by Kruijt et al. with fluo-
*Address all correspondence to: Haiyan Xie, E-mail: haiyan.xie @fysik.Ith.se rescence differential path length spectroscopy, based on the

Optical techniques provide powerful means for tissue diagnos-
tics in a wide variety of biomedical applications. Extensive
efforts have been made in developing optical diagnostic tools
which are noninvasive, inexpensive and could be applied in
vivo and in real time. Fiber optic probes for biomedical optical
spectroscopy enable clinical use in endoscopy, surgery, and
neurological imaging.! Typically, such a probe incorporates
a light source, fiber optic cables for light transport, and an
optical detector integrated with spectroscopic devices. Different
spectroscopic fiber optic probes have long since been developed
and used to substantially improve clinical diagnostic capability
for different purposes,”* such as surgical guidance during brain
tumor resection,*® determination of tissue optical property for
optical biopsy of brain tissue’ and for interstitial photodynamic
therapy (PDT),® treatment monitoring during PDT,”'* lung
cancer staging of mediastinal lymph nodes,'" diagnosis of
nonalcoholic fatty liver disease,'? detection of metastatic breast
cancer in sentinel lymph nodes,'* and tumor oxygenation mon-
itoring and tissue optical properties evaluation for breast cancer
diagnosis.'*!> These probes have the flexibility that they can be
manufactured into either cavities or tubular structures, put in
contact with epithelial surfaces, or inserted into structures, punc-
tured by rigid devices such as needles.'

Most of the spectroscopic fiber optic probes for biomedical
applications are performing reflectance and/or fluorescence
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fluorescence intensity corrected for absorption from the differ-
ential reflectance spectra.'

Fluorescence biochemical probes have been extensively
applied to fluorescence-guided surgery (FGS) of malignant
brain tumors.>!'*~! In this area, 5-ALA—induced PpIX accumu-
lates in malignant tumors and inflamed brain tissue because of
the blood—brain barrier.?! The resulting increased tumor tissue
fluorescence is used to enhance the contrast between the tumors
and surrounding healthy tissue. It could thus assist the surgeon
in deciding which tissue to remove or spare in open brain sur-
gery and improve surgical outcomes. By this technique, brain
tumors have been visualized using two types of fluorescence
probes: Type I, point spectroscopic tools (such as fiber optic
probes) for measuring at one region at a time, and Type II, im-
aging systems (such as in vivo fluorescence microscopy, modi-
fied surgical microscopes, commercial neurosurgical operating
fluorescent microscopes) for displaying every point in the area
of resection. The noncontact surgical microscopy instruments
are implemented as a standard in surgical resection today.
However, they suffer from only being useful for identifying
tumor subtypes with relatively high PpIX accumulation due to
low sensitivity from the limited capture of light.*!*?? The im-
aging modalities are also limited to very superficial tissue as
a result of the limited penetration depth for the excitation light.
In contrast, a point probe can provide spectroscopy with better
spectral information and usually higher overall sensitivity. It can
be incorporated into hand tools used by the surgeon, such as
ultrasonic vacuum suction devices, scalpels, and navigation
systems.” Therefore, it can proceed to underlying regions and
be able to probe the tissue to be removed. Further, this may
allow penetration beyond the exposed superficial cell layer,
which is of critical importance in resecting the infiltrative
tumors. The previous point monitoring systems have mainly used
fluorescence spectroscopy based on spectrometers. Despite many
wavelength channels, those systems only provide at most three
spectral components among several individuals and measurement
locations,'® thus providing limited diagnostic information for tis-
sue diagnostics of complex tissue structures. In addition, a slight
limitation with both current imaging and fiber-based FGS systems
is their high sensitivity to the surrounding light sources in the
operating room (OR). This results from the fact that the integra-
tion time of the detector has to be long enough to detect the weak
fluorescence signal. The light fluctuation within the relatively
long measurement time could also lead to imprecise measure-
ments. Dim lighting conditions or shading the measurement
region from the direct light required by current FGS systems are
obviously disruptive to standard surgical workflow. There exists a
need for an intraoperative FGS fluorescence spectroscopic system
capable of suppressing ambient light in the OR while high fluo-
rescence sensitivity and larger probing depth could be achieved.

In this paper, we demonstrate a clinically adapted hand-held
fiber optic probe system based on fluorescence/reflectance spectros-
copy with pulse modulation in combination with the light detection
of the signal strength only at the modulation frequency. The probe
was validated by tissue phantom measurements and in vivo clinical
measurements on patients with skin tumors. It demonstrates insen-
sitivity to ambient light as well as accurate assessment of both fluo-
rophore concentration and tissue optical properties. It is mainly
aimed for brain tumor resection guidance, by providing the operat-
ing surgeon with an intuitive and real-time surgical guidance tool.
The probe is applicable to other tissue types and fluorophores for
therapy guidance and monitoring in a general sense.
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2 Materials and Methods
2.1 System Description

The fiber optic probe instrument described here was configured
to quantify PpIX using fluorescence/reflectance spectroscopy
for therapy guidance and monitoring under surgical conditions
during open brain surgery. The schematic diagram of the probe
system is shown in Fig. 1. It consists of a light source with five
fiber-coupled light-emitting diodes (LEDs), a source/detector
fiber optic probe, a detection unit, a data acquisition (DAQ)
board, electronic circuits, and a laptop computer. The entire sys-
tem was assembled on a trolley with a dimension of 80 X 50 x
100 cm? and a total weight of 15 kg, to facilitate flexibility in
use in the examination room or OR.

2.1.1 Light source

The light source comprises five fiber-coupled LEDs (Prizmatix
Ltd., Israel; FC5-LED) at four different wavelengths: 365, 405,
530, and 635 nm, as well as a white light LED (450 to 700 nm).
The 405-nm and 365-nm LED were chosen to provide a strong
signal from PpIX fluorescence at 635 nm and tissue autofluor-
escence with a broad spectrum in the visible range, respectively.
The other three LEDs were used to monitor tissue optical prop-
erties from the reflectance measurements at wavelengths of
interest. When running in the continuous mode, all LEDs had
a maximal output power of approximately 13 mW through
a polymer optical fiber (POF) of 750-um core diameter and
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Fig. 1 Schematic diagram of the fiber optic point probe system, illus-
trating in vivo measurement of a skin lesion on the right leg of a
patient. The subplot on the top left shows the real-time raw optical
data detected by the five photodetectors, including the PplIX fluores-
cence, tissue autofluorescence, and reflectance spectra. Here, the
abbreviations in this figure are BS, dichroic beam splitter; LP, long-
pass filter; BP, bandpass filter; PD, photodiode; and APD, avalanche
photodiode.
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a numerical aperture (NA) of 0.5. The power could be adjusted
with a potentiometer located on the front panel.

All LEDs were multiplexed to work sequentially, driven by a
transistor-transistor logic (TTL) pulse at 777 Hz with a duty cycle
of 8.3% for each LED. The source multiplexing module consists of
a counter (CD40193) and a demultiplexer (CD4514). There were
six pulses within one period: each LED was lit up in turn within the
first five pulses, followed by one pulse with all LEDs switched off.
This allowed the measurement of ambient light level.

2.1.2 Fiber optic probe

The custom-made hand-held fiber probe (Prizmatix Ltd., Givat-
Shmuel, Israel; Y-shaped fiber patch cord bundle) consists of six
surrounding delivery fibers (one spare fiber during the measure-
ment) and one collection fiber at the center. All fibers were made
of POFs (750-uym core diameter, 0.50 NA, 4-m long), which
could be sterilized with ETO gas in clinical practice. They were
bundled together into a stainless steel tube (5 cm long and with a
4-mm diameter), and the other end of the fibers was assembled
to an SMA905 connector. The distance between two adjacent
cores is almost the same as the fiber core diameter, as the clad-
ding of POF is <15 pm. The probe tip was held perpendicular to
and in contact with the sample surface.

2.1.3 Detection unit

The collected light from the sample was detected by the detec-
tion unit, mounted in a compact black anodized aluminum box
(designed in-house using CAD). Collected light from the central
fiber was collimated (Edmund Optics Inc., Barrington, New
Jersey; 64770) and split into five different light paths by four
dichroic beam splitters (BS) (Thorlabs Inc., Newton, New
Jersey; DMPLA425, 505, 567, and 638). On each path, light
was detected either by a silicon photodiode (PD) (Edmund
Optics; 53378) with a UV enhanced response, or an avalanche
photodiode (APD) (Hamamatsu, Hamamatsu City, Japan;
S9075, ¢ 1.5-mm active area). All four APDs were working
at a reversed bias voltage of approximately —160 V, generated
from an APD bias voltage power supply module (Hamamatsu;
M6017). To suppress the back-reflected elastic violet light from
reaching the APDs, a long-pass cutoff filter (Edmund Optics;
GG-435) was positioned after the first elastic channel. In
front of each detector, there is a light-focusing lens (Edmund
Optics; 47884). For each APD, a 10-nm full width at half maxi-
mum (FWHM) narrowband bandpass filter (Edmund Optics;
FB470-10, FB530-10, FB-635-10, and FB-660-10, respec-
tively) was assembled. The photocurrent in each detector was
converted to voltage with a larger dynamic range by an in-
house transimpedance amplifier, consisting of an Operation
Amplifier and RC feedbacks. The entire box has a dimension
of 200 X 120 x 104 mm? together with the components.

2.1.4 Pulse generation and data acquisition

The TTL pulse to modulate the light source was generated from
the digital clock output of a 16-bit DAQ board (National Instru-
ments Corp., Austin, Texas; NI USB-6351). The photovoltages in
the PD and APDs were recorded by the analog inputs of the DAQ.

2.1.5 Intensity calibration

The intensity of each detection band was calibrated with a
high-power quartz tungsten halogen lamp (Oriel Instruments,
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Stratford, Connecticut; 63355), powered by a current power
supply (Oriel; 68830) with an output current of 6.5 A. Light
from the calibration lamp was guided by an optic fiber
(Thorlabs Inc., Newton, New Jersey; 600-um core diameter,
0.39 NA, positioned 5 m away from the lamp) and entered
the detection box without any sample. The voltage outputs
on the photodetectors were normalized to the known intensity
spectrum of the lamp for all five detection channels.

Unless otherwise stated, all calibration measurements were
conducted in a dark laboratory room.

2.1.6 Thermal calibration

To compensate for the gain variation with temperature, each
APD was glued with a thermistor (PTC 60-323-30, Elfa
Distrelec, Jirfilla, Sweden) on the rear surface so that the
APD temperature could be monitored. Thermal calibration
measurement was performed in a similar way as described in
Sec. 2.1.5 but mounting all detection units in a mobile car fridge
(Mobicool Ltd., Shenzhen, China; TC-16-12/230), which could
be cooled down to +14°C. The measured photovoltage on each
APD (V spp,) versus the voltage on each thermistor (V rherm,) Was
fitted by an exponential equation

Ve, = ae”’mmi (i =1-4), (9]

where a and b are the fitting coefficients. Both Vpp, and
Vherm, Were averaged over all samples within the integration
time. For each photovoltage measured later on, it was multiplied
by a thermal calibration factor, Fcyjib(Vperm,)> calculated from
the corresponding thermal voltage with Eq. (1)

Fean(Vinenm,) = 1/(ae”"mm) (i = 1 - 4). @

2.1.7 Software

Pulse generation, DAQ, and real-time signal manipulation were
performed by a custom LabVIEW® (National Instruments
Corp., Austin, Texas; Version 2012) application running on a
laptop computer. Off-line data analysis was performed in the
Matlab® environment (Mathworks™, Inc., Natick, Massachu-
setts; version R2012a) on a conventional PC. LS-SVMlab
(version 1.8),” a MATLAB toolbox for least squares support
vector machines (LS-SVM) was employed for multivariate
regression and tissue classification analysis.

2.2 Experimental Procedure
2.2.1 Phantom preparation

Phantom experiments were carried out to test the system perfor-
mance. A set of well-controlled tissue-like liquid phantoms were
prepared by mixing water, intralipid (Fresenius Kabi, Uppsala,
Sweden; 200 mg/ml), and India ink (Pelican Fount, Hannover,
Germany; 1:100 stock solution prepared in our laboratory) or
bovine blood (purchased from a local supermarket). The optical
properties were chosen to have a good correspondence to
real biological tissue. PpIX stock solution was prepared by
dissolving 0.056 g PpIX powder (Fisher Scientific, Pittsburg,
Pennsylvania) in 20 ml dimethyl sulfoxide (DMSO) (Merck,
Darmstadt, Germany) and 80 ml distilled water, resulting in a
PpIX concentration of 1 mM. When diluting the PpIX solution
in the phantom, 2% volume of Tween (Scharlau Chemie S.A.,
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Barcelona, Spain) was added to prevent PpIX from aggregation.
The ink phantom contained 3.75% volume of intralipid, 0.25%
volume of ink, and 100 nM PpIX. In total 270 blood phantoms
were prepared containing different concentrations of intralipid
(3%, 4%, 5%, 6%, 7%, and 8%, v:v), bovine blood (0%,
1%, 2%, 3%, and 4%, v:v), and PpIX (0, 100, 200, 300,
400, 500, 600, 750, and 1000 nM), respectively. Each phantom
was placed in a cylindrical glass container. The phantoms were
stirred for 4 h prior to the measurements using a magnetic stirrer
(to ensure that the temperature of each APD was stable) and kept
stirred during the measurements.

The reduced scattering coefficient of each phantom, in
cm™!/(ml/1), was estimated from the expression*

ul(A) =C-[0.58 - (A/1 ym) = 0.1] - 0.32 - (/1 pm)~24,

3)
where C is the concentration of intralipid-20% in ml/1 and 4 is
the light wavelength in gm.

The absorption coefficient at 635 nm, y,(635), and reduced
scattering coefficient, p/(635), of the phantoms were n d

Table 1 Summary of the skin lesions in this study. Eight patients
were involved in the clinical study, each with one lesion. For each
lesion, a number of spots on both the tumor and surrounding normal
tissue were measured.

Number of locations

Lesion type Patient No. Lesions Normal tissue
Squamous cell 1 6 4
carcinoma in sifu

Actinic keratosis 2,8 11 8

Basal cell carcinoma 3,7 9 8
Parapsoriasis 4 6 4
Alopecia mucinosa 5 6 4
Actinic cheilitis 6 6 4

Total measurements 8 44 32

with a time-of-flight (TOF) spectroscopy system employing a
supercontinuum white light source, described in detail elsewhere.”

2.2.2 In vivo clinical validation measurements of
skin cancer

The performance of the system was validated on a total of eight
patients (all of skin phototypes I-III) with skin cancers at the
Department of Dermatology and Venereology, Skane University
Hospital, Sweden. The study was conducted with the approval
of the Local Ethics Committee and in accordance with the eth-
ical principles of the Declaration of Helsinki. Patients were
assessed and recruited by the clinical team at outpatient clinics
and were going to receive PDT after the spectral measurements.
Three hours prior to PDT, all patients were topically applied
with either Ameluz® (78 mg/g gel, Biofrontera AG, Germany)
or Metvix® (160 mg/g, Galderma, France) to the lesion as an
approximately 1-mm-thick layer including 5 mm of the sur-
rounding normal tissue. The lesions are summarized in Table 1.

The spectral measurements on patients were performed just
prior to PDT. For each lesion, a couple of locations were mea-
sured on both the tumor and neighboring tissue. The number of
measurements, depending on the lesion size, is illustrated in an
example image in Fig. 2 and listed in Table 1. After the mea-
surements, the patients received PDT for 14 min.

2.3 Evaluation Protocol
2.3.1 Data preprocessing

The collected pulses on all detectors were preprocessed follow-
ing the procedure as illustrated by the flowchart in Fig. 3. Within
each pulse from one detector, the first and the last two data
points were excluded and then an average signal value was cal-
culated. The background, measured as the average value from
the time slot when all LEDs were turned off, was then subtracted
from all the other measured values of the remaining five time
slots. To increase the signal-to-noise ratio, the signal was aver-
aged over 70 light cycles, corresponding to a total integration
time of 90 ms. Thereafter, the APD data were divided by the
corresponding PD data for the UV, blue, and white light LED
cycle, in order to compensate for the source fluctuation and
tissue attenuation. Such a data preprocessing procedure would
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result in a data vector of size 1 x 25 for measurement on one
sample spot.

For multiple samples, the data vector was joined to generate
amatrix, M, each row representing the data vector for one meas-
urement location.

2.3.2 Least squares support vector machines

A milestone of the SVMs algorithm was proposed by Cortes and
Vapnik for solving two-group classification problems in 1995.2°
In short, the principle can be interpreted as the idea that
the observations in the input space are transformed nonlinearly
to a high-dimensional feature space, where an optimal linear

Fig. 2 Example of image showing the measured locations (circles) of
a skin tumor (squamous cell carcinoma in situ) on the patient’s
forehead.
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separating hyperplane (with a maximized distance between the
margins) is constructed with the training data to achieve good
separation. The kernel trick realizes the nonlinear feature trans-
formation without explicitly computing the feature mapping
function, if given the kernels (i.e., inner product of data point
pairs in the feature space). Usually, a quadratic optimization
problem (QOP) needs to be solved to determine the optimal
hyperplane. SVMs have now been developed also for multiclass
separation and function estimation (or regression).”

LS-SVM is a simplified and recent derivative version of the
standard SVMs,?” which suffer from a major drawback of high-
computational burden for the constrained QOP programming.?®
Instead of solving a QOP, LS-SVM works with solving linear
equations. This makes LS-SVM much faster than the standard
SVMs. 2 In this work, LS-SVM was thus chosen for both
regression (quantification of PpIX concentrations and tissue
optical properties) and classification of tissue types (optical
diagnostics of skin tumors) from the spectroscopic measurements.
The readers are referred to the literature elsewhere®2%27-% for
the details of the theory of SVMs and LS-SVM.

For LS-SVM, a Gaussian radial basis function kernel was
used. Despite the data matrix M containing the spectral obser-
vations, there are two additional input parameters needed. They
are (1) the kernel parameter, o, defining the kernel width, and
(2) a regularization parameter, y, determining the trade-off
between the training error minimization and smoothness. A
simplex algorithm was applied to tune and optimize these
two model hyperparameters.*

2.3.3 Ambient light rejection

The ability to suppress any influences from ambient light
was tested with intralipid ink phantoms at a fixed PpIX concen-
tration of 100 nM in the laboratory measurements. Light from a
halogen lamp (Photonic Optische Gerite GmbH & Co KG,
Vienna, Austria; PL2000) was guided by a fiber optic micro-
scope illuminator, composed of an optical fiber bundle with
a ring-light-shaped distal end (Photonics Optische Gerite
GmbH & Co KG, Vienna, Austria; PL1000) onto the phantom.
To obtain various illumination conditions, the position of the
ring-light was adjusted up and down above the sample at a dis-
tance of maximal 60 cm, while the sample and probe were kept
fixed. The fluence rate of the ambient light at the top surface of
the phantoms was measured with a Panlux 2 Electronic Lux
Meter (Gossen Foto-u. Lichtmesstechnik GmbH).

2.3.4 System quantification calibration

For quantification of PpIX in intralipid ink phantoms under the
test on ambient light rejection, the ninth value in the data vector
in Fig. 3 was used, which is a ratio

Rp = Fe35/Raos. )

where Fg;5 denotes PpIX fluorescence intensity detected from
the 635 nm APD channel, indicating the PpIX fluorescence peak
under 405-nm excitation. Correspondingly, the reflectance from
the 405-nm channel is denoted by Ryps.

LS-SVM regression was employed to create three nonlinear
models to predict y{(635), blood volume fraction (denoted by
[Blood]) and PpIX molar concentration (denoted by [PpIX]) in
the intralipid blood phantoms. Each model was made from the
preprocessed data matrix M and a corresponding data column
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Fig. 3 The flowchart of data preprocessing to retrieve the spectral
data for one measurement location on a sample.

consisting of true values. In the data analysis, 269 phantoms
were included and one phantom was excluded because of
obvious misoperation. Each prediction model was validated
by the twofold cross-validation (CV) methodology: the phantom
dataset was split into one subset for calibration (training) and the
other one for validation (testing). The correlation coefficient, R?
for the training set, and Q? for the testing set, both percent coef-
ficient of variation (Cov, defined as SD/mean), and the percent
error (mean + SD) for each set of predicted quantities were
calculated to evaluate the precision of the validation model.

2.3.5 Clinical quantification validation

The signals measured from the skin were preprocessed and the
APD signals were temperature calibrated prior to normalization
with reflectance. The [PpIX], p{(635), and [Blood] for the tissue
samples were predicted by three LS-SVM regression models,
where all the phantom datasets were used for training with
leave-one-out cross-validation (LOOCYV), following the pro-
cedure described in Sec. 2.3.4.

2.3.6 Clinical tissue classification

The discrimination between normal tissue and tumor lesion was
performed on the clinical data using LS-SVM classification for
tissue diagnostic purposes. Here, in the classification model, the
tissue type was assigned to logical 1 for tumor lesions and O for
the surrounding healthy tissue according to the histological
diagnosis. The model was trained and tested with LOOCV due
to the limited number of measurements in the dataset (44 spots
on lesions and 32 on normal tissues). No threshold is needed
for LS-SVM since the algorithm provides the discrimination
automatically.

3 Results

3.1 Optical Properties of Phantoms

For the phantoms with 3% to 8% intralipid, u/(635) was calcu-
lated to be 7.7 to 20.4 cm™' from Eq. (3). From the TOF
measurement, u/(635) was determined to be 8.9 cm™' for
3.75% intralipid and p,(635) = 0.020 cm™! for 0.25% ink or
0.11 cm™! for 3% blood.
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3.2 Ambient Light Rejection

How much the performance of the system is affected by the
ambient light level is shown in Fig. 4. The raw fluorescence sig-
nal in (a) clearly shows increasing levels of disturbance due to
the ambient light from the white light lamp for an increased light
fluence rate. The light level can be represented by the direct cur-
rent (DC) level of the fluorescence intensity. The ratio in (b)
takes the source power fluctuation into account. For a large
variation in the ambient light level (from 15 to 2300 Im/m),
the ratio in (c) only exhibits a variation of approximately
12%, showing that our probe system is significantly insensitive
to the ambient light with a much higher light level than the sce-
narios from operation lamps.

3.3 System Quantification Calibration

The quantification responses of the LS-SVM regression model
with twofold CV to predict u}(635), [Blood], and [PpIX] for the
phantoms are shown in Fig. 5. The correlation coefficients for
the training and testing datasets are calculated to exceed 0.990
and 0.983, respectively. The mean percentage error (mPE) of the
predicted values is 3% with a maximum of 4% for u/(635) and
5% with a maximum of 8% for [blood]. For PpIX, the mPE is
8% for all [PpIX] involved and 5% for relatively high [PpIX]
ranging from 400 to 1000 nM. Correspondingly, the mean Cov
was calculated to be 3% for p{(635), 7% for [Blood], 11% for all
[PpIX], and 6% for higher [PpIX]. It indicates in general a very
good quantification performance for a large variation of optical
properties and low fluorophore concentrations in the nM regime.

3.4 Clinical Quantification Validation

Using the LS-SVM regression model created from the data of
the entire phantom dataset, the reduced scattering coefficient at
the emission wavelength, blood volume fraction, and PpIX
molar concentration of the skin under investigation are shown
in Fig. 6. The model predicts in general a higher blood content
and higher PpIX concentration for the tumor lesions than the
normal skin. The two clusters could be employed to classify
tissue types for diagnostic purposes.

3.5 Clinical Tissue Classification

The classification responses for discrimination between normal
tissue and tumor lesions involved in the clinical study are shown
in Fig. 7(a). The LS-SVM model indicates a significant diagnos-
tic capability with 100% accuracy. Figure 7(b) shows an exam-
ple of fluorescence and reflectance signals at 405-nm excitation
for one selected patient.

4 Discussions

One of the particular benefits of our probe is that it has overcome
the challenge for the fluorescence spectroscopy system to be
used in the operating theater with strong ambient light always
present. In the case of brain tumor resection surgery, the sur-
rounding light sources include fluorescence tubes, surgical
lamps, and the high-power surgical microscope.'® The suppres-
sion of ambient light of our instrument was achieved by a fast
pulse modulation of the excitation source in combination with
the detection at the modulation frequency. In this way, the ambi-
ent light level is monitored simultaneously and then subtracted
from the detected optical signals. This design has two major
advantages; first, it significantly improves the signal-to-back-
ground ratio in the analyzed signals. A recently published
work by Sexton et al. has demonstrated that pulsed excitation
light and time-gated detection technique provides superior sen-
sitivity in vivo and can realize fluorescence imaging in room
light for FGS.>! However, our system is less expensive, simpler,
and safer for the eyes compared to LEDs. The modulation at a
kHz frequency regime in our design allows detection of weak
fluorescence signal in the presence of strong ambient light up to
2300 Im/m in our phantom experiments (see Fig. 4). An even
higher signal-to-background light ratio could be expected with a
faster modulation frequency, which should not be any problem
to increase to orders of magnitude in-house, even though this
level would be sufficient for clinical use. Second, it does not
disturb the standard surgical workflow as the previous
design,** as it is necessary neither to employ an umbrella-
like cover on the probe shading the tip nor to take a separate
background reference measurement.

APDs are employed as photodetectors for fluorescence spec-
troscopy with weak light signals in our system. The APDs
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Fig. 4 Sensitivity of the fluorophore quantification performance to the ambient light level under the 405-
nm excitation, modulated by a TTL pulse at 777 Hz, for a fixed PpIX concentration of 100 nM in an intra-
lipid ink phantom with z, = 0.020 cm~' and x} = 8.90 cm~" at 635 nm. (a) Example of raw fluorescence
signals under different ambient light conditions. The sinusoidal pattern of the ambient light can be easily
seen for a high lux. For clarity, only signals for a few of the lux levels are shown here. (b) Ratio of the DC
level of Fg3s and DC level of Ryps and (c) the ratio of Fgs5/R405 Versus the ambient light level with
a maximum variation of 12%. Solid line in (b) indicates a linear fit to the data.
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Fig. 5 (a—c) PpIX quantification in intralipid blood phantoms with various optical properties using LS-
SVM regression with twofold cross-validation (135 samples for training and 134 samples for validation).
The dark solid lines indicate the diagonal of best prediction (coordinates 1:1). R? and Q? are the corre-
lation coefficients between the true parameter and model response for training and validation, respec-
tively. (d—f) Relative error of the predicted parameters (mean + SD). The data have not been temperature
calibrated because of a long waiting time of ~4 h prior to measurement.
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Fig. 6 System quantification validation to predict the scattering coefficient at the emission wavelength,
blood content, and fluorophore concentration of the skin from the data measured at the clinic. The
LS-SVM model was created and optimized by leave-one-out cross-validation (LOOCV) from 269 phan-
toms with different amounts of scatters, absorbers, and fluorophores (blue dots). The testing dataset
includes measurements of 76 locations in total (44 skin tumor lesions and 32 normal skin).
(a) Three-dimensional scatter plots and (b)—(d) are the corresponding two-dimensional projections.
The model predicts in general a higher blood content and higher PpIX concentration for the tumor lesions
than the normal skin.
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possess high light-detection sensitivity (gain ~50) with high
dynamic range as well as fast readout capability [no serial read-
out from a large charge-coupled device (CCD) chip]. The
improved sensitivity of APDs over conventional PDs and spec-
trometers together with the modulation scheme enables efficient
removal of the ambient light, providing an exquisite sensitivity
to PpIX fluorescence. In our phantom validation study, PpIX
could be precisely quantified on the order of nanomolars in
the presence of high scattering and absorption. Such concentra-
tions are far below expected tumor tissue concentrations in clini-
cal scenarios. For example, the absolute PpIX concentration was
found to be 5.8 + 4.8 ym (mean + SD) in the human high-grade
glioma tissue and 0.2 + 0.4 um for grade III brain tumors.** For
ALA-mediated skin PDT, topical application of ALA was
reported to result in a PpIX concentration of 1 to 2 ym for vari-
ous human skin malignancies.** Due to the high fluorophore
sensitivity of our system, it is possible to reduce the ALA
dose for intracranial tumor fluorescence purposes (commonly
used at 20 mg/kg body weight’'), and thus minimize the
adverse side effects in patients undergoing surgery and avoid
affecting normal brain. Owing to the higher photosensitivity
of APD, it is also possible to reduce the power of the excitation
light in order for less fluorophore photobleaching, which could
perturb the optical diagnostics.

A slight complication with this setup is that APDs suffer
from their extremely high sensitivity to temperature (the sensi-
tivity varies typically a couple of percent per degree Celsius).
This effect originates from its operation with high reverse bias
voltage to achieve desired high photosensitivity. This tempera-
ture variation issue has been effectively solved in our system by
thermal calibration with compact thermistors rather than direct
control of APD temperature. Such a design does not signifi-
cantly increase the instrument costs and complexities in surgical
operation.

It is well known that one main challenge of fluorescence-
based diagnostic methods comes from varying light attenuation
by the tissue. Figure 7(b) shows that the optical properties vary
much for different locations, leading to a change in the reflec-
tance at the excitation wavelength. This results in the difficulties
in tissue classification using a single excitation wavelength (e.g.,
see Location 5). In our system, multiple light sources are
employed for fluorescence and reflectance spectroscopy. The
monitoring of the reflectance is aimed to provide signals to com-
pensate the detected fluorescence signals for tissue optical prop-
erties as well as to correct for source power fluctuation by

normalizing the APD signals to that from the PD. In the phan-
tom calibration experiments, a wide range of both scattering
[ul(635) =7.7 to 20.4 cm™'] and absorption (0% to 4%
blood) have been covered. The results of the multivariate analy-
sis (i.e., nonlinear LS-SVM regression) indicate that despite the
large variation in the optical properties, the detected fluores-
cence signals correlate linearly to the true fluorophore concen-
trations (see Fig. 5). Both the significantly high correlation
coefficient (>0.98) and the low percent error in the predicted
[PpIX] (<5% for 400 nM < [PpIX] < 1 uM) show that the
LS-SVM regression model works pretty well to accurately pre-
dict the fluorophore concentrations in the presence of large opti-
cal properties variations. Our results are in general better than
those in the literature using fluorescence spectroscopy. The
comparisons of the quantification performance for PpIX in tis-
sue phantoms with the other designs reported are summarized in
Table 2. Kim et al.** used a fiber optic probe and an analytical
equation derived from the diffusion theory to estimate [PpIX].
They reported a root mean square deviation from mean of 10.1%
and a Cov value of 14% at a fixed [PpIX] of 5 ug/ml (or
8.9 uM). A recently published work by Valdes et al.* reported
a complementary metal-oxide—semiconductor (CMOS) imag-
ing system to measure [PpIX] with a CMOS array. They
obtained a mean error of 6% and a Cov of <10% for [PpIX]
in the range between 36 nM and 8.9 uM. However, the
optical properties of the phantoms vary less than those in our
study. Moreover, slight limitations of their study include the pri-
ori knowledge of the optical properties at the excitation wave-
length and the inherent limitations that certain assumptions had
to be made in the diffusion model. Besides the fluorophore con-
centration, our LS-SVM regression model can also accurately
quantify the reduced scattering coefficient and blood content
of the media. Figure 5 indicates that our combined fluores-
cence/reflectance probe, in addition to obtaining the [PpIX]
accurately, has also achieved a slightly higher quantification
accuracy (relative error <3% for u; and 4% for [Blood]) than
another recently published study based on spatially resolved dif-
fuse reflectance.” In their study, the mPE of u/ and y, values was
accurate to 4.3% and 5.4%, respectively, when compared with
integrating sphere estimates.

Other challenges of the fluorescence technique include its
superimposition with tissue autofluorescence and complex tis-
sue structures, which may also aggravate the problem of inac-
curate fluorophore quantification and thereby tissue diagnostics.
There is apparently no doubt that adequate information should
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Fig. 7 (a) Classification performance of the diagnoses of skin lesions using LS-SVM with LOOCV. The
model discriminates successfully in 100% of the cases. (b) As an example, the reflectance signal and the
ratio of drug fluorescence peak and reflectance at the 405-nm excitation for one selected patient (Pat 2)
are shown. Note that Location 5 has a low normalized fluorescence signal, which might be a result of low
blood content (high reflectance) rather than a low PpIX concentration.
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Table 2 Comparison of the quantification performance for PplX in tissue phantoms in this work and the other designs reported.

This work

Kim et al. (Ref. 35) Valdes et al. (Ref. 36)

System design Fiber optic probe

Quantification approach

Multivariate analysis (LS-SVM)

Fiber optic probe CMOS camera

Diffusion theory Diffusion theory

Number of phantoms 134 75 54 54
[PpIX] (nM) 100 to 1000 400 to 1000 8900 36 to 8900
mPE® (%) 8 5 - 6
mCov® (%) 11 6 4 <10
R2° 0.983 - 0.976 0.92
ul(635) (cm™1) 7.7 10 20.4 — 8.7 to 14.5

®mPE stands for mean percent error.
“Cov stands for mean coefficient of variation.
°R? is the correlation coefficient.

be provided for diagnostics in clinical practice. In our design,
365 and 405 nm can excite tissue autofluorescence which has
the potential to provide extra tissue structure information.
Meanwhile, the drug fluorescence is superimposed with tissue
autofluorescence at the 405-nm excitation wavelength. All the
factors mentioned above have been taken into account by the
multivariate analysis of the clinical data, where no hypothesis
for the light model needs to be made. As shown in Fig. 6, gen-
erally very realistic quantification results have been achieved in
terms of a higher blood content and higher PpIX concentration
for the tumor lesions than the normal skin. The obtained [PpIX]
is consistent with the values reported for various human skin
malignancies with topically applied ALA.3* Such clusters
could be used for tissue classification purposes. However, one
location for normal skin was predicted to have a much higher
u!(635) (>30 cm™') than the others, which is obviously not
likely to be true. In principle, a much larger calibration dataset
is required to cover all the possible parameters to be studied in
order to improve the quantification performance of the probe for
clinical in vivo studies.

When the in vivo clinical data from the skin lesions were
employed to train the nonlinear LS-SVM model for tissue clas-
sification, 100% diagnostic accuracy was obtained, as can be
seen in Fig. 7(a). It again indicates complicated nonlinear
dependency of the drug fluorescence signal of many other fac-
tors rather than only the fluorophore concentration. A similar
study on skin basal cell carcinomas by Thompson et al. using
fluorescence/diffuse reflectance spectroscopy together with a
linear singular value decomposition analysis yielded diagnostic
accuracy of 87%." Such a comparison suggests the potential of
using the probe with multiple sources and nonlinear analysis of
the spectral data to aid tissue diagnosis.

The results of the clinical data shown in this paper (Figs. 6
and 7) are still somewhat preliminary as the database is still
small and under development. A large and representative cali-
bration dataset is a common prerequisite for all multivariate
analysis—based methods. The presented results, however,
already give a good indication of what might be achievable.
Figure 7 indeed shows significant discrimination ability even
with the small dataset collected so far. The obtained clusters
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in Fig. 6, if combined with a proper classification method,
could most certainly also provide valuable diagnostic informa-
tion. Again, the values obtained cannot be considered very accu-
rate though, in this case due to some differences in the tissue
phantoms used for the training set and human tissue with differ-
ent types of tumors used in the evaluation. The identified
differences include tissue autofluorescence and blood oxygen
saturation (the ratio between oxy- and deoxyhemoglobin con-
centrations). Therefore, we did not proceed to discriminate
tissue type in this study beyond what is presented in Fig. 6,
illustrating its potential for quantification of both fluorophore
concentration and tissue optical properties. To fully evaluate
the potential of the technique, future studies will be based on
clinical data for both training and evaluation. Such a study will,
in addition, require a much increased set of data to ensure fully
representative data.

A slight limitation of our instrument is that the delivery fibers
for different light sources at the fiber probe tip are aligned in a
circle with a diameter of approximately 2.3 mm. This means that
the interrogation volume is not exactly the same for each light
source. In case of inhomogeneous tissue, especially tumors of
small size and irregular tissue structure, it would lead to an inac-
curate quantification of fluorophores and thus wrong optical
diagnosis. In future clinical studies, it would be good to replace
the current probe with dual fibers at the probe tip in order to
minimize the probe volume.

From a light source perspective, there might be other reasons
for the quantification error in our probe system. A white LED is
employed to measure the diffuse reflectance at wavelengths of
interest, in order to compensate for tissue optical properties.
Despite the detection bands at 405, 530, and 635 nm, one of
the other two bands at 470 nm allows to monitor a strong tissue
autofluorescence following 365-nm excitation, while 660 nm
provides a possibility to monitor photobleaching of porphyrins
through the photoproducts. In fact, the white LED consists of
a blue LED peaked at 470 nm with a Ce:YAG crystal in
front, emitting broadband yellow light from 500 to 700 nm.
It is possible that this elastic light tail toward long wavelengths
leaks into the fluorescence bands. To minimize such leakage, the
white LED should have a short-pass filter, e.g., UG or UGI1.
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In addition, the fluorescence of the Ce: YAG crystal is extremely
efficient and sometimes not negligible. Therefore, when the
365- and 405-nm LEDs are lit up, the elastic violet light will
scatter into both the collection fiber and the fiber connecting
the white LED. The latter could convert to yellow light by the
crystal, travel back to the tissue sample, and then superimpose
on the tissue and drug fluorescence. Ideally this potential issue
could be solved in the future by equipping the white LED with
a long-pass GG475 filter.

Further improvements could be made to explore the diagnos-
tic potential of the probe system. An electric high-pass alternat-
ing current (AC) filter could be added in each transimpedance
amplifier, making the system blind to the DC signal level prior
to the analog-to-digital conversion in the DAQ board. This
would thus take use of the full dynamic range of the DAQ with-
out saturating the detector for high signal levels. Furthermore,
the green and red LEDs could be easily replaced with additional
excitation bands (e.g., at 445 nm) to evaluate the effects of tissue
oxygenation over the UV-visible spectrum® and/or acquire
multiexcitation fluorescence in order to form a two-dimensional
excitation emission matrix.* It has the potential to improve
cancer diagnostics by providing absorption and fluorescence
characteristics of normal and abnormal tissues.>*’

Point measurements are usually time consuming. However,
the probe presented in this work is not intended for tumor delin-
eation for the entire tumor border, especially in open brain sur-
gery. It is instead meant to be used in combination with other
systems, for instance, an intraoperative ultrasonic navigation
system and fluorescence surgical microscope.” This is to say, it
is meant as a complement to microscopy to check only those
uncertain sites which emit very weak fluorescence signals
from the tumor tissue (often invisible to the surgeon’s eyes).

In conclusion, we present a fiber optic probe instrument with
fluorescence/reflectance spectroscopy for therapy guidance and
monitoring. It is meant as a complement to the state-of-the-art
neurosurgical fluorescence microscopy for FGS of brain tumor
using 5-ALA-induced PpIX as a fluorescence contrast agent.
The probe is clinically adapted to minimize the disruption of
the standard surgical workflow. Multiple sources using LEDs
with fast pulse modulation and detection of the signal strength
only at the modulation frequency enable precise quantification
of the fluorophore concentration, tissue optical properties, and
ambient light suppression. We have shown that the probe system
is insensitive to strong ambient light up to 2300 Im/m?>.
Validation measurements of tissue phantoms using LS-SVM
regression demonstrate that even with large variations in phan-
tom optical properties, a low quantification error of <5% has
been obtained for PpIX concentration ranging from 400 to
1000 nM, which is far below the concentration in the high-
grade human brain tissue samples. The LS-SVM classification
model yields 100% diagnostic accuracy for in vivo skin tumors
with topically applied ALA. In principle, the probe is generic to
quantify fluorophores other than PpIX in many tissue types.
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Abstract. Ytterbium (Yb3+)-sensitized upconverting nanoparticles (UCNPs) are excited at 975 nm causing rel-
atively high absorption in tissue. A new type of UCNPs with neodymium (Nd®+) and Yb3+ codoping is excitable at
a 808-nm wavelength. At this wavelength, the tissue absorption is lower. Here we quantify, both experimentally
and theoretically, to what extent Nd®+-doped UCNPs will provide an increased signal at larger depths in tissue
compared to conventional 975-nm excited UCNPS. © 2016 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/

1.JB0.20.8.086008]
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1 Introduction

Upconverting nanoparticles (UCNPs) are becoming highly
interesting in the field of biophotonics due to their upconverting
properties supporting minimal autofluorescense background
under near-infrared excitation.! Other beneficial aspects of
UCNPs include high-imaging resolution and relatively large
penetration depth in tissues of both excitation and emission
light, as well as the absence of photobleaching and photoblink-
ing.” However, there are still challenges with UCNPs, such
as low quantum yield compared to traditional downconverting
fluorophores and a nonoptimal attenuation of the excitation light
in tissue.” Thus it is beneficial to improve these aspects of the
UCNPs to increase overall efficiency.

In most UCNPs, there is a sensitizer and an activator, where
the sensitizer absorbs the excitation photons and transfers the
energy to the activator in order to achieve upconversion. As of
today, ytterbium (Yb>*)-sensitized and Tm>*- or Er’*- acti-
vated NaYF, UCNPs are promising contrast agents for bioimag-
ing and are being intensively studied.” They both exhibit
several strong luminescence emission bands. In tissue imaging,
the emission bands at 800 and 650 nm are preferentially used as
they are within the tissue optical window enabling good light
penetration in tissue. Both these bands can be excited with
975-nm light due to the Yb** absorption. These wavelengths
all match the optical window for biological tissue, well known
to be between 600 and 1300 nm.® While the Yb** /Tm3* NaYF,
UCNPs (Yb:UCNPs) operate within this region, Yb3* cannot
be considered as an optimal sensitizer for deep tissue imaging
due to the increased absorption of light in tissue due to water
within the tissue optical window around 975 nm.” Recently,
Nd** /Yb**-cosensitized and Er’*-activated NaYF, UCNPs
(Nd:UCNPs) have been introduced with an excitation wavelength
at 808 nm and emission at 650 nm.® The motivation for the

*Address all correspondence to: Stefan Andersson-Engels, E-mail: stefan
.andersson-engels @fysik.Ith.se

TAuthors contributed equally on this paper.

neodymium (Nd**) codoping is to provide better light penetra-
tion of the excitation light and provides possibilities to excite the
UCNPs deeper into tissue. The water absorption is greatly
reduced at the excitation wavelength of 808 nm as compared
to at the excitation wavelength of 975 nm which is used for
the conventionally employed UCNPs.” Since the upconversion
process requires two or more excitation photons,” it should be
more essential to minimize the attenuation of the excitation than
the emission light in order to optimize the strength of the
detected signal. Thus, by using an excitation wavelength with
reduced absorption in tissue, it should be possible to increase
the signal from deep locations in tissue.

The Nd:UCNPs allow Nd** to absorb the incoming photons
and transfer the energy to the second sensitizer, Yb**, which
subsequently transfers the energy to the activator in order to
achieve upconversion.® The energy transfer efficiency between
the Nd** and Yb>* ions has been reported to be as high as
70%.'° Meanwhile, Nd** has a larger absorption cross-section
at 808 nm compared to that of Yb3* at 975 nm. Furthermore,
by using Nd:UCNPs in a core-shell structure, quenching of
the UC emission due to unwanted energy transfer from the
activator to Nd** ions is reduced, resulting in an optimal upcon-
version efficiency comparable to that of the Yb:UCNPs.*
Most interestingly, the excitation wavelength at 808 nm will
have a greatly reduced water absorption compared to that at
975 nm (0.02 cm™~' compared to 0.46 cm™~! for 100% water).'!

In addition to reducing imaging depth, there have also been
several reports stating that 975-nm excited UCNPs cause over-
heating due to the relatively high absorption by water for
this wavelength.>!*!>!3 Nd:UCNPs will drastically reduce any
heating due to the reduced water absorption at 808 nm compared
to at 975 nm.* The present report is intended to quantify the
advantages in tissue penetration for Nd:UCNPs compared
to that of Yb:UCNPs. Here, we thoroughly investigate the im-
aging depth advantages of NaYF,:Yb>* /Er’* /Nd** UCNPs
compared to using NaYF,:Yb>* /Tm3* UCNPs by performing
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measurements in tissue phantoms in addition to Monte Carlo
(MC) simulations for varying tissue compositions.

2 Experiment

2.1 Materials

The core-shell UCNPs used in the study were synthesized in-
house. They are characterized in detail elsewhere.'* The mea-
surements conducted for this report were performed in tissue
phantoms, containing 3% bovine blood, 3% intralipid-20%, and
the remaining 94% tap water. The blood was purchased at the
local supermarket in a frozen container and was stored in the
refrigerator prior to the measurements. The blood was used
within a week after purchase. The intralipid was of the brand
Fresenius Kabi and contained intralipid 200 mg/ml. It was
stored in the refrigerator in sealed containers before use. The
water used in the tissue phantom was regular tap water. A cylin-
drical container made of glass with a diameter of 140 mm was
used for the tissue phantom. The measurements were performed
in transillumination geometry, as seen in Fig. 1. The thickness
of the tissue phantom was 18 mm. Diode lasers (Thorlabs
L808P1WIJ for the 808-nm laser and Thorlabs L975P1WJ for
the 975-nm laser) were used for excitation. The diode lasers
were powered and temperature controlled by Thorlabs LDC
220 C and Thorlabs TED 200 C, respectively. The laser light
was coupled into a 400 ym optical fiber and guided to the tissue
phantom. The distal end of the optical fiber was imaged on the
bottom surface of the tissue phantom by a 2.0 cm focal length
lens to obtain a top-hat profile of the illumination spot. The
diameter of the illumination spot was 5.0 and 7.0 mm for 808
and 975 nm, respectively. A bandpass filter (Omega Optical,
NC 146753 Z800/40X for the 808-nm laser and 712M000040
BP-0975-056 for the 975-nm laser) was placed in front of the
collimation lens in order to remove unwanted sidelobes of the
laser light. The two samples containing the Nd:UCNPs and the
Yb:UCNPs particles, respectively, were prepared by adding
UCNPs into approximately 15 ul epoxy glue to create 3-mm
diameter spherical samples. These UCNPs-containing glue-
samples were cured on 0.148-mm transparent fishing thread

d=18 mm

Fig. 1 Instrumental setup for the transillumination measurements.
From bottom to top, fiber-coupled excitation laser (808 or 975 nm),
collimation lens with bandpass filter, glass container with 18-mm
thick tissue phantom, containing an upconverting nanoparticle
(UCNP) inclusion, objective lens, filter tube, and camera.

Journal of Biomedical Optics
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and later attached to a custom-made metal holder, attached to
a translator stage, allowing for positioning the UCNPs at differ-
ent depths with a resolution of 20 ym. Above the container, the
emitted light was collected by a lens (25-mm focal length and
£/0.95, Xenon, Schneider-Kreuznach, Germany) connected to
a filter tube which, in turn, was attached to an air-cooled CCD
camera (Andor iXon,, Belfast, Ireland). The filter tube used two
achromatic doublet f = 75-mm lenses (Thorlab, ARC: 650 to
1050 nm) to create parallel light through the filters, in order to
effectively block out unwanted light while transmitting the
emission lighl.”"(j For the Nd:UCNPs 650-nm emission, the fil-
ters, SP OD4—750 nm (Edmund Optics), BP 650 nm X 50 nm
OD4 (Edmund Optics), and RED-50S (Chroma), were used to
clean the emission while for the Yb:UCNPs 800-nm emission,
the 900-nm short pass filter (Omega Optical, BSP 156613) and
two 800 nm (Omega Optical, BP50 156612) were employed.
These filters ensured that only the emission light from the
selected bands contributed to the recorded signal.

2.2 Methods

For a comparison of two different UCNPs, it is necessary to
ensure they both operate in an unsaturated regime in all mea-
surements in order to enable general conclusions from the com-
parison. The aim of the first measurements was to find an
excitation intensity regime in which the particles were not satu-
rated. When a nonsaturated region was found, depth measure-
ments were performed with the corresponding nonsaturated
excitation intensity. Here, the excitation intensity was kept
constant while the depth of the sample into the tissue phantom
was increased in a stepwise manner. An image was taken for
each step, with a corresponding background image without the
UCNP sphere subtracted.

2.2.1 Power dependence

A power dependence measurement was performed at a depth of
3.0 mm into the phantom, the same as the initial depth for the
following depth measurements. Here, zero depth is established
when the sample is just in contact with the bottom of the con-
tainer. The power was varied from 50 to 140 mW with a factor of
1.1 between each step for the Nd:UCNPs. The spotsize at the
surface of the phantom was 5.0 mm in diameter. For the Yb:
UCNPs, the power was varied from 20 to 73 mW with a factor
of 1.1 between each step with a spotsize of 7.0 mm in diameter.
The exposure time was set to 9.9 s for each image for both sam-
ple measurements; an electron-multiplying (EM) gain of 10 for
the Nd:UCNPs and an EM gain of 100 for the Yb:UCNPs were
employed. A binning of 8 X 8 pixels was used for both samples.
A final image without any UCNP sample was recorded in
order to effectively subtract the background from each recorded
image. The images were analyzed in MATLAB where the value
of each pixel was summed up for each image and plotted as
a function of excitation intensity (mW /cm?).

2.2.2 Depth measurements

Depth measurements were conducted under nonsaturation exci-
tation conditions, as confirmed by the power dependence mea-
surements. The samples were positioned at a starting depth of
3.0 mm into the 18-mm deep tissue phantom, and the depth was
increased stepwise with 0.5 mm per step until a total depth of
10 mm was reached. The zero depth was as defined above as
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when the sample was just in contact with the bottom of the glass
container. The excitation power was 70 mW for both lasers,
corresponding to an intensity of 407 and 207 mW/cm? for
the 808- and 975-nm lasers, respectively. The spotsize was
again 5.0 and 7.0 mm in diameter for the 808- and 975-nm
lasers, respectively. For each depth position, an image was
recorded. Directly after completing the measurements at all
depths, a sample-free image was recorded in order to enable
subtraction of the background from each recorded image. The
same setup as in the power dependence measurements was used.
Every image was recorded using an acquisition time of 9.9 s.
A binning of 8 x 8 pixels was employed and the EM gain
was set to 300 at the camera for all recordings. The images
were analyzed in MATLAB and a square of 10 X 10 pixels was
summed up, with the largest value pixel in the center of the
square.

2.2.3 Monte Carlo simulations

To investigate how the potential signal gain for the Nd:UCNPs
versus the Yb:UCNPs was influenced by the tissue composition,
MC simulations of the transport of excitation and emission light
in tissue were employed. The MC code used for this purpose
was CUDAMCML.'” The absorption coefficients for the chro-
mophores used in the measurements, i.e., blood, fat, water, and
melanin, were extracted from relevant publications.”'®° The
wavelengths of interest were 975, 808, and 650 nm, which
include the excitation and emission wavelengths for both
UCNPs employed.

The first simulation was performed aiming for the same
optical properties as the tissue phantom in the experimental
measurements, i.e., a phantom with a volume fraction of
3% blood, 3% intralipid (20% stock solution), and 94% water.
The blood was assumed to be 75% oxygenated. For the simu-
lation, the absorption properties of 20% intralipid stock solution
were considered as those from 20% pure fat and 80% water. The
reduced scattering was assumed to only depend on intralipid,
and the values were obtained according to the equation from
Aerouts et al.:*!

ul=-76.7+1.71-10° - 17097,

where 4 is the wavelength (nm) and / is the reduced scattering
coefficient [cm~']. The g-factor was set to 0.85. This resulted
in the following optical properties: 4, (650 nm) = 0.20 cm™',
Hq (800nm)=0.15cm™", y, (975nm)=0.60cm™", yt; (650nm)=
54cm™!, uy (800 nm) = 41 ecm™', and , (975nm)=32cm™".
In the simulations, 50 million photon packets were injected into
the 18-mm thick tissue. One simulation was conducted for the
excitation wavelength and one for the emission wavelength. The
light was injected from opposite sides in the two simulations to
simulate a transillumination measurement. This resulted in two
fluence distributions in the tissue. A Jacobian, describing the
probabilities for generating a signal at various positions in the
tissue, was calculated as the excitation fluence squared times
the emission fluence.

Next, the fat volume fraction was varied from 5% to 30% in
the simulations while keeping the blood volume fraction con-
stant at 3%, leaving the water volume fraction to vary from
92% to 67%. The scattering was assumed to be constant in
these simulations and the same as above. The results were pre-
sented as the ratio of the signals simulated for the two types
of UCNPs.

Another simulation included a variation of blood content in
the tissue. In this simulation, the volume fraction of blood was
gradually increased from 1% to 10% in steps of 0.5%. Here,
a constant fat volume fraction of 5% was used and the water
volume fraction varied from 94% to 85%. Again, the scattering
was kept constant with values as above.

Finally, in order to simulate a realistic in vivo measurement,
a thin layer of melanin was added at the tissue surface to
simulate skin. The layer was 0.1-mm thick and had a varying
melanin volume fraction of 1% to 45%, with a step-size of
1% and a constant fat concentration of 5%. In the simulations,
the thin melanin layer contained no blood chromophores, and
the remaining volume fraction was water. Below the 0.1-mm
thick skin layer, the tissue contained 3% blood (75% oxygena-
tion), 5% lipid, and 92% water. The entire tissue had constant
scattering properties equal to previous simulations.

3 Results and Discussion

The results of the slope efficiency measurements of emission
signal versus excitation intensity for the samples at a depth
of 3.0 mm are shown in Fig. 2. This clearly shows a slope effi-
ciency of 2.0 for both types of UCNPs, meaning the excitation
relies on two photons and thus the UCNPs operate in a nonsatu-
rated regime. Such dependence is expected for these UCNPs,'
and secures that all measurements are conducted at low enough
intensities such that no saturation takes place. As these measure-
ments are conducted at the position closest to the excitation
source in the following measurements, this ensures that all mea-
surements were in the nonsaturated excitation regime and thus
allowed straightforward comparisons. In addition, the graph
shows that the excitation intensities differ for the two UCNPs
samples. Data, not published here, suggest that the Yb:UCNPs
sample used saturated at lower power densities than the Nd:
UCNPs studied. Thus, we conducted the measurements at
different intensities by using two beam size diameters, 5.0 and
7.0 mm. The difference in excitation intensities between the
samples is not of primary interest in this study as we have
not optimized the samples for efficiency. The particles may
have different quantum yields as this is strongly dependent
on the synthesis and neither is fully optimized nor measured
for these particles. The concentration of the UCNPs may also
vary between the two samples as this was difficult to control
at the preparation. In Fig. 3, the signal as a function of sample
depth is plotted for the two types of UCNPs. The signals are
plotted both in linear and semilogarithmic scales to clearly visu-
alize the gain in signal for the Nd:UCNPs. Under the used con-
ditions, the UCNPs had an equal signal at 3.0-mm depth (not
shown). In the figure, the signals are instead normalized to a
value of 1 at a 3.0-mm depth to clearly illustrate the variation
of signals with depth for the two types of UCNPs. The compari-
son of the two different particle signals as a function of depth
yields significant improvement in the emission signal intensity
for the Nd codoped particles.

The Nd:UCNPs showed a gain of about 7 times as compared
to the Yb:UCNPs at a depth of 10 mm in the tissue phantom.

Figure 4 presents one set of MC simulations for the excita-
tion and emission light. The probability map for detecting the
emitted light is simulated in a reverse-path strategy.”> A homo-
geneous sample of 18-mm thickness is studied in the simula-
tions. The Jacobian generated from these simulations is also
presented. This shows that most of the signals are generated
close to the source. This can be understood as two excitation
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Fig. 2 Power dependence illustrated in a log-log plot of (a) NaYF,:Yb3t /Tm3* and (b) NaYF,:Nd3*/
Yb3+/Er**. The intensity refers to excitation intensity at the surface of phantom.

photons are required per event, while only one emission photon
is emitted. Thus, the attenuation of the excitation light is becom-
ing dominant over the attenuation of the emission light, and
the Jacobian will be clearly asymmetric. This shape suggests
that it is more efficient to optimize the measured signal by reduc-
ing the attenuation of the excitation than the emission light. In
Fig. 5, the experimentally measured signals from a sample at
various depths in the tissue phantom are plotted together with
MC results. The signal was again normalized to the value of
1.0 for a depth of 3.0 mm to enable a direct comparison on
the relative slope of the MC modeled curve with experimental
data. The comparison illustrates a good agreement between
measurement and simulations. These modeled results deviate
less than 20% for any measured data point. This is as good

as one can expect with the values of the optical properties
as taken from literatur with the samples being extended to
3.0 mm in diameter. MC simulations are known to provide accu-
rate results and the CUDAMCML code has been benchmarked
previously.!”

Encouraged by the good agreement for the results of MC
simulations, modeled results of the gain in signal by using
Nd:UCNPs are presented for different optical properties in
Fig. 6. The gain ratios, i.e., the ratios of the signals for the
Nd:UCNPs and the Yb:UCNPs, are illustrated as a function of
position in tissue and tissue composition. A gain ratio above the
value 1 means that the Nd:UCNPs provide a stronger signal than
the Yb:UCNPs—a signal gain, only due to the effect of less
attenuation in the tissue. Gain values below the value 1 mean
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Fig. 3 Depth measurements of Yb%/Tm3* and Nd3*/Yb%* /Er**: (a) a linear scale, and (b) a plot in

semilogarithmic scale.
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Fig. 4 An MCML simulation showing (a) the excitation fluence distribution in the tissue, (b) a probability
map for detecting the emitted light as a function of position, and (c) the Jacobian of the excitation fluence
distribution squared times the emission fluence distribution. The Jacobian represents a value of the
detected signal strength at the detector for different localizations of the UCNP-sample within the tissue.

a signal loss, i.e., a lower signal for the Nd:UCNPs than for the
the Yb:UCNPs, and are achieved for regions close to the source
where the attenuation of the emitted light dominates the total
light attenuation in tissue.

The lipid simulation shows that varying the lipid fraction has
little impact on signal gain. The blood simulations show that for
larger amounts of blood, the Nd:UCNPs have less gain com-
pared to low blood volumes. For the simulations containing
a thin melanin layer, it is shown that the gain for the Nd:
UCNPs is higher for low quantities of melanin in the tissue.

For certain compositions of tissue, the signal will be weaker
due to either a large absorption for the emission wavelength or
for the excitation wavelength, or both. This is clear in the mela-
nin simulation where melanin has a larger absorption for lower

wavelengths, which greatly penalizes the Nd:UCNPs for both
excitation and emission wavelengths, reducing the gain obtained
from the remainder of the volume. This has important practical
consequences, as the skin contains melanin, and this effectively
reduces the gain in the signal for these particles. However,
for large amounts of lipid, both the excitation and emission
wavelengths of the Nd:UCNPs are beneficial compared to the
975-nm excitation in the Yb:UCNPs. Thus, large amounts of
lipid will cause the Nd:UCNPs to be beneficial over the Yb:
UCNPs. Blood has a larger absorption at 650 nm compared
to the other wavelengths, again causing a reduction in gain
for large amounts of blood.

Another important aspect to bring forward is that the mea-
surements and simulations were performed in transillumination.
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Fig. 5 Comparison of MCML simulation and experimental values: (a) Nd®f/Yb3*/Er**, and
(b) Yb®+/Tme+.
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Fig. 6 MCML simulations with varying tissue compositions in an 18-mm thick tissue. The gain ratio of the
signals for the Nd:UCNPs versus Yb:UCNPs is plotted as a function of tissue composition and sample
depth inside the tissue: (a) simulates a varying lipid volume fraction from 5% to 30% with a step-size of
1%, (b) simulates a varying blood volume fraction from 1% to 10%, and (c) contains a 0.5-mm layer of

skin including a melanin variation.

This means that for larger depths, the emission signal has a
short path length. This is beneficial for the Nd:UCNPs in cases
where the emission wavelength experiences a large absorption.
It will at the same time penalize the signal for the same particles
at lower depths, due to the much longer emission path length.

While there have been reports of other kinds of cosensitized
upconversion using an organic dye as a cosensitizer in order to
increase the spectral region of the absorption,? this report
focuses on the Nd** /Yb** cosensitized UCNPs with an absorp-
tion peak at 808 nm. Any advantages for these particles in terms
of improved signals for deep tissue regions should be directly
transferable to dye—particles complexes.

The upconversion process in UCNPs is complex and differs
depending on the rare-earth ions involved. It has been shown
that a two-photon upconversion process will have a quadratic
power dependence when not saturated.”* Thus, the generated
emission will depend quadratically on the fluence rate of the
excitation light. A higher-excitation intensity will lead to satu-
ration in some energy levels, causing the power dependence to
gradually decrease from quadratic to linear.>*

This study concerns deep tissue imaging, consequently at
a very low excitation fluence rate, most likely far from any
saturation effects. While comparing two kinds of UCNPs, it is
necessary to confirm that they both are in the same region of
saturation, in this case nonsaturated, to enable a generally
valid comparison.

4 Conclusion

In conclusion, the Nd:UCNPs show a gain in signal at larger
depths for most compositions of optical properties, mainly
due to the reduced water absorption at 808 nm. The gain typ-
ically can be as high as 10 times for a depth of 10 mm. Melanin
in the skin may to some extent reduce this gain in practical use.
The gain suggests the Nd:UCNPs to be a promising substitution-
for the Yb:UCNPs when performing deep tissue imaging in
certain compositions of tissue.
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Beam-profile-compensated quantum yield
measurements of upconverting nanoparticlesy

Monirehalsadat Mousavi, {2 *@ Bjérn Thomasson,® Meng Li,®> Marco Kraft,®
Christian Wurth, ©° Ute Resch-Genger {9° and Stefan Andersson-Engels 3¢

The quantum yield is a critically important parameter in the development of lanthanide-based
upconverting nanoparticles (UCNPs) for use as novel contrast agents in biological imaging and optical
reporters in assays. The present work focuses on the influence of the beam profile in measuring the
quantum yield (¢) of nonscattering dispersions of nonlinear upconverting probes, by establishing a
relation between ¢ and excitation light power density from a rate equation analysis. A resulting 60%
correction in the measured ¢ due to the beam profile utilized for excitation underlines the significance
of the beam profile in such measurements, and its impact when comparing results from different setups

rsc.li/pccp and groups across the world.

Lanthanide-based upconverting nanoparticles (UCNPs) exhibit
significant promise as contrast agents in biological applications'™®
and reporters in complex matrices like whole blood.” These
UCNPs emit visible light following sequential absorption
of several near-infrared photons. The sequential absorption
scheme for UCNPs significantly reduces the need for high
intensities of the excitation light as compared to conventional
two-photon absorbing dyes.® This absorption-emission process
precludes background fluorescence in the detection band and
drastically reduces light attenuation and scattering in biological
materials. Other advantages of UCNPs include their photostability,
long fluorescence lifetime, sharp emission bands, as well as lack
of photobleaching and photoblinking. One remaining challenge
in the use of UCNPs is the still relatively low efficiency of the
upconverting process. This issue is being addressed by researchers
in the design of enhanced UCNPs upconversion efficiency through
several approaches such as lattice manipulation® and surface
modification.'>"!

In developing optimised UCNPs, an objective measure of the
efficiency of the light upconversion from the actual luminescent
material is required. This is provided by the quantum yield (¢),
defined as the ratio of the number of photons emitted to the
number of photons absorbed.'? Several studies have measured
the ¢ of UCNPs absolutely, see e.g. ref. 13-18. Two central
contributions have been completely devoted to how to measure
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¢ in absolute numbers for UCNPs.'*?° In the case of upconver-
sion, the ¢ determination must consider the nonlinear power
dependence of the excitation process. Other groups focused on
measuring ¢ relatively and its variation with excitation power
density.”"** Two different experimental setups known as
fluorometer-based setup and an integrating-sphere-based setup
have been employed in these measurements. When it comes to
nonlinear luminescence emitters, however, another publication
describes the difficulties in assessing the beam size when
employing an integrating sphere,”® and as a result we have
chosen to use the fluorometer based setup in obtaining the ¢
as a function of excitation power density.

It has been reported that the ¢ of an upconversion lumines-
cence has a linear dependence on the excitation power density (p)
for a two-photon process at low excitation intensities and
gradually becomes constant at high excitation intensities where
the excitation process is saturated.>* This behaviour has been
modelled with rate equations and the ¢ can be expressed as a
simple relation that depends on two parameters;>”

p/py
9 =2-0n 00 (1)

Here ¢[—] is characterized by the balancing power density,
pb [W m~?], and its corresponding quantum yield, ¢[—]. The
value of ¢y, is precisely half of the maximum ¢ at very high
excitation intensity. This relation helps in providing the means
to compare results from different studies and facilitates to
correct for the beam profile in a measurement as used below.

Due to the non-linear behaviour, and different from linear
fluorescent dyes and quantum dots, quantum yield measurements
of UCNPs are influenced by the intensity distribution of the
excitation light in the sample. The unmodified laser beam
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introduces a non-uniform intensity distribution, usually close
to a Gaussian distribution. This Gaussian beam profile of an
excitation beam implies that particles at different positions
within the laser beam experience different excitation power
densities and consequently yield different ¢. This effect has,
to our knowledge, not previously been taken into consideration
in the determination of the ¢ for UCNPs, and is not included in
the published protocols for how to measure the ¢ of UCNPs."* ¢

The aim of the current study is to investigate the importance
in considering the beam profile in the assessment of ¢ from
UCNPs in suspension. This will be conducted in two ways,
firstly by estimating the beam intensity distribution in the
probed volume with a Gaussian spatial density distribution
of the beam, and secondly, by measuring the actual beam
distribution; followed by compensating for the power density
distribution in assessing ¢ for a particular power density of the
excitation light. This paper is based on the idea first published
in the Masters thesis of Bjérn Thomasson.>®

1 Materials and method
1.1 The quantum yield measurement system

The system developed for relative measurements of ¢ is designed
based on a conventional fluorometer. A schematic illustration
of the fluorometer design is given in Fig. 1.

The fluorometer setup consists of one excitation and three
detection paths oriented in a transmission and at 90° angle
arrangements, respectively. Two laser diodes at 975 nm (Thorlabs,
L975P1W]) and 785 nm (Thorlabs, L785P090) were employed, well
matching the optimal excitation wavelengths of the UCNPs and
reference NIR dye, respectively. The two diode lasers are driven
by benchtop laser diode current controllers (Thorlabs LDC220C)
and controlled by Thorlabs temperature controllers (Thorlabs
LDC200C). The excitation light generated by the laser diode is
guided to the free-space fluorometer arrangement using a 600 pm

Fig. 1 Illustration and optical arrangement of the fluorometer. Acronyms
used: LS — laser source, L — convex lens, P — linear polariser, BS — beam
splitter, ND - neutral density filter, CCD - CCD camera, C - sample
cuvette, SH — shutter, PM - photo diode power meter, S - slit, BF —
bandpass filter, LF — longpass filter, APD — avalanche photo diode, PA —
preamplifier, PC — personal computer, W — beam width.
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core diameter step index optical fibre with a numerical aperture
of NA = 0.22. The excitation path includes two convex lenses, a
polariser (Thorlabs, LPNIRE200-B) and a beam splitter (Thorlabs,
CM1-BP108). These components are mounted in a 60 mm cage
system to align the components and direct the beam along a
common optical axis into the sample cuvette. The first convex
lens L1 (f=9 cm) creates a parallel light beam with a diameter of
40 mm. The beam is vertically polarised with a linear polariser,
then focused with a second convex lens L2 (f= 22 cm) to a focal
point located in the center of the sample cuvette. This long focal
length ensures that the beam width in a first approximation
remains the same within the probe volume. Furthermore, the
expanded beam design is used to prevent any damage of the
polariser due to a too high light power density. A beam splitter
is placed before the cuvette and it splits 8% of the light onto a
CCD camera (Thorlabs, DCU224M), to measure the beam profile
as it is in the focal point. An adjustable rectangular stepwise
increasingly dense neutral density filter (Thorlabs, NDL-255-4) is
located in front of the camera to avoid saturation for ¢ measured
at high light intensities. The sample cuvette, a 10 mm UV fused
quartz cuvette with four polished windows (Thorlabs, CV10Q3500F)
containing the sample to be measured, is placed in a cuvette
holder (Thorlabs, CVH100/M), with its centre equidistant to the
CCD camera from the beam splitter. A power meter (Thorlabs,
PM16-121) is mounted next to the cuvette holder in line with
excitation path to record the excitation power as well as to
provide the absorption data for the sample.

The induced luminescence is measured at a 90° angle to the
excitation path. Two luminescence paths were employed, one
for the UCNPs (APD1) and one for the reference dye (APD2).
Five functions are included in UCNPs luminescence arm - a
shutter, a spatial filter, a polarising filter, a wavelength filter
and a detector. All components in this luminescence arm are
mounted with light-shielding tubes to block any light not
generated in the focal probe to reach the APD detector. A shutter
next to the cuvette, is followed by a convex lens L3 (f= 2.5 cm),
focusing the collected light on a 1.0 mm wide vertical slit
(S, Thorlabs VA100C/M). The slit suppresses light originating
from volumes other than the excitation focal probe, thus
ensuring that detected signals are generated within the beam
waist of the excitation beam. The light transmitted through
the slit is then collimated by a 7.5 cm focal length lens
(L4, Thorlabs AC508-075-B). Right before this lens, a polariser
identical to the one in the excitation path, oriented at a magic
angle (54.7°) with respect to the first polariser located in the
excitation path, is placed. This polariser thereby makes measure-
ment results independent on any anisotropy in the sample.
A bandpass filter is placed right after L4, followed by an identical
focusing lens (L4, Thorlabs AC508-075-B). The 800 nm bandpass
filter (Omega Optics, XB135-800BP50) is placed between these
two lenses to ensure that only the luminescence light is detected.
An avalanche photo diode detector (APD1, Thorlabs APD410A/M)
with an active area diameter of 1.0 mm is mounted to collect
the emitted luminescence originated from the focal probe in
the sample. The measured probe volume is determined by the
beam width and the detector size in the 90° detection arm.

Phys. Chem. Chem. Phys., 2017, 19, 22016-22022 | 22017
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(The slit is an intermediate spatial filter of the same effective
width as the detector, used to avoid any stray light).

The reference dye luminescence detection arm consists of a
shutter, two wavelength filters, two lenses and an APD detector.
The wavelength filters consist of one 830 nm bandpass filter
(Thorlabs, FL830-10) and one 830 nm longpass filter (Thorlabs,
FGL830) located between two lenses L5 (f = 2.5 cm). By
connecting the two identical APDs in the luminescence arms
to a computer via a preamplifier (Stanford research system,
SR560, gain setting 10°) and DAQ board (National Instruments,
NI-DAQ, USB-6501), the signal data can be collected and
processed by using a custom designed Labview code.

1.2 Spectrometer setup

The luminescence emission spectrum of the probed UCNP
samples (Fig. 2) was measured with a spectrometer setup. For
this measurement a 600 pm core diameter optical fibre was used
to collect the emission from the top of the cuvette in the setup
in Fig. 1. A fibre optic spectrometer (Ocean Optics, QE65000)
was employed for this measurement.

1.3 Samples

During relative ¢ measurements, it is customary to measure the
quantum yield (¢,) of a target sample and to compare it to that
of a standard sample with a known quantum yield (¢). The target
sample in this study is hexagonal core-shell NaYF,:Yb*",Tm*
UCNPs synthesized and prepared in-house by Liu et al.** through
a reported protocol”” and is well characterized in ref. 28. The
sample emission spectrum is shown in Fig. 2. The UCNPs were
dispersed in cyclohexane (Sigma-Aldrich). The concentration of
the UCNPs was selected such that 15% of the light was absorbed
in the cuvette as measured with the power meter. This concen-
tration ensures good accuracy by providing a sufficiently strong
absorption signal, while the light attenuation was low enough
to avoid any significant light attenuation along the beam within
the measured probe volume. The sample used as ¢ standard is

I o o
S o )

Normalized intensity [a.u]

o
)

0 L
500 600 700 800 900
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Fig. 2 The luminescence spectra of the core-shell NaYF4Yb** Tm3*
UCNPs excited with excitation power density of 200 W cm ™2 at 975 nm.

22018 | Phys. Chem. Chem. Phys., 2017, 19, 22016-22022

Paper

DY-781-01 (Dyomics GmbH) dissolved in ethanol (Sigma-
Aldrich 95% pure ethanol). In order to determine the amount
of energy absorbed by the UCNPs and the standard dye mole-
cules, two extra sample cuvettes containing cyclohexane and
ethanol only were also prepared.

1.4 Measurement procedure

Unless stated otherwise, the procedure follows the protocol by
Wiirth et al.>° The measurement procedure is divided into three
¢ measurement parts: procedure 1.1 and 1.2 for the reference
DY-781 dye, absolute and relative ¢ measurements, and procedure
1.3 for the UCNPs relative ¢) measurements; all detailed in ESIt
Section S1. The quantum yield was measured in a power series of
16 different excitation power. The individual signals were obtained
by taking an average value of the 65 s long recordings.

1.5 Data analysis

The following raw data were used in the analysis: raw data
acquired from the power meter for both absorption and
excitation light power data signals, and luminescence data
acquired by APDs, as well as images recorded by the CCD
camera for beam profile data. An example of these data are
shown in ESI{ Section S1. The transmission spectra of the
optical filters were obtained from the suppliers to determine
their contribution on blocking the luminescence signals. To also
account for scattering caused by UCNPs, the scattering compen-
sation factor (6.7%) is calculated with a method described in
ESIT Section S5.

The absorption coefficient (i,) of a sample was obtained as,
1 Py

M= Toem P

&)
where P, and P represent the power of the excitation radiation
when there is not any cuvette in the cuvette holder and when
the sample cuvette is placed, respectively. The absorption
coefficient required for obtaining the ¢ was measured for both
fluorophores (UCNPs and DY-781) and their solvent (cyclohexane
and ethanol). The net absorption coefficient is obtained by
subtracting the value of the dye and its solvent. This subtrac-
tion provides the absorption coefficient due to the fluorophore
only, without any superimposed solvent absorption. The power
in the centre of the cuvette, P., was estimated as P, = /PP,.
The number of photons absorbed per unit volume per second
at a distance r from the optical axis in the focus would then be
Nao(r) = pape(r)/(hel2) em™ s7*. Here p,(r) is the excitation beam
intensity in the focus plane of the excitation light in the cuvette,
such as:

P, = rcpc(r)andr (3)
Jo

Therefore, the absorbed power per unit length in the probe
volume is Pyps = ftaP. MW cm ™. The net luminescence signal
of the sample was, in the same way as for the absorption,
calculated by subtracting the signal measured for the solvent
from that of the fluorophore solution. An experimentally number
of the quantum yield, ¢ exp, was calculated from the measured
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uncorrected luminescence signal divided by the number of
absorbed photons in the probe volume.

L(r) 1

Now(r) T

Drexp(r) = )
where L is the detected luminescence signal from the APD,
proportional to the number of emitted photons; N, ,(r) is the
number of photons absorbed per unit volume per second in the
probe volume of the sample; and the T, is the spectrally
integrated transmission of the wavelength filters (see Comple-
mentary materials, Section S4 (ESIf), for details how this is
calculated). The subscripts x refer to the luminescence upconvert-
ing particles with unknown ¢.

Initially in the data evaluation we will, as conventionally
done and for reference purpose, ignore the influence of the
beam profile of the excitation light. This is effectively in our
evaluation the same as by considering a uniform profile with an
intensity of the measured power across the beam area. The
beam width (w) is selected as the width for which the intensity
within the beam profile has dropped to half of the peak value,
meaning the full width half maximum (FWHM). The intensity
is set to zero outside this radius. The excitation power density p,
is the variable that depends on the beam profile in this uniform
beam-profile case, calculated according to eqn (5), where P, is
the total measured power over the beam profile and w is the
measured FWHM as illustrated in the inset in Fig. 1.

)

As the excitation light intensity is constant across and along
the beam within the probe volume with this approximation, the
¢ would be independent on location within this volume and
eqn (4) can be simplified as:

Do = ©
ax Tx

The ¢ for each excitation power density in a measurement
series was calculated using eqn (6), and a curve fit was made for
all 16 power density values in the measurement series based on
the expression in eqn (1), with the two parameters p;, and ¢y,
used as fitting parameters. This fitting was carried out with the
Isgnonlin nonlinear fitting algorithm in MatLab.

The next step is to calculate the ¢ more correctly as a
function of excitation power density across the beam profile.
During each ¢ measurement a distribution of power densities
is present across the beam profile of the excitation beam.
In order to calculate the ¢ for a certain power density, two
assumptions are made in the data analysis. Firstly, we assume
that the distribution of the UCNPs is homogeneous across the
measured probe volume, so that the signal from each position
across the beam profile only is related to the excitation light
power density in that position. Secondly we assume eqn (1) as a
valid relation between the ¢ and the power density.
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A fitting was made by assuming the profile from a perfect
Gaussian beam. For this a 2D Gaussian profile was fitted to the
recorded beam profile. For each measurement within the
series, the total power of the Gaussian profile was normalised
to the excitation power P.. A detailed description of the fitting
procedure is described in the ESIT Section S6. Briefly, the gross
resulting ¢ assessed from the measurements according to
eqn (6) was compared to a weighted sum of all contributions
within the beam profile. The weight for each position within
the Gaussian profile is the fraction of the total power contributed.
The two parameters py, and ¢y, valid for any position in the beam
and any excitation power was then calculated by fitting the 16
measurements in a measurement series to eqn (1), using the
same [sqnonlin nonlinear fitting algorithm in MatLab. Finally, a
correspondent fitting of py, and ¢, was also performed by using
the measured beam profile itself in the fitting. Again the profile
was normalised to have the total power P. used for each
measurement.

Finally, in order to obtain relative value of the ¢ of the UCNP
sample, the absolutely measured ¢ a,s for the reference dye
was multiplied by the ratio of the experimentally obtained
values for the UCNPs and reference dye, respectively. The probe
volume was assumed to be the same for the measurements
of the two samples. The following expression was thereby
obtained in assessing the ¢ for the UCNPs sample:

Prret = Pstabs * Prexp

L ng? C

Nast n{z Ty
. 7
7 )

It is necessary to include the refractive index in the equation
due to reflection losses of the light when it goes from one
medium to another. In our case this effect comes in twice, both
when the excitation light enters the sample solution and when
the luminescence light leaves the medium before detected. The
factor C corresponds to the relative sensitivity of the two lumi-
nescence arms. This value is compensating for any differences in
the sensitivity of the two detection arms. The value is measured
be recording the luminescence signal of a standard dye sample
in both arms simultaneously. The subscripts st refer to the
reference fluorophore standard of known ¢.

2 Result

The ¢ for the reference dye DY-781-01 in ethanol (emission
from 720 to 940 nm) was determined absolutely at BAM to
(12.4 £ 0.1)%. This value is used in assessing the ¢ of the
UCNPs sample examined.

The luminescence signals measured from the UCNPs and
reference dye cuvettes are plotted versus the absorbed power per
unit length of the sample in the probe volume (P,ps) in Fig. 3.
The absorption coefficient for the reference dye and for UCNPs
was measured to be 0.25 and 0.15 cm ™", respectively. The signal
generated by the reference dye and the UCNPs, with any signal
from the pure solvent subtracted is shown. The signals were
measured in a power density range of 0.2-30 W cm™2. The
abscissa is illustrating how much energy is absorbed in the focal
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Fig. 3 The luminescence signals from the UCNPs and reference dye as a
function of absorbed power in the probe volume. The UCNPs exhibit a
nonlinear behaviour, while the reference dye generates a linear relation.

volume per unit time and unit depth. This value is calculated as
Paps = (itay sample — y,, blanck)P. mW em ™.

Using the data in Fig. 3, the ¢s are presented in the lowest
full power density series in Fig. 4 (the blue curve fitting to
eqn (1) is provided as a guidance for the eyes). These ¢s are
thereby not considering the profile of the excitation beam. The
plot illustrates the excitation power density dependency of
the upconversion process. The fitting has been made using by
eqn (1) based on readings from the power meter and spot size
measured with the beam profiler as the full width at half
maximum, FWHM = 0.076 cm. The fitting parameters for this
curve are, ¢, = 0.25% and p, = 14 W cm 2. Five repeated
measurements yielded a measurement precision of 99% in the
evaluated experimental ¢.

To explain the influence of the beam profile distribution in
the evaluation of UCNPs ¢ in a simple figure, the difference in
the luminescence signal from a uniform top hat beam and a

x10°

*  Averaged data points

No compensation

—— Perfect Gaussian profile based compensation|
m profiler image based

A\

Quantum vyield (-)

»
B

0 05 1 15 2 25 3
¥ "
Power density (mW/cm?) x10

Fig. 4 The ¢ of NaYF,:Yb**, Tm** UCNPs at 800 nm emission band (black
stars) at various excitation power densities. The blue lines stand for fitted
data for the ¢ not compensated for the excitation light beam profile. The
dotted red curve presents the ¢ compensated for a perfectly Gaussian
beam profile, while the green curve gives the ¢ compensated for the
measured beam profile.
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Gaussian beam is modelled in MatLab and demonstrated in
ESIt Section S3 and Fig. S2, S3 for a 2D and 1D model,
respectively. This example shows that two beam profiles with
the same total power and beam width can give rise to different
measured ¢ values. The analysis clearly illustrate the importance of
the beam profile in the simplified case of very low power density,
when the ¢ is dependent on the power density squared for all parts
of the beam. The measurements in Fig. 4 indeed include also
values beyond where saturation is becoming important, as seen
from its non-linear shape, clearly motivating the need for the next
level of model sophistication provided by eqn (1).

In a final data analysis step, the measured ¢ was corrected
for the beam profile. Two approaches were taken as described
above, firstly by assuming a Gaussian beam profile and secondly
employing the direct measured beam profile. These evaluations
result in the two remaining curves in Fig. 4. As a consequence of
the fact that laser beams in practice are not perfectly Gaussian,
reduces the ¢ value slightly for the beam profile used in our
experiments. All these three curves are plotted together to
indicate that the measured ¢ of the sample varies depending
on the excitation radiation profile. At the balancing power
density p, = 14 W cm?, the beam profile compensated ¢ of
the UCNPs is ¢y, = 0.4% for perfect Gaussian and ¢y, = 0.39% for
measured beam profile.

3 Discussion

In practice, the measurement of ¢ is a complex procedure
because it must take into account a number of parameters that
can effect the ¢ value determination. These considerations are
documented in previous researches and are beyond of scope in
this study. The overall goal of this study is to improve the
accuracy of ¢ assessments of UCNPs by considering the influence
of the excitation beam profile. It is valuable to measure ¢ of
UCNPs, but also to measure it as a function of excitation power
density. The reason for this is that particles more efficient in
transferring absorbed photons into luminescence emission, also
tend to saturate the excitation process at lower power densities,
as the pathways yielding losses are minimised.

For that reason it is not sufficient to measure the ¢ at one
power density only, but more information is necessary to
characterise the luminescence efficiency of the particles, as is
also obvious from eqn (1). With a standardised protocol to
measure the ¢ as a function of power density, it would be much
more straight forward to compare qualities of UCNPs developed
by different research teams.

The results clearly illustrate that any absolute ¢ measurement
of nonlinear chromophores needs to consider the power density
of the excitation light. The influence of the light distribution
within the excitation beam has, until now, not been accounted
for in determinations of the ¢ of various UCNPs. Even if one
considers the beam size, our results suggest that the evaluated ¢
can be wrong by a factor of 1.60. Even if one assumes a Gaussian
beam profile and conduct the calculations in the best possible
way, the errors can be considerable as shown in the results.
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Thus, it is important to measure the actual beam power
distribution in order to get an accurate absolute value of the ¢.

The excitation power density in this study is limited by the laser
power to 30 W ecm ™2 This means that the measurements never
reached the fully saturated region in Fig. 4. This also will obviously
influence the two parameters we reach by fitting eqn (1) to the
measured values. The curves in Fig. 4 is merely the predicted ¢
values for the parameters studied as a function of power density
obtained from these fitted values. We estimate that by extending the
measurement series to higher laser powers in the recordings would
help provide better estimates of the fitted parameters and would
possible reduce the correction factor obtained here and thereby also
slightly the importance of measuring the accurate beam profile.
In the limit of infinite excitation power all nanoparticles will be
saturated, also in the beam wings, and the beam profile will have no
influence on the luminescence signal, and the measured ¢. That
said, we always need to measure a sufficiently large fraction of the
entire power series to enable the extraction of both parameters
characterizing the ¢ for the transition studied in this manuscript.

The model employed to describe the luminescence process
is simplified and is in its present form designed for a 2 photon
excitation scheme for low power densities, to become a one
photon process at full saturation (according to eqn (1)). Even
for such a scheme, the rate equation derivation used for this
model is only considering the minimum number of possible
energy levels possible, and even for those neglect certain
de-excitation paths. Despite this, the expression obtained fits
experimental data for the ¢ as a function of power density
rather well. As the evaluation is designed, it requires this type of
relation in order to facilitate the fitting. If other transitions in
UCNPs are to be considered where more energy levels are
needed, the model can be modified and this method is still
valid. Such development would be straight forward.

The optical arrangement was designed to minimise the
influence of as many uncertainties as possible in the measure-
ments. The robust system developed, minimising the number
of steps necessary in the measurements and the recording time
proved to be very easy to work with. Especially the simultaneous
measurements of the absorption and luminescence makes the
system relatively insensitive to any temporal instabilities in the
system (in particular in the diode laser). This was important in
order to secure repeatability in the measurements.

We made an assumption that beam waist is the same
along the excitation beam within the detection volume for the
luminescence signal (see inset in Fig. 1). We estimate that this
provides an uncertainty of a maximum of 5% in the evaluated
¢, considering how much the beam waist is actually altering
within a distance of 0.5 mm from the focal plane.

Protocols for measuring ¢s suggest a concentration giving
an absorbed fraction of the excitation light of 4-5%. This is
typically balancing so that the luminescence and absorption
signals are sufficiently strong to provide a good signal-to-noise
ratio, and avoiding filtering effects within the cuvette. In the
evaluation conducted here, the filtering of the excitation light
has in the first order been accounted for by estimating the
intensity in the centre of the cuvette and multiplying this
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number by the calculated absorption coefficient. Any variation
within the 1 mm long probe volume still remains an issue, as
does any filtering of the detected emission light. With this
approach an absorption as high as 20% could thus be permitted
providing a better signal-to-noise ratio.

Other experimental uncertainties in the values we obtained
include any uncertainty in the absolute ¢ of the reference dye.
With careful consideration of all other potential sources of
errors, the proposed method seem to us justified in measuring
the ¢ of UCNPs as a function of excitation power density.

4 Conclusions

The study clarifies the importance of the power density distribu-
tion of the excitation beam in measuring the ¢ of UCNPs, as well
as its dependence on the excitation intensity. By modelling the ¢
as a function of power density using rate equation analysis, it is
possible to utilize all measurements at different power densities,
including all pats of the beam profile, to extract the two para-
meters characterizing the ¢ for the UCNPs sample studied. This
averaging procedure provides good precision in the evaluation.
The results suggest that the presently used protocols for measur-
ing the quantum yield of upconverting nanoparticles should be
updated to consider this effect. This finding also indicates the
importance for selecting a suitable method for the measurement
of the upconversion luminescence efficiency of UCNPs and other
nonlinear luminescence materials and evaluating the obtained
results regarding the proper consideration of the effective
excitation power distribution in the sample. This results might
become important in the work of developing novel UCNPs with
improved characteristics, and in standardising the protocols
for their characterisation.

Acknowledgements

Discussions with Haichun Liu, Can Xu, Anders Persson and
Johan Axelson are greatly acknowledged. Especially the discus-
sion with Haichun Liu and Can Xu in the initial idea generation
phase has been instrumental for this paper. The work was
financially supported by the Swedish Research Council (VR)
grant number 2014-31612 and Science Foundation Ireland
(SFI) grant number 15/RP/2828. Financial support from the
German Research Council (German Research Foundation
(DFG); grants RE 1203/18-1 and RE 1203/20-1) and from the
COST Action CM1403 “The European Upconversion Network:
From the Design of Photon-Upconverting Nanomaterials to
Biomedical Applications” are gratefully acknowledged.

References

1 J. Wang, T. Wei, X. Li, B. Zhang, ]J. Wang, C. Huang and
Q. Yuan, Angew. Chem., 2014, 126, 1642-1646.

2 H. Chen, B. Qi, T. Moore, D. C. Colvin, T. Crawford, J. C.
Gore, F. Alexis, O. T. Mefford and J. N. Anker, Small, 2014,
10, 160-168.

Phys. Chem. Chem. Phys., 2017, 19, 22016-22022 | 22021



Paper IV

PCCP

3

w

=)

~

=)

10

11
12

1

w

14

1

o

Q. Liu, W. Feng, T. Yang, T. Yi and F. Li, Nat. Protoc., 2013, 8,
2033-2044.

Y. Dai, H. Xiao, J. Liu, Q. Yuan, P. Ma, D. Yang, C. Li,
Z. Cheng, Z. Hou and P. Yang, et al., J. Am. Chem. Soc., 2013,
135, 18920-18929.

M. Wang, Z. Chen, W. Zheng, H. Zhu, S. Lu, E. Ma,
D. Tu, S. Zhou, M. Huang and X. Chen, Nanoscale, 2014,
6, 8274-8282.

Q. Xiao, X. Zheng, W. Bu, W. Ge, S. Zhang, F. Chen, H. Xing,
Q. Ren, W. Fan and K. Zhao, et al., J. Am. Chem. Soc., 2013,
135, 13041-13048.

R. Arppe, L. Mattsson, K. Korpi, S. Blom, Q. Wang, T. Riuttamaki
and T. Soukka, Anal. Chem., 2015, 87, 1782-1788.

R. K. Benninger and D. W. Piston, Curr. Protoc. Cell Biol.,
2013, 4-11.

M. D. Wisser, M. Chea, Y. Lin, D. M. Wu, W. L. Mao,
A. Salleo and ]. A. Dionne, Nano Lett., 2015, 15, 1891-1897.
F. Vetrone, R. Naccache, V. Mahalingam, C. G. Morgan and
J. A. Capobianco, Adv. Funct. Mater., 2009, 19, 2924-2929.
G.-S. Yi and G.-M. Chow, Chem. Mater., 2007, 19, 341-343.
R. H. Page, K. I. Schaffers, P. A. Waide, ]J. B. Tassano, S. A.
Payne, W. F. Krupke and W. K. Bischel, J. Opt. Soc. Am. B,
1998, 15, 996-1008.

M. Pokhrel, A. Kumar Gangadharan and D. K. Sardar,
Mater. Lett., 2013, 99, 86-89.

G. Kumar, M. Pokhrel and D. Sardar, Mater. Lett., 2013, 98,
63-66.

S. Fischer, R. Marttin-Rodriguez, B. Frohlich, K. W. Krdmer,
A. Meijerink and J. C. Goldschmidt, J. Lumin., 2014, 153,
281-287.

22022 | Phys. Chem. Chem. Phys., 2017, 19, 22016-22022

.

7

18

19

20

21

22

23

24

2

31

26

27
28

Paper

M. Ferreira and V. Piscitelli, Proc. SPIE, 2016, 988422.

A. Jain, G. Hirata, M. Farias and F. Castillon, Nanotechnol-
0gy, 2015, 27, 065601.

L. C. Mimun, G. Ajithkumar, C. Rightsell, B. W. Langloss,
M. J. Therien and D. K. Sardar, J. Alloys Compd., 2017, 695,
280-285.

J.-C. Boyer and F. C. Van Veggel, Nanoscale, 2010, 2,
1417-1419.

C. Wiirth, M. Grabolle, J. Pauli, M. Spieles and U. Resch-Genger,
Nat. Protoc., 2013, 8, 1535-1550.

C. T. Xu, P. Svenmarker, H. Liu, X. Wu, M. E. Messing,
L. R. Wallenberg and S. Andersson-Engels, ACS Nano, 2012,
6, 4788-4795.

J. Suyver, J. Grimm, M. Van Veen, D. Biner, K. Krdmer and
H. Giidel, J. Lumin., 2006, 117, 1-12.

D. O. Faulkner, J. J. McDowell, A. J. Price, D. D. Perovic,
N. P. Kherani and G. A. Ozin, Laser Photonics Rev., 2012, 6,
802-806.

M. Pollnau, D. R. Gamelin, S. R. Liithi, H. U. Giidel and
M. P. Hehlen, Phys. Rev. B: Condens. Matter Mater. Phys.,
2000, 61, 3337-3346.

H. Liu, C. T. Xu, D. Lindgren, H. Xie, D. Thomas, C. Gundlach
and S. Andersson-Engels, Nanoscale, 2013, 5, 4770-4775.

B. Thomasson, High Accuracy Relative Luminescence
Quantum Yield Measurements of Upconverting Nano-
particles, MSc thesis, Lund University, 2016.

H.-S. Qian and Y. Zhang, Langmuir, 2008, 24, 12123-12125.
H. Liu, C. T. Xu, G. Dumlupinar, O. B. Jensen, P. E.
Andersen and S. Andersson-Engels, Nanoscale, 2013, 5,
10034-10040.

This journal is © the Owner Societies 2017

113






PAPER V

Real-time photodynamic therapy dosimetry
using multi-excitation, multi-emission
wavelengths: towards accurate prediction of
treatment outcome

M. Mousavi, L. Moriyama, C. Grecco, M. Nogueira, K. Svanberg,
C. Kurachi, S. Andersson-Engels.

(September 2019) Submitted to Journal of Biomedical Optics.






Paper V

Real-time photodynamic therapy dosimetry using multi-excitation
multi-emission: towards accurate prediction of treatment outcome

Monirehalsadat Mousavi® ", Lilian Tan Moriyamab, Clovis Greccob, Marcelo Saito

Nogueira®d, Katarina Svanberg?, Cristina Kurachi®, Stefan Andersson-Engels®<-d
2Lund University, Biophotonics group, Department of Physics, Box 118, SE-22100 Lund, Sweden

bUniversily of Sao Paulo, Optics Group, Sdo Carlos Institute of Physics, Av. Trabalhador Sdo Carlense 400, Sao
Carlos/SP, Brazil, 13566-590

“Biophotonics @ Tyndall, IPIC, Tyndall National Institute, Lee Maltings, Dyke Parade, Cork, Ireland, T12 RSCP
dUniversity College Cork, Department of Physics, College Road, Cork, Ireland, T12 R5CP

Abstract.  Evaluating the optical properties of biological tissues is needed to achieve accurate dosimetry during
photodynamic therapy (PDT). Currently, accurate assessment of the photosensitizer concentration by fluorescence
measurements during PDT is typically hindered by the lack of information about tissue optical properties. In the
present work, a hand-held fiber-optic probe instrument monitoring fluorescence and reflectance is used for assess-
ing blood volume, reduced scattering coefficient and photosensitizer concentration facilitating accurate dosimetry for
PDT. System validation was carried out on tissue phantoms using non-linear least squares support machine regression
analysis. It showed a high correlation coefficient (>>0.99) in the prediction of the photosensitizer concentration upon a
large variety of phantom optical properties. In vivo measurements were conducted in a PDT Chlorine E6 dose escalat-
ing trial involving 36 male Swiss mice with Ehrlich solid tumors in which fluences of 5, 15, 40 J/em? were delivered
at two fluence rates; 100 and 40 mW/cm?. Remarkably, quantitative measurement of fluorophore concentration was
achieved in the in vivo experiment. A diffuse reflectance spectroscopy system was also used to independently measure
the physiological properties of the target tissues for result comparisons. Then blood volume and scattering coeffi-
cient measured by the fiber-optic probe system were compared with the corresponding result measured by DRS and
showed agreement. Additionally, tumors hemoglobin oxygen saturation were measured using DRS system. Overall,
the system is capable of assessing the implicit photodynamic dose to predict the PDT outcome.

Keywords: biomedical optics, fluorescence, photodynamic therapy, optical properties, dosimetry, in vivo measure-
ment, fiber-optic probe.

*Monirehalsadat Mousavi, arefeh.mousavi@fysik.Ith.se

1 Introduction

Advances in optical techniques have provided non-invasive diagnostics and treatment and effective
mean to improve clinical outcome. 1-3 Fiber-optic probes have been increasingly utilized to pro-
vide a minimally invasive approach in tissue characterization for various biomedical applications
such as cancer diagnostics or surgical guidance and treatment response monitoring.4‘7 Photody-
namic therapy (PDT) in conjunction with fiber-optic probing is a promising modality to achieve
optimal therapeutic efficiency for cancer treatment.3~19 PDT is a viable minimally-invasive treat-
ment, involving the administration of photosensitizer (PS), incubation time to allow the adequate
accumulation of the drug in the tumor and activation by light of appropriate wavelength. This pro-

cess results in the generation of highly active oxygen radicals that cause tumor necrosis, apoptosis
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and autophagy.1 1-13

Although PDT has proven to be a promising modality for a variety of malignant and pre-malignant
conditions, customized dosimetry is in high demand, and development of such advanced tech-
niques are under clinical evaluation.'41© Most PDT clinical protocols utilize the explicit dosime-
try based on the light and photosensitizer parameters as well as the incubation time and treatment
interval to create a dose model. These parameters are dynamically interdependent and additional
factors may influence the PDT outcome. One considerable issue is to know how the light is trans-
ported within the tissue to enable optimization of the treatment results. It is well known that
a primary challenge of many diagnostics as well as treatment methods stems from spatial and
temporal alterations in light attenuation caused by inter- and intra-patient variation of the optical
properties in the tissue. Also, due to individual tumor and patient variations, including intra- and
inter-individual optical properties distributions and photosensitizer accumulation, a single and ef-
ficient PDT irradiation protocol is many times considered unfeasible.

Evaluation of photosensitizer concentration during PDT treatment is an important implicit dosime-
try metric that incorporates photosensitizer uptake as well as photobleaching during the treatment.
Several investigators have proposed ways to monitor photosensitizer levels during PDT. Depend-
ing on the type of optical instrumentation used for illumination and detection, fiber-optic probes
that measure both fluorescence and diffuse reflectance signals enable assessment of endogenous
and exogenous fluorophores, as well as photobleaching products. Fiber-optic probes are placed
in direct contact with the tissue to mitigate the influence of scattering and absorption on the mea-
sured fluorescence signal. Such compact fluorescence spectrometer was developed by Nadeau et
al.'7 to monitor the photobleaching of ALA-induced protoporphyrin IX (PpIX) and to quantify the
photobleaching rates in the skin of healthy volunteers. The instrument employs blue and red light
sources and shows that the photobleaching rate for a fixed excitation fiber is wavelength dependent.
It also allows to quantify the PpIX fluorescence photobleaching rates for the two excitation wave-
lengths. However, as their probe is designed to interrogate fluorescence with a single fiber, it is not
suitable for sampling photosensitizer from beneath the superficial tissue. In another study,18 a dy-
namic model was developed to describe the photobleaching process of the involved chromophores
in the probed tissue. This model can be used to achieve a photobleaching-insensitive method to

improve the fluorophore quantification. Kanick et al. 16 have reported on a spectroscopic dosime-
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ter that combines two-channel excitation fluorescence system (blue and red excitation wavelength,
respectively) with a broadband reflectance spectroscopic correction to quantify PpIX signals orig-
inating from different depths. In a similar approach, Kim et al. 19 have combined fluorescence
and reflectance spectroscopy for in vivo quantification of cancer biomarkers in low and high-grade
glioma surgery based on multivariate analysis. The optical fiber was an intra-operative tool that
allowed the neurosurgeon to rapidly switch between blue and white light. This group has also
proposed an analytical model to extract the quantitative fluorescence signal from PpIX in guided
resection surgery of brain tumors.20

Quantitative measurements of fluorescence emission in vivo can still not be accurately performed
when the optical properties of the turbid media are unknown. Variation in the absorption and
scattering coefficients may be mistaken for variations in fluorophore concentration. Therefore,
an instrument that robustly assesses absorption, scattering, and fluorescence concentration could
improve the irradiation dosimetry planning and treatment outcome. In this study, a compact still
advanced novel fiber-optic probe system earlier described in?! was used to quantify parameters
of dosimetric importance during PDT. The multichannel dosimeter is based on fluorescence and
reflectance spectroscopy, and consists of five excitation wavelengths to assess fluorophore concen-
tration and reduced scattering and absorption coefficients of the probed tissue. Multi-excitation
sources have the potential to improve the accuracy of quantitative fluorescence measurements in
highly distorted media, while compensating for absorption caused by endogenous chromophores
and blood content. The system performance was validated by tissue phantom measurements fol-
lowed by multivariate analysis. An in vivo study on Ehrlich solid tumor model was conducted. The
objective of the present work is to evaluate the feasibility of using a hand-held fiber-optic probe to
characterize optical properties of biological tissue during PDT treatment. Real-time dosimetry is
important for accurate prediction of the PDT outcome and the presented system has capability to
measure all relevant PDT parameters in a short time and independent of the ambient light condi-
tions. The evaluation of these parameters allows to retrieve the dosimetric value when the physical
properties of the tissue are unknown. In a previous study conducted with this system, insensitivity
to ambient light was demonstrated as well as the capability of detection of very low concentrations

of the fluorophore in range of nM.2!
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2 Materials and Methods
2.1 Animals and Tumor Induction

Thirty-six male Swiss mice weighting around 30 grams were subcutaneously inoculated with a
suspension of 2 x 10 Ehrlich carcinoma cells on their backs.2 The tumor grew for 10 days until
the tumor reached about 10 mm in diameter. The animals were then divided into two experimental
groups and treated using two fluence rates; 40 mW/cm? and 100 mW/em? of a diode laser at 660
nm. The treatment procedure was carried out according to the protocol shown in Table 1. The
study was approved by the Ethics Committee for the Use of Animals of the Sdo Carlos Institute of
Physics of the University of Sdo Paulo, in compliance with the laws on experimental animals. The
study was performed at the Sao Carlos Institute of Physics of University of Sdo Paulo.

Table 1 The protocol of the study

Fluence rate mW/cm? Dose J/cm? Number of mice
(at 660 nm) (all=36)
100 (Group I) 5 18
(3 subgroups) 5,15 12
5, 15,40 6
40 (Group 1II) 5 18
(3 subgroups) 5,15 12
5, 15,40 6

2.2 Procedures for In vivo measurements

A stock solution of Chlorine E6 (synthesized at the Department of Chemistry of Federal University
of Sdo Carlos)23 was prepared using 1 mg of the photosensitizer in powder diluted in 1 ul DMSO
(LabSynth® Ltda, Diadema, SP, Brazil) and distilled water was added up to 1 ml, obtaining a
1 mg/ml solution. The animals were anesthetized using inhalation anesthesia (isoflurane, 2% in
oxygen) and the hair of an area around the tumour about 2 cm in diameter was removed, then a
dose of 2 mg/kg of Chlorine E6 was injected via the tail vein with a 4 hours drug-light interval
(DLI) according to the protocol. During the DLI, the animals were kept in their cages protected

from ambient light. For the PDT procedure, the mice were anesthetized again and a mask made of
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aluminum foil covered with white bandage tape with a 5 mm in diameter hole was used to delimi-
tate the treatment area. As a PDT light source, a 660 nm diode laser was used (QuantumTech, Sao
Carlos, SP, Brazil) and the light was delivered through an optical fiber tip with a uniform circular
illumination spot ( FD Frontal Light Distributor, Medlight, Switzerland). The fluence was checked
with a power meter, keeping the fiber at a fixed distance from the power meter. The animals were
euthanized directly after completion of PDT irradiation and subsequent dosimetry measurements.
The group of 36 animals was divided into two experimental groups as shown in Table 1 categorized
based on two different PDT fluence rates. Each of these group was divided into three subgroups
for three different total light doses. All mice in each main group (18 mice) received 5 J/em? dose.
From then on, 12 of them, received an additive of 10 J/em? and thereafter, 6 mice received an
additive of 25 J/cm? dose (Table 1). The two monitoring optical systems described below were
used to measure the reflection and fluorescence spectra before and after PDT treatment using an
optical fiber probe in gentle contact with the surface of the tumors. An initial measurement series
was performed on all mice before the photosensitizer injection. The PDT light source illuminated
through a hole in an aluminum foil placed on the mice skin. The consecutive optical measurements
were performed at five sites on each tumour by repositioning the fiber between measurements. The
measured optical properties from the five sites in each tumour were averaged. The same mea-
surements were then repeated at the same locations immediately after each stage of the PDT light

delivery.

2.3 System description

Two systems described in detail below were used in this study. The first is a probe dosimeter
system with five excitation sources and five detection units. This multi-excitation multi-emission
system (MEME) has been primarily developed for precise tumor delineation in brain surgery and
is capable of suppressing ambient light as well as accurate assessment of both fluorophore con-
centration and tissue optical properties of tissue samples. The system has been described in detail
elsewhere.2! The second is a diffuse reflectance spectroscopy system. This system is in this study
used for in vivo validation of the diffuse reflectance results obtained by the MEME probe dosimeter

system.
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2.3.1 Multi Excitation Multi Emission (MEME) system
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Fig 1 Schematics diagram of a) multi excitation multi emission system (MEME) and b) the optical setup for diffuse
reflectance spectroscopy (DRS).

The schematic diagram of the Multi Excitation Multi Emission (MEME) system is shown in
Fig. la. The light source assembly consists of five light-emitting diodes (LED); four of differ-
ent wavelengths: 365 nm, 405 nm, 530 nm, 635 nm, and one white light LED (450 nm to 700
nm). The two LED emitting light at the shortest wavelengths were chosen to excite tissue aut-
ofluorescence. Additionally, the 405 nm LED provides a strong excitation signal for Chlorine E6
fluorescence. The main tissue absorber interfering with the PDT process is blood. This is primar-
ily absorbing the violent and green LED radiation. The present system is designed to be used in
other studies employing PpIX as a photosensitiser, thus, in this study the 635 nm LED channel is
used for diffuse reflectance measurements only. All LEDs were multiplexed sequentially by rapid
switching between channels, as driven by a transistor-transistor logic (TTL) pulsing at 777 Hz.
One measurement period contains six pulse sequences. The first five sequences were used to take
measurements once each LED is sequentially switched on while the ambient light level is acquired
during the sixth pulse. A hand-held fiber-optical probe delivers light to the sample by means of six
illumination fibers in a circular arrangement and with a single collection fiber at the center, each
with a core diameter of 750 pum, cladding distance of < 15um, a numerical aperture of 0.5, and
a length of 4 meters. The center-to-center distance between two adjacent cores is the same as the
fiber cladding diameter. During the measurements, the probe tip was held perpendicularly in gently
contact (with minimum pressure on the tissue) with the tissue surface. The collected light from the

sample was guided to the detection unit and split into five different light paths by means of four
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dichroic beam splitters. The first detector is a silicon photodiode (PD) (Edmund Optics; 53378)
was used to detect diffusely reflected UV and violet light from the probed tissue. Four avalanche
photodiodes (APD) (Hamamatsu; S9075) were utilized to collect fluorescence light arising from

tissue endogenous substances, exogenous Chlorine E6 fluorescence and also reflectance from the

red, green and white LED.

2.3.2 Pulse generation and data analysis

A digital clock output of a 16-bit DAQ board (National Instrument Corp., NIUSB-6351) was used
to modulate the light source and record the signal voltages in the PD and APDs. As described
above, light intensity modulation was employed, first, to measure the signal generated for the five
LEDs independently and second, to enable measurements in strong ambient light conditions by
means of precise background light subtraction. A full measurement cycle including all 20 mea-
surement channels is presented in Fig. 2a. The used excitation-emission combinations defined in
Fig. 2b is such a cycle. For a typical measurement case, the pulse generation, DAQ, real-time
control and initial data analysis are performed by a custom-made LabVIEW application. A MAT-

LAB toolbox for least-squares support vector machines (LS-SVM) was employed for multivariate

regression and analysis.
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Fig 2 a) Typical optical data collected by the MEME system is shown for each pair of excitation and emission wave-

lengths. These pairs are shown in Table b)

2.3.3 System validation
Phantom experiments were carried out to construct a data set used for evaluation of the MEME

system performance. A set of tissue-like phantoms was prepared by mixing water, Intralipid®

7
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(Sigma-Aldrich, 200 mg/ml), and bovine blood (purchased from a local supermarket). Chlorine
EG6 stock solution was prepared by dissolving 0.3 g Chlorine E6 powder in 2 pl dimethyl sulfoxide
(DMSO) (Merck, Darmstadt, Germany) and 80 pl distilled water to make a Chlorine E6 concentra-
tion of 5 uM. In total 112 phantoms were prepared containing different amounts of Intralipid (2%,
4%, 6%, 8%), bovine blood (1%, 2%,3%, 4%) and Chlorine E6 (0-5 uM). These concentrations
were chosen to have a good correspondence to real biological tissue. The phantom with the highest
fluorophore concentration (5 pM) was placed in a cylindrical glass container and stirred for 4 h
prior and during the measurements. The lower concentration was subsequently prepared by dilut-
ing the initial liquid tissue phantom, without any fluorophore. The reduced scattering coefficient

1.24

of each phantom was estimated by the Staveren et al.”" relation:

uh0) = C.[0.58.0/1um) — 0.11.0.32.00/1um) >4, )

where C denotes the concentration of 20%-Intralipid in the phantom and X refers to the light

wavelength in pm.

2.4 Diffuse reflectance spectroscopy
2.4.1 System description

Diffuse reflectance spectra were collected using an optical measurement system shown in Fig. 1
b), consisting of a halogen lamp (HL-2000, Ocean Optics) used as a light source, and a fiber-optic
based spectrometer (USB4000, Ocean Optics) used to acquire diffuse reflectance spectra from 400
nm to 650 nm. The fiber-optic probe (Avantes, Reflection Probe (FCR-7IR400-2-ME)) consists of
six surrounding collection fibers and one illumination fiber located at the center. The numerical
apertures of the illumination fiber and the detection fibers are 0.22. The core diameters of the fibers
are 400 pm while cladding is 480 um . The distance between the centers of the illumination and

the collection fibers is 0.48 mm.

2.4.2 Data acquisition

The spectra were obtained from the same location on samples as specified for the MEME system.

A spectrally flat white reflectance standard (Spectralon, absphere, Inc., SRS-99-010) was used
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as a reflectance standard and all spectra were normalized to the calibration spectrum. The back-
ground signal was recorded and subtracted from all measurements including the reference spectra

to correct for dark current and stray light.

2.4.3 Inverse Monte Carlo spectral fitting

The spectral fitting was performed by using an inverse Monte Carlo algorithm. This algorithm
allows the retrieval of optical properties (scattering and absorption) by relating them to reflectance
values of a database generated by using forward Monte Carlo simulations (performed by using a
CUDAMCML code®). The simulations assume a given geometric configuration of the illumina-
tion and collection fibers, as well as the refractive index of the fibers and tissue. Details about the

calculation of the blood volume fraction are described elsewhere.20

3 Results
3.1 MEME system calibration

The calibration responses, based on a least-squares support vector machines (LS-SVM) regression
model to predict reduced scattering coefficient (11'), blood volume and photosensitizer concentra-
tion, are shown in Fig. 3. The performance of each experiment was evaluated by using a two-fold
cross-validation methodology: the phantom dataset was split into one subset for training and an-
other for testing. The solid line indicates supreme prediction and the black, red, and green dots
represent the predicted points. The results obtained show calibration curves with correlation coef-
ficient exceeding 0.999. It indicates an excellent performance of the MEME system for estimation

of a large range of optical properties and low fluorophore concentrations in the uM range.
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Fig 3 System validation plot by means of Intralipid phantoms with various optical properties using a 2-fold LS-SVM
regression method (112 samples). Each graph shows the prediction values versus true values for a) reduced scattering
coefficient (set by Intralipid concentration) b) Blood as absorption coefficient (set by blood volume fraction) and c)
Chlorine E6 concentration (set by the photosensitizer fluorescence) to quantify photosensitizer concentration.

3.2 Spectral fitting

Figure 4 shows comparison between an example of an experimental spectrum and the inverse
Monte Carlo spectral fitting. The blue line indicates measured spectra and the corresponding model
fit is shown in the red line. The chromophore parameters for the spectral fitting algorithms are
hemoglobin, deoxyhemoglobin, lipid, water and bilirubin. In addition to scattering and absorption
parameters, the tissue oxygenation was also calculated by using the output values of the fitting
algorithm. Error percentage is calculated as the difference between two spectra divided by the

experimental reflectance is below 3.0 %
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Fig 4 DRS spectrum and inverse Monte Carlo fitted spectrum (top) and error percentage (bottom) for the fitting
algorithm.

3.3 In vivo quantification

The SVM model created from phantom validation measurements is applied to the mice data for
predicting the optical properties and fluorophore concentration in tumors. Since one of the main
aims of this experiment was to quantitatively measure the photosensitizer accumulation in the tu-
mors, the pre-injection tissue autofluorescence, pre-PDT, and post-PDT Chlorine E6 fluorescence
signals were analysed to extract the Chlorine E6 concentration (Fig. 5). Box-plots are used to
show the median and interquartile range of data in the figures. A low initial presence of red flu-
orescence signal is observed before PS injection. Accumulation of the photosensitizer is obvious
after injection with three times increase in signal (p-value<0.01) from the initial red fluorescence
intensity for group I and seven times increase (p-value<0.01) for group II. The photosensitizer
intensity decreased for both groups after 5 J/em? treatment step. There is no remarkable difference

after 15 J/cm? delivered dose.

11
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Fig 5 Chlorine E6 level in tumor tissues evaluated by the MEME system before drug injection, pre-PDT and post-
PDT. PrePS stands for before photosensitizer injection, PrePDT for 4h after injection and before PDT treatment, and
Post PDT-5, 15, or 40 for the three different treatment procedures after light delivery. First three box-plots on the left
represent measurements on 36 animals divided into two groups of PDT fluence rate (18 animals in each group). The
two last box-plots show 24 treated animals with 15 J/cm? (12 animals in each group) and 12 treated animals with 40
J/em?(6 animals in each group). All data is based on training set obtained from tissue phantoms.

Figures 6 and 7 illustrate the blood volume and the reduced scattering coefficient variation at
different treatment procedures. Data before the photosensitizer injection were assessed to investi-
gate whether the tumor physiology properties changed due to the drug injection. For the MEME
system the blood volume fraction is evaluated at the two fluence rates of 100 mW/cm? (group I)
and 40 mW/cm? (group II) with median values of 2.2 % and 2.3 %, respectively before injection.
Median relative value of the blood content at group I after injection is 1.2% and 1.1%, 1.1%, 1.0%
respectively after treatment stages with 5, 15, and 40 J/em?. For group II, median relative blood
content is 1.2% after injection, and 1.2%, 1.0%, 1.0% after the three stages of treatment. For the
DRS system, the median relative changes in the blood absorption for group I is 1.0% for all four
measurement procedures relative to the blood absorption value before PS injection. For group II

the median relative blood volume is 1.0%.
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Fig 6 Blood volume variation of tumor tissues evaluated by the MEME and DRS system before drug injection, pre-
PDT and post-PDT. PrePS stands for before photosensitizer injection, PrePDT for 4h after injection and before PDT
treatment, and PostPDT-5, 15, or 40 for the three different treatment procedures after light delivery. First three box-
plots on the left represent measurements on 36 animals divided into two groups of PDT fluence rate (18 animals in
each group). The two last box-plots show 24 treated animals with 15 J/em? (12 animals in each group) and 12 treated
animals with 40 J/cm?(6 animals in each group).

For the MEME system, the reduced scattering coefficients before PS injection were evaluated
as 10.7 cm™2 for group I and 9.0 cm2 for group II. Comparison of reduced scattering coefficient
at two different light doses shows significantly lower value at 40 mW/cm? before PDT and dur-
ing subsequent treatment. All measurements procedures demonstrated relative median values of
around 1 for optical properties variation. The optical properties did not change substantially before
and after PDT treatment. The reduced scattering coefficient had rather high standard deviations
compared to the blood volume fraction variations. The reduced scattering coefficient exhibited a

slight tendency to increase during treatment.
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Fig 7 Reduced scattering coefficients of tumor tissues evaluated by MEME and DRS before drug injection, pre-
PDT and post-PDT. PrePS stands for before photosensitizer injection, PrePDT for 4h after injection and before PDT
treatment, and PostPDT-5, 15, or 40 for the three different treatment procedures after light delivery. First three box-
plots on the left represent measurements on 36 animals divided into two groups of PDT fluence rate (18 animals in
each group). The two last box-plots show 24 treated animals with 15 J/em? (12 animals in each group) and 12 treated
animals with 40 J/cm?(6 animals in each group).

Blood oxygenation changes in tissue were determined by fitting the diffuse reflectance spectra
based on the concentrations of oxyhemoglobin and deoxyhemoglobin. A typical fitted result for
the optical parameters is depicted in Fig. 4.

In contrast to findings that reveal insignificant optical parameters variation during PDT, blood
oxygenation showed a high variation during PDT (Fig. 8). Lowest mean oxygenation was seen
before PS injection and it was 9% for group I and 13% for group II. Tissue oxygenation raised
to 26% after drug injection and before treatment with P value<0.01 for both groups. The tissue
oxygenation increased to 33% (p-value<0.01) after treatment using light with 5 J/em? fluence
for group I and reached to 41% (p-value<0.04) for group II. No appreciable difference in PDT
effect on oxygen saturation was observed for the rest of the process (non-significant p-value>0.2).
Similar trend is shown in Fig. 5, when the photobleaching rate was constant in the last two stages
of treatment.

A histological analysis was planned in order to evaluate tissue changes related to the PDT

protocols. However, there were not any significant results from histological analysis likely due
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Fig 8 Tumor hemoglobin oxygen saturation measured by the DRS system before drug injection, pre-PDT and post-
PDT. PrePS stands for before photosensitizer injection, PrePDT for 4h after injection and before PDT treatment, and
PostPDT-5, 15, or 40 for the three different treatment procedures after light delivery. First three box-plots on the left
represent measurements on 36 animals divided into two groups of PDT fluence rate (18 animals in each group). The
two last box-plots show 24 treated animals with 15 J/em? (12 animals in each group) and 12 treated animals with 40
J/cm?(6 animals in each group).

to short time with the samples preparation which did not allow us to get any relevant information

from the slides.

4 Discussion

In this study, the change of the important dosimetric parameters for PDT in vivo, namely the tissue
optical properties and photosensitizer level in tissue were evaluated with a novel combined fluo-
rescence reflectance system with Multi Emission Multi Excitation (MEME) functionality. Mea-
surements of the optical properties of the tissue are of great interest for some medical applications,
particularly for PDT as used for dosimetry during the treatment sessions. Dosimetry has potential
to predict treatment outcomes by taking into account non-homogeneous distribution of photosen-
sitizer within the tumour and inter- and intra- animal variability in tissue optical properties. The
fiber optic point probe is designed to quantitative tissue fluorescence measurement in vivo using
separate source-detector fibers. The modulation at a kHz frequency regime in this design allows
detection of weak fluorescence signals with a variety of illumination sources in the presence of
the ambient light. Multi LED sources are employed for fluorescence and reflection spectroscopy.
The monitoring of the reflectance is aimed to correct the fluorescence signal from the tissue optical

properties as well as to compensate for source power fluctuation.
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Previous studies have shown that the choice of fluence rate in PDT can affect the physiological and
cytotoxic response and consequently the treatment outcome.2”+28 Therefore, 36 mice received a
light dose escalating from 5 J/em? to 15 and 40 J/em? at two fluence rates of 100 and 40 mW/cm?.
Diftuse reflectance spectroscopy was conducted concurrently to measure tissue optical properties
and oxygenation level.

In this study, least-squares support vector machines (LS-SVM) were used to evaluate the fluo-
rophore concentration, blood volume, and reduced scattering coefficient. In the phantom calibra-
tion experiments, a wide range of absorption and scattering values have been provided to cover a
large variation in the optical properties. The photosensitizer used in this study was Chlorine E6,
and it was added to the liquid phantom to validate the accuracy and robustness of the system in
the prediction of fluorophore concentration in the presence of large optical variations. The results
show that the LS-SVM model can predict the photosensitizer concentration in tissues with different
optical properties. In addition, the detected signals - blood volume, reduced scattering coefficient
and fluorophore concentration - correlate linearly to the actual concentrations (see Fig. 3). The
phantom results were used as a training set in evaluating the same parameters in the in vivo mea-
surements. There is a significant variation in optical properties between tumors and within any of
the tumors caused by the heterogeneity in tissue. We observed that clear fluctuations are present
in blood volume and reduced scattering coefficient in the animals before drug injection prior to the
PDT. Such fluctuations would be imperative to consider in PDT treatments, as they indicate that
individual tumors can respond differently to PDT.

The intensity of the PS-related signal in tissue was measured with the optical fiber system.
The photosensitizer level was highly variable among tissues. There is some statistical difference
between individual mice, but consistency in average values is clear (Fig. 5). A significant pho-
tosensitizer uptake is clear after drug administration. A substantial reduction of tissue Chlorine
E6 after PDT is observed after first and second treatment due to the photobleaching. There are
challenges to estimate the photosensitizer concentration from fluorescence signals in the presence
of endogenous fluorophores. This stems from the background signal from such fluorophores not
related to the photosensitizer concentration. This could have be avoided by adding these fluo-
rophores in the tissue phantom training set to correctly the presence of tissue autofluorescence in

tissue.
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Our results from both systems show insignificant changes in blood volume and reduced scat-
tering coefficients during the treatment procedure for all light doses and both fluence rates. Such
responses have been observed earlier, even though previous studies have investigated other time
periods of the post PDT, possibly explaining differences in the observations.?>=3! In most of the
studies, the optical properties evaluation has been performed for a longer period after PDT, some-
times exceeding 24 months.2? These different interrogation times will definitely result in different
tumor optical properties, arising from different tumor response stages. For instance, Ahn et al.??
presented no appreciable differences in the PDT effect on blood volume as a function of the light
dose after PDT, while significant changes were reported up to 24 months after treatment.

The hemoglobin oxygen saturation was measured with only diffuse reflectance spectroscopy
to investigate the local tissue oxygenation. In general, most PDT dosimetry studies perform the
first oxygenation measurement after drug delivery and before PDT. In this study, we measured
the tissue oxygenation before drug injection. Interestingly, a slight ,yet significant increase in the
oxygenation is observed following drug delivery before any light illumination to the tissue. One
explanation could be that after administration of the drug, there might be a physiological response
to the drug administration. This trend is also observed after the first treatment stage when tumours
were treated with 5 J/cm? light fluence. Understanding the mechanisms of tumor destruction may
explain the increase in blood oxygenation after first light delivery. One immediate response to
PDT is an acute inflammatory reaction in the targeted site and tumor bed, as well as in the normal
microvasculature.!! Increase in tissue oxygen saturation while the blood volume is constant can be
explained by increased blood flow (not measured here). Previous reports on blood flow responses
due to PDT showed great variability most likely due to differences in tumor characteristics and
treatment protocols:”’33 Monitoring of blood flow has been studied with several different tech-
niques including laser Doppler technique and Doppler optical coherence tomography and diffuse
correlation spectroscopy.3*—3¢ In these studies, an initial increase in relative blood flow velocity
followed by a reduction is indicated. Kushan et al attributed this increase due to the narrowing of
the lumen following vasoconstriction. The same trend in vascular response to PDT is observed in
a study by Maas et al37 Tt is also reported that tumor oxygenation change during photodynamic
therapy depend on photosensitizer type and time after injection.38 Increase in tissue oxygenation

was observed for PDT with verteporfin and aminolevulinic acid-induced protoporphyrin IX (ALA-
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PPIX) with 3 hours between injection and irradiation. The result reported here are encouraging,
but more studies are required to translate into clinical use. The significant decrease observed in
photosensitizer concentration together with a great variation in optical properties can be used to
be predictive of response. However, additional interventions may need to be applied to improve
the outcome, such as extending the trial time to observe the treatment influence on tumors. Tissue
necrosis, apoptosis, and autophagy need longer time to become visible in histological analysis,
therefore, further experiments need to be performed with longer evaluation time to get a better

understanding of the PDT outcome.

5 Conclusions

In conclusion, a fiber-optic probe instrument based on fluorescence and reflectance spectroscopy
was used for the purpose of diagnostic and monitoring measurement of tissue. In this study, this
system is a complement to PDT as a mean of dosimetry. The PDT treatment outcome depends
on many variables including PS concentration, oxygen saturation, and optical properties variation
in tissue. An accurate and reliable dosimetry method to take all these variables into account is
essential to allow PDT outcome to become predictable. In this novel fiber probe system, multi-
ple sources using LEDs enable precise quantification of the fluorophore concentration and tissue
optical properties. System performance was validated using LS-SVM regression analysis on phan-
tom with a large variation of optical properties and showed a correlation of > 99% between true
concentration and predicted value. The quantitative measurement of fluorescence signals was ac-
complished in vivo. Results from this study, together with the results from a previous clinical
study,21 show encouraging observation for real-time photosensitizer quantification during PDT.
However, this study was somewhat limited by variation in blood volume concentration, causing
changes in absorption and scattering parameters not being significant. Therefore, the future plans
include optimization of the system to be utilized for better PDT planning with a more controlled
treatment procedure. The longer time interval between irradiation and measurement will be neces-

sary to observe PDT-induced changes in tumors.
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9.1 Introduction

The intention with this chapter is to briefly review the capabilities made possible in
the field of biomedical diagnostics and treatment by employing upconverting
nanoparticles (UCNPs), as well as the importance of appropriate light sources for
such applications. The field of UCNPs in biomedicine has grown rapidly the last
decade, since they first were made sufficiently small and bright to be of real interest
for biomedical applications. This research has been reviewed previously (see, e.g.,
[1-7], while this chapter will focus on recent advances in the use of UCNPs for
preclinical applications and diagnostic assays using laser diode excitation.

9.1.1 Present challenges in biomedical imaging

The development of novel imaging modalities is of high importance in the field of
medicine, for the purposes of clinical diagnostics and therapy [8]. It is of equally
importance for preclinical studies in biomedical research and for screening of
pharmaceutical drugs. The ability to visualise morphological structures of various
sizes, from subcellular structures to organs, can provide essential diagnostic and
prognostic information for a diseased patient, such as the cause, extent and prog-
nosis of a disease. In clinical care, and also to an increased extent in preclinical
studies, diagnostic information is today provided by amongst other techniques
various diagnostic imaging modalities (in vivo or ex vivo). These modalities include
optical X-ray, magnetic resonance imaging (MRI), ultrasound and histopatholo-
gical examinations. In particular, the quickly growing incidence of detected
malignancies will require further extensive development and refinement of various
imaging techniques, both in vivo and for histopathological samples, to facilitate
adequate care [9]. It would for these patients be of particular interest to benefit from
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improved possibilities for visualisation of the confinement and spread of the
malignant cells in the treatment planning and prognostic assessments. In 2008,
malignant deceases became the leading cause of death in the world and lead to 13%
of deaths (equal to 7.6 million deaths annually) [9,10]. Furthermore, the trend is
that the death toll of malignant deceases will continue to grow and is expected to
become 13.1 million deaths annually by the year 2030.

A key prognostic factor for malignant deceases is the time of initiating ade-
quate treatment. Early treatments require early detection — yielding that improved
diagnostic potential provides a potential to significantly reduce mortality and
morbidity of malignancies. Thus, malignant deceases alone motivates the devel-
opment of improved imaging and other diagnostic tools, both in terms of sensitivity
and specificity of malignant decease at a very early stage [11]. Today the most used
anatomical imaging modalities for deep tissue imaging includes primarily X-ray
computed tomography (CT), MRI, ultrasonography (US), positron emission
tomography (PET) and single-photon emission computed tomography (SPECT)
[12,13]. So far, optical imaging (OI) has mainly been used for endoscopic and
microscopic imaging. Subsurface imaging is much more challenging due to the
high light scattering and absorption properties of tissue, limiting the imaging depths
[14,15]. However, with the development of much improved clinically adapted
sources and detectors, imaging beyond millimetres and even centimetres has today
become possible. As shown in Figure 9.1, OI techniques have proven to be sig-
nificantly faster, more compact and cost effective, and possess excellent molecular
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Figure 9.1 This image illustrates how optical imaging (OI) is compared to
conventional biomedical imaging techniques in terms of sensitivity,
acquisition speed and cost. The illustration is reprinted with
permission from the PhD thesis of Can Xu [23]
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sensitivity through the use of fluorescent contrast agents, as compared to conven-
tional non-optical techniques [12,15,16]. Today, diffuse optical imaging (DOI),
diffuse optical tomography and diffuse optical spectroscopy (DOS) are used to, for
example, monitor and visualise tumour protease activity [17], apoptosis [18], brain
activity [19,20], breast cancer [21] and to control photodynamic therapy treatments
of cancer [22].

In a similar way, preclinical, often whole-body, imaging has rapidly grown in
use and importance. This is primarily in an effort to make preclinical studies less
expensive and time-consuming. The vision and trend is to adhere to the 3R principle
(replace, reduce and refine) animals studies by designing an increasingly fraction of
longitudinal studies, where each individual animal is followed throughout the study.
This strategy would facilitate studies of any disease development or treatment
response based on few subjects only.

9.1.2  Motivation of interest for optical bioimaging

Despite the many merits of OI techniques, several challenges and limitations exist, in
particular related to the spatial resolution and limited penetration depths in certain
tissues illustrated in Figure 9.1. There exists a general ambition to find ways to
improve the OI and spectroscopy techniques by employing novel contrast agents
known as UCNPs, as well as models for light-tissue interaction. This may potentially
enhance several aspects of current optical techniques, including the sensitivity, depth
penetration, spatial resolution, quantitative accuracy and system complexity. The OI
techniques can provide excellent spatial maps of quantities of interest, however, this
is often at the cost of little to no spectral information. DOS can be used to obtain
spectral information and has already been used heavily in numerous tissue diag-
nostics applications [24-26].

When employing O, one can rely on a number of different contrast mechanisms.
OI employs typically molecular contrast rather than morphological structures for
imaging. The molecular contrast can either be through absorption (such as in DOI),
luminescence or scattering (such as in various Raman-based techniques). This chapter
will concern luminescence-based techniques. The luminescence emission is generally
originating in molecules present in the tissue, either tissue endogenous molecules
present naturally in the tissue, or exogenous agents used as contrast agents for
improved imaging qualities. The exogenous drugs used for imaging are often based on
fluorescence dyes that are preferentially located in the tissue structures to be imaged.
Important characteristics for the contrast agent is that it should provide a characteristic
signal easily discriminated from tissue autofluorescence, it should not bleach easily
when illuminated and obviously be selectively bound to the tissue structures to image.
The excitation and emission wavelengths are also important as they define the probe
volume and spatial resolution that will be obtained in the image. Also genetically
encoded markers are used, such as fluorescence proteins. These contrast agents are
produced by genetically modified cells, and will thus label these cells very uniquely.
The drawback with this technique is that the cells labelled are genetically modified,
and thus only applicable in specially engineered preclinical studies.
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9.1.3  Genetically modified and exogenous molecular labelling

Controlled activation of biomolecules is very crucial in medicine, for example,
controllable gene delivery/knockdown in gene therapy and anti-cancer drug
delivery in cancer chemotherapy. Photoactivation provides an elegant approach for
on-demand site-specific molecule release with high spatio-temporal precision.
Unfortunately, photoactivable molecule vectors mostly respond to ultraviolet (UV)
and blue radiation, which has very limited penetration depths and light toxicity to
biological tissues. This makes direct-UV-irradiation-based photoactivation method
unrealistic in deep tissues in in vivo systems. A very unique and recently suggested
photoactivation approach, employing lanthanide doped UCNPs as energy transdu-
cers, opens the possibility of implementing light-controlled biomolecule activation
in deep tissues [27,28]. UCNPs, upon near-infrared (NIR) excitation, can generate
UV emission, which acts as a switch to activate biomolecules in vicinity. The NIR
excitation guarantees maximised penetration depth and minimised adverse effects
of excitation light in tissues, while the localisation of UV or blue emission vanishes
its toxic effect on non-targeted tissues.

9.1.4  Motivation of interest for UCNPs for bioimaging

With photon upconversion we mean a process in a medium where energy of the
photons emitted are higher than for those absorbed. Typically two or more pho-
tons are absorbed and their combined energy is higher than the emitted photon
they generate through the upconverting process. This reduction in number of
photons makes the process possible as it guarantees conservation of energy. The
process is schematically shown in Figure 9.2(b). The generated, the so-called
upconverted, emission is also known as anti-Stokes shifted emission. The
upconversion phenomenon was first observed by Bloembergen in 1959. He pro-
posed that the concept could be used for infrared quantum counters [29]. Today,
upconversion is, for example, used in infrared markers to visualise near-infrared
light, otherwise invisible for the human eyes. While the upconversion mechanism
proposed by Bloembergen relied on meta-stable real states in crystal hosts, with
the availability of lasers, upconversion is today routinely realised in multiphoton
microscopy [30], triplet—triplet annihilation [31-33] and other nonlinear effects in
crystals and gases [34]. The processes of upconversion were thoroughly investi-
gated by Auzel [35-37]. The interest of these materials came with the develop-
ment of these materials in form of nanoparticles. Faris et al. pioneered this early
biomedical research of UCNPs [38]. The field gained increased interest once
UCNPs were produced with considerable improved quantum yield (QY) [39-48].
The UCNPs used today for biomedical applications include mainly rare-earth
metal doped nanocrystals. Frequently NaY F, is used as a host material in these
nanoparticles, due to the low losses of the emission in these materials. The
UCNPs have been demonstrated to provide unique properties, clearly providing
potentials for improved optical bioimaging, as reviewed in this chapter. These
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advantages will be discussed in more detail under the Photophysical properties
and Applications subchapters below.

9.1.5 Use of diode lasers for upconversion
nanoparticle-based bioimaging

In order to gain full interest of UCNP-based imaging for the biomedical community,
it has to be safe, provide better results than other markers and also be cost-effective.
As far as the community so far has been observing, the particles are biocompatible, in
the sense that they can be administered systemically without complication. No
toxicity at concentrations of biomedical interest has been observed [49], while more
studies in this topic obviously are necessary before any use in human studies. Such
studies are underway.

Cost-effectiveness is ensured by availability of commercial particles, either
coated with specified functional material to specifically bind to a number of pre-
defined and identified tissue targets, or as bare particles, that can be coated by the
users with their own specific targeting coating. Instrumentation-wise the technique
can also be kept at low cost through the use of inexpensive diode lasers for exci-
tation and conventional laboratory cameras for detection. An intention with this
chapter is also to discuss the specific properties of the excitation sources to enable
optimised detection possibilities. In particular, wavelength, power and pulse dura-
tion properties are essential. For many applications, the possibility to couple the
light into large core-size multi-mode optical fibres is crucial. The most important
identified properties of the excitation source are discussed in the subchapter
Sources. In this respect, both the spectral and temporal properties of the light source
is of importance, as will be further discussed below.

9.1.6 Organisation of chapter

The organisation of this chapter is as follows. After the introduction, a subchapter
entitled Photophysical properties is provided. Here the main properties of the
particles are discussed, together with a brief description of the unique possibilities
these properties provide for biomedical imaging. This subchapter is relatively more
extensive than the others, as most of our own research has been within character-
ising UCNPs for biomedical applications, and identify the unique properties, so
they can be utilised as well as possible.

Next follows a subchapter briefly discussing some of many potential biome-
dical applications, where UCNPs can become an enabler for successful studies or
biomedical procedures. This subchapter will review selected applications, to illus-
trate the vast possibilities with UCNPs for biomedical use.

Before the final summary of the chapter, being a part of Handbook of Semi-
conductor Lasers and Diode-Based Light Sources in Biophotonics, we will also discuss
the essential properties for the sources to generate as useful information as possible.
These properties are primarily wavelength, pulse-length, power and beam properties.
In addition, the importance of short- and long-term stability will be addressed.
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9.2 Optical properties of UCNPs

The interaction between light and tissue is strong, making the depth of light
penetration limited to a rather shallow region. The interaction is due to both
absorption and scattering. The light-tissue interaction and thus light penetration is
dependent on its wavelength. The near-infrared wavelength region is beneficial for
deep light penetration, due to low absorption and scattering for light in this wave-
length range. Selecting the best contrast agent and light source thereby ensures that
the light penetrates the furthest through tissue, enabling that deeply located target
cells can be investigated. Furthermore, in luminescence imaging employing
UCNPs as a contrast agent, the signals also clearly depends on the concentration of
UCNPs, their absorption cross section and QY. Techniques for characterisation and
synthesis of UCNPs and various factors for optimisation of their luminescence
efficiency are addressed in this subchapter.

9.2.1 Upconversion process

The photophysical pathway associated with upconversion (UC) photoluminescence
is relatively well understood. UC refers to non-linear optical processes in which
sequential absorption of two or more low-energy photons results in higher-energy
emission. It is thereby described as an anti-Stokes mechanism. There are three main
processes causing upconversion (shown in Figure 9.2): Excited state absorption
(ESA), also known as sequential two photon absorption; energy transfer upcon-
version (ETU); and photon avalanche effect (PA). The principles of them are all
schematically presented and discussed in several review articles [37,50-52]. In
ESA (illustrated in Figure 9.2(a)) is a pumping mechanism suitable for single-
doped materials for which the emitting ion first absorbs one photon of proper
energy to be prompted from the ground to the first excited state (E1). Sequentially
it is then excited again now from E1 to emitting level (E2) by absorption of another
pump photon. The two pump photons can be generated from the same source if the
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Figure 9.2 This image shows simplified energy diagram of the upconversion
photoluminescence mechanism: (a) excited state absorption (ESA);
(b) energy transfer upconversion (ETU); and (c) photon avalanche
(PA). Dashed, solid and dotted lines represent photon absorption,
photon emission and energy transfer processes, respectively
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two energy gaps are equal. UC emission achieved via ETU follows a similar
principle as those of ESA, whilst the UC process involves a non-radiative energy
transfer between neighbouring ions in the crystal (sensitiser and activator), as
depicted in Figure 9.2(b). In the ETU process, the sensitiser absorbs a photon and is
excited to an excited state. The activator is through the energy transfer in a first step
excited to an intermediate level (E1), and then, following a second absorbed photon
by the sensitiser, sequentially transferred to a higher excited level (E2). The photon
avalanche effect, is also based on sequential energy transfers between ions as result
of cross relaxation process, simplified in Figure 9.2(c). All of these mechanisms
take advantage of employing real intermediate energy levels. These intermediate
levels also possess a relatively long lifetime (in the order of milliseconds). There-
fore, the simultaneous absorption of two and more photons is not required, and the
excitation intensity for observing upconversion can be achieved by using low-cost
lasers suitable for biological applications. This is in sharp contrast to the mechan-
isms employed in multiphoton photoluminescence, requiring very intense excita-
tion (typically femtosecond lasers) as all excitation photons need to be present
simultaneously due to the virtual intermediate energy level unable to store the
absorbed photon energy. Competition for the depopulation of the intermediate state
of the involved activator governs the power density dependence of the upconver-
sion luminescence intensity and consequently, the QY.

9.2.2  Lanthanide-doped UCNPs

The Lanthanide (Ln) ions, also known as rare-earth metals, with a ladder-like
energy level structure are the most commonly used luminescent centres for
upconversion luminescence, owning their special electron configuration with a
filled outer 4f electron shell and stable excitation state. Ln-doped ions generally
comprise a nanoscale inorganic host, doped with sensitiser and activator ions [53].
The most popular UCNP represents NaYF, as inorganic crystal matrix, co-doped
with lanthanide ions in the form of the sensitiser ytterbium Yb*>" and activator Er**
or thulium Tm>". The widely accepted energy level diagram of NaYF,:Yb*", Er* " is
shown in Figure 9.3. The sensitisers absorb energies from NIR photons and then
transfer their excitation energy to the activators from where radiation can be emitted.

Apart from the upconversion phenomena, UCNPs benefit from their unique
properties including, sharp emission bandwidth, long lifetime, high photostability
and low cytoxicity, all being very desirable properties in biotechnology. Since the
optical properties of lanthanide ions are greatly determined by the f-f electron
transitions, their forbidden nature (Laporte rule) [54] leads to a long lifetime — in
the order of milliseconds. Distinguished from traditional fluorescent labelling
agents, RE-doped UCNPs can be excited by sequential absorption of two or more
NIR photons and emit light at shorter wavelengths (range of NIR-UV to NIR). This
upconversion mechanism possesses several advantages which include: (i) high
signal-to-background ratio and thereby high detection sensitivity due to the absence
of autofluorescence; (ii) deep penetration of NIR light into biological tissue and
less photo damage to biological samples. In contrast to direct two photon absorp-
tion, upconversion processes are often related to energy stepwise transfer between a
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Figure 9.3 Energy-level diagram and upconversion scheme for the Yb>+-
sensitized Er’+ and Tm’+ systems is shown. The figure is taken
from [7] with permission

sensitiser and activator. This results in much higher efficiency of upconversion,
excitation can be achieved at substantially lower power continues wave diode laser.
Individual UCNPs have been spectroscopically investigated and no photobleaching
or photodamage was reported after 1 h of continues laser illumination [55].
Moreover, UCNPs showed non-blinking behaviour since the upconversion process
accruing among numerous randomly positioned ions in a single UCNPs which
produce steady-state emission after continues exposure to a high excitation energy
level.

The absorption probability of UCNPs is determined by the doped lanthanide
ions. The majority of lanthanide ions exhibit low absorption cross sections leading
to poor excitation efficiency. To enhance upconversion efficiency, co-doping with
a second ion as a sensitiser with a high absorption cross section in NIR region is
generally utilised. Among the lanthanides, Yb>* (1.2 x 1072° ¢cm? at 980 nm) and
Nd>* (1.2x 107" cm?) have relatively large absorption cross section. The
absorption band of Yb** is due to ?Fy—?F; transition and well resonant with f-f
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transition of many activator ions, such as Er’*, Tm>" and Ho®>" [56,57]. The
selection of different emitters in terms of combinations of lanthanide dopants is a
novel approach to generate tunable multicolour conversion emission [56,58]. It is
notable that the emission spectrum of an UCNP is associated with the host com-
position, particle size and particle surface properties. Contrary to the Yb which has
a very narrow band absorption and only one excited state (ZF%), Nd has multiple
NIR excitation bands at wavelength 730, 808 and 865 nm corresponding to tran-
sitions from 4Ig to “F%, 4F% and 4F§, respectively. The absorption by water around
these excitation wavelengths is much lower than that at 980 nm, allowing not only
light to penetrate deeper into biological tissue, but also minimising tissue damage
due to heating effect. Additionally, the large absorption cross section and efficient
energy transfer from excited Nd®>" to Yb>* ions suggest Nd as a promising candi-
date for bioimaging applications [59—62]. Another interesting novel approach to
address overheating by shifting the excitation to shorter wavelengths is to utilise an
organic broadband dye-sensitised antenna molecules to increase the absorptivity
and broadens the absorption spectrum of upconverter as well as enhance the overall
upconversion efficiency by a factor of 3.3 [63].

While many Lanthanide-doped host materials have been observed to exhibit
upconversion luminescence, a significant effort has been focused on the optimal
selection of host material, dopant ions and dopant concentration to achieve most
efficient UC luminescence with controllable emission profiles. The choice of host
lattice determines the distance between ions and consequently, concentration of
ions. In the case of sensitised UC luminescence the average distance between
dopant ions significantly influence the upconversion efficiency. The sensitiser
concentration must be high enough to optimise energy transfer between sensitiser
and activators, but not so high to be influenced by deleterious cross-relaxation
effects. The three-dimensional lattice structure of host material brings the lumi-
nescence centres into the optimal position with respect to the ion-to-ion distance
and spatial distribution of dopant ions. An ideal host material should be optically
transparent, chemically and thermally stable and possess low phonon cut-off
energies [64]. The local structure of lattice is known to have an impact on its optical
properties. It was found that the intensity of the upconversion luminescence in
hexagonal-phase NaYF,:Yb®", Er>" is approximately 10 times stronger than that in
cubic one for otherwise identical particles [65]. The emission intensity of an
upconverting material depends also on its dimension. Although the small nano-
particles are advantageous to the biological applications, the reduced particles size
leads to an increase of surface-to-volume ratio of materials and thus more defects
on the nanoparticles surface is introduced [66]. There are now many methodologies
to synthesise nanoparticles with desired size and chemical compositions.

9.2.3  Synthetic methods of UCNPs

In the use of UCNPs as luminescent labels in biological applications, suitable size
and uniform shape of the nanocrystals and high aqueous solubility are the primary
prerequisites for imaging. The size of the particles plays a key role in the uptake,
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biodistribution and clearance of nanoparticles in living organisms. Sizes comparable
to the biomolecules are required so as not to interfere with cellular systems. Great
efforts have been dedicated to exploring the efficiency of various methods for the
synthesis of UCNPs [57,67,68]. The thermal decomposition and hydro(solvo)thermal
synthesis have become the most popular methods as they provide excellent control
over shape, particle size and phase of fluoride UCNPs.

The thermal composition method. Thermal composition method was first
employed by Yan and colleagues for fluoride-based nanocrystals via the co-
thermolysis of the trifluoroacetate precursors in a solution of surface ligands,
octadecene (ODE), and capping ligands, oleic acid (OA), at high temperature
(=300 °C) [69]. In this reaction, the octadecene was used as the primary high
boiling surface solvent to provide high temperature environment. Oleic acid
acted as a capping ligand to control the particles growth and stabilise the growing
particles in solution. Yi replaced the ODE and OA by a single olelyamine (OM)
and produced uniform and small size NaYF,:Yb>", Er** and NaYF,: Yb*", Tm**
[70]. In addition, Mai et al. synthesised monodisperse high-quality cubic-(a) and
hexagonal-(B) phase particles with controllable size in OA/OM/ODE mixture [71].
The thermal decomposition synthesis procedure has been refined by several groups
and now is a general route to synthesis monodisperse and well-defined size nano-
crystals in different phases. So far, a series of UCNPs based on NaYF, [67,70-72],
NaGdF, [71,73], NaYbF, [74], LiYF,4 [75,76] and BaGdFs [77] hosts have been
synthesised through this particular method. The thermal decomposition method
requires expensive and toxic air-sensitive metal precursors and control of high
reaction temperature. The need for non-polar capping ligands on the surface of
UCNPs entails further surface modification to make them water-soluble.

Hydro(solvo)thermal synthesis. The solvothermal techniques operate at much
lower temperatures and produce fewer toxic by-products than the thermal decom-
position methods. This approach utilises a solvent in a sealed environment under
pressure and temperature above their critical point to facilitate the interaction of
precursors during synthesis. Typically, the reaction takes place in specialised ves-
sels known as autoclave involving mixing of lanthanide and fluoride precursors in
an aqueous solution. Li and co-workers reported hydrothermal synthesis of
B—NaYF,:Yb>", Er’* UCNPs of controlled size and morphology in different
solvents aided by cetyltrimethylammonium bromide (CTAB) and ethylenediami-
netetraacetic acid (EDTA) [78]. It was observed that the NPs size and their
morphology is not easy to control when water is used as a solvent (hydrothermal).
However, spherical nanoparticles on the order of 20-30 nm are produced in acetic
acid and uniform size of 50 nm were generated in ethanol (solvothermal). A “one
pot process” with heat-resistant organic polymer (e.g., PVP, PEI) added to the
solvent and polyacrylic acid (PAA) as capping ligands was reported by Wang et al.
[79]. The pure hexagonal phase UCNPs with a uniform size of about 40 nm
B-NaYF,, with the capability of readily dispersing in aqueous media, was fabri-
cated. The feasibility of this method has been demonstrated by several groups.

Coprecipitation is another friendly and convenient approach for synthesising
lanthanide doped NaYF, UCNPs [80]. The benefits of this method are operational
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simplicity, easy control of particle size and composition, and the lack of toxic by-
products.

In addition to discussed methods, also other less well known synthetic routes
such as sol-gel [81], microemulsion [82,83] and flame synthesis [84] have also
been employed for the generation of luminescence non-crystalline nanoparticles of
varying host materials.

9.2.4  Surface modification

The UCNPs fabricated by many of these available methods are prepared using an
organic environment, such as oleic acid, and are surrounded by hydrophobic cap-
ping ligands. A preparation with hydrophilic nanoparticle surfaces is required for
biomedical applications (or they will aggregate immediately after in vivo admin-
istration to the water rich tissue [85-88]. Therefore, surface modification is
necessary to convert the hydrophobic UCNPs into hydrophilic ones. In addition to
hydrophilicity, surface functionality is required to facilitate the conjugation
between UCNPs and biomolecules. Surface modification of UCNPs can be classi-
fied into two broad categories: (1) coating with an inorganic shell layer and (2)
modification with organic capping ligands. The most frequently employed method
in inorganic surface functionalisation is surface silanisation of silicon. Silica is an
attractive coating with a negligible influence on the luminescence properties of
UCNPs. The surface silanisation technique can be used to modify the surface of
both hydrophobic and hydrophilic UC nanocrystals. The Stéber method has been
widely used to apply a uniform coating of silica on hydrophilic NPs while UCNPs
with hydrophobic ligands surface are coated with well-established reverse micro-
emulsion method. Li and Zhang reported a uniform size (10 nm) silica-coated
polyvinylpyrrolidone (PVP) stabilised NaYF4:Yb, Er/Tm nanoparticles in a mix-
ture of ethanol-water solution via Stober method [89]. The thickness of silica shell
can be adjusted within 1-3 nm by varying the initial amount of tetracthoxysilane
(TEOS), see Figure 9.4. Silica-coated UCNPs are highly stable, biocompatible and
well dispersible in aqueous buffers [90,91]. Silanisation method provides a core
shell structure which creates an easily accessible platform for introducing the var-
ious functional group (e.g., -NH,, —COOH or —SH, etc.) for the further conjugation

©
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Figure 9.4 Schematic illustration of the NaYF ;:Yb,Er@PVP silica-coated. The
concentration of TEOS controls the size of silica shell thickness [92]
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with biological molecules. Another inorganic surface modification scheme is
core-shell concept discussed in Section 9.2.5.

The most common surface modification strategies with organic capping ligands
investigated are ligand-exchange, oxidation, absorption and free modification, as well
as what is called the layer-by-layer (LbL) method. In the ligand exchange process,
bifunctional organic molecules are utilised to replace the original hydrophobic
OA ligands. To date, hexanedioic acid [93], 1,10-Decanedicarboxylic acid [94], 11-
mercaptoundecanoic acid [94], citric acid [55,73,95], poly(ethyleneglycol)-phosphate
[96], polyacrilic acid (PAA) [72,97,98] and polyvinylpyrrolidone (PVP) [99] are the
most common acids and polymers used in a ligand exchange process. The ligand
oxidation is an alternative method based on the chemical reaction of surface ligands
[100]. The capped OA ligands of UCNPs are oxidised into azelaic acid and nonanoic
acid with the Lemieux—von Rudloff reagent. This results in the generation of free
carboxylic acid group on the surface due to the cleavage of unsaturated carbon-carbon
bonds. In the OA ligands, the oxidised UCNPs modified with carboxylic acids exhibit
the same size, shape and luminescence properties as the original UCNP. The trans-
formation of hydrophobic UCNPs to hydrophilic materials can be achieved also
through the absorption of an amphiphilic polymer onto the surface of the nano-
particles as a result of hydrophobic-hydrophobic van-der-Waals interactions. Chow
et al. [101] reported modifying the coating of NaYF,:Yb,Er@NaYF, to become an
amphiphilic layer consisting of 25% octylamine and 40% isopropylamine modified
PAA. Speghini et al. reported that the formation of an oleate double layer around
colloidal CaF,:Yb,Er/Ho/Tm nanoparticles rendered stable water suspension [102].
Wang et al. modified this strategy and developed a method of depositing LbL to
successfully generate water-soluble UC nanoparticles. This technique involved the
electrostatic attraction between oppositely charged species [103]. The LbL assembly
technique permits the preparation of coated colloids of different size and shape with
high stability and biocapability.

9.2.5 The core-shell concept

The dopant ions distributed at the surface of UCNPs are readily quenched through
non-radiative decay pathway due to the presence of surface ligands with high
vibrational oscillators, weakly bound surface impurities and crystal imperfections,
as well as solvent molecules. The luminescence quenching can be reduced by
forming a uniform core without sensitiser ions with small lattice mismatch around
the core, to protect the host lattice and greatly minimise the surface quenching-
induced emission losses. The most straightforward choice for the shell materials is
the same pure host materials of the core particles with no optical active ions, called
as active core/inert shell. Chow et al. [101] reported a significant luminescence
enhancement of nearly 30 times by 1.5 nm tick shell of undoped shell materials on
the surface of NaYF, Yb,Tm core particles and 7.4 times for NaYF,:Yb,Er core
particles. These small core/shell nanoparticles (11 nm) were rendered hydrophilic
with an amphiphilic layer of polymer. A heterogeneous core-shell nanostructure
can also be synthesised with different core and shell materials. In this case, the
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quality of core-shell structure can be characterised in transfer electron microscopy
(TEM) as the core and shell will differ. To further enhance upconversion lumi-
nescence and also tunability of the upconversion luminescence, optically active
centres have been introduced in the shell layers, fabricating active core/active shell
structure. For example, Capobianco and co-workers have demonstrated a sig-
nificant increase in the intensity of upconversion in NaGdYF,:Yb>*, Er** active
core NaGdYF,:Yb>* active shell compared to NaGdYF,:Yb>*, Er** active core
NaGdYF, inert shell and NaGdYF,:Yb> " active core only nanoparticles [104].

9.2.6 Quantum yield

The luminescence QY determines the efficiency of the conversion of absorbed
photons into emitted fluorescence photons. Since the intensity of an upconversion
process has a nonlinear dependency on absorbed pump power, the QY will be
power dependence. As will be seen below, this will be a linear dependence for a
2-photon process below saturation excitation levels, gradually going towards a
constant value for saturating power densities. Thus, it is critical to measure the
exact excitation power density to evaluate the QY precisely. Determination of QY
of conventional fluorophore has been carried out via two widely used experimental
setups: a fluorometer and integrating sphere. However, there have not been any
report on measuring the absolute QY of UCNPs until recently where Boyer et al.
have successfully designed a setup based on integrating sphere using a basic
spectrometer and an inexpensive diode laser [105]. In their study, they have
measured the QY of NaYF, UCNPs in various sizes ranging from 10 to 100 nm.
QY was measured to be in the range of 0.005% to 0.3% for particles and 3% for
bulk material. A fluorometer can also be utilised to measure relative QY of UCNPs
through careful optical characterisation by comparison to a reference fluorophore
with known QY. Xu et al. reported a QY of the 800 nm emission of hexagonal-
phase core-shell NaYF,:Yb*>", Tm>* NaYF, using spectrofluorometer-based setup. A
QY of 3.2% was measured under an excitation intensity of 78 W/cm? They theore-
tically compared the QY of the UCNPs with the most efficient two-photons dye
under the same experimental conditions. It was observed that the two-photon dye is
8 orders of magnitude less bright for realistic power densities a few centimetres
deep in tissue.

In almost all reports so far, QY values are published without consideration of
their complex dependency to the power density. This ignorance leads to incom-
parable results from different studies. Thus, a standard protocol for QY measure-
ment of UCNPs to provide complete information about UC is desirable. Liu et al.
proposed a simple approach to fully describe the QY of UCNPs for arbitrary
excitation power densities. In this method, a simplified steady-state condition for
the population of excited energy state of Yb>" is considered from a rate-equation
analysis. As depicted in Figure 9.2(b)) the activator is described by a quasi-three-level
model including ground state G, the intermediate state E1 and the emitting state E2.
The incoming photons excite the sensitiser ground state which is well populated. The
laser power (photon flux) (p), dopant concentration and absorption cross sections (o)
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Figure 9.5 Simplified energy levels model used for the rate equation modeling

determine the ground state excitation rate. As shown in Figure 9.5, these parameters
can be indicated in the following steady-state rate equations:

dNvyy, Nyyp

T — GoNyy, — —2L =0 9.1
dr 0PNy, Tyb, ( )
dn; N,
7[1 = CoNoNyv, — CiNiNyv, — T—I‘ =0 9.2)
dN- N
S - NNy, — 2 =0 ©3)

dt T2

Where 7y, , 71 and 7, are the lifetimes of sensitiser excited level, activator inter-
mediate level and activator emission level, respectively. In this equation, a term
representing the depletion of the population of sensitiser excited state due to ETU is
neglected since the linear decay is the dominant depletion mechanism [106]. This is
also the case for the population depletion of activator emission state E2 due to ETU
to even higher energy levels. After rearranging and solving the above system of
equations, the QY of two-photon upconversion emission can be obtained as follows:
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Figure 9.6 Experimentally determined QYs for the 800 nm upconversion
emission band of core NaYF . YB*Y/ Tm’+ and core-shell NaYF
YO /Tm® " @NaYF, UCNPs. The solid lines are the fitted curves
using (9.4). The fitting parameters used for the core particles are
b= 3,800 mW/ecm? and 1, = 0.91%, and for the core-shell
particles they are p,= 1,300 mW/cm® and 3, = 2.6%. Reproduced
from ref [107] with permission from The Royal Society of Chemistry

where py, is referred as balancing point when the ETU rate and linear decay rate
equally contribute to the depopulation of the intermediate state El, i.e.,
N, . . .
d_¢ IN1Nyyp,. The 7, is the maximum attainable QY of the system when the
71
pump power density is at the saturation level and 75¢ is the radiative lifetime of
excited state E2. When the excitation intensity is at the balancing power density,
P = po, the QY, 7, is the half of the maximum QY, 7. As can be seen in Figure 9.6,
experimental QY data acquired from measurement on core NaYF4:Yb*> ", Tm>" and
core-shell NaYF4:Yb*", Tm** NaYF, is well fitted by the expression in (9.4).
The power density dependence of the QY can be extracted by the derivative of
luminescence power, Py, over excitation photon flux, p, in a double log scale.
legPlum 1

=1+ 9.7

k
dlogp 1 + 71 - Ci7yb, 0Nyp, P

The slope efficiency, &, has a value of 1.5 at the balancing power density point.
Under low excitation intensities, where the linear decay from E1 to G state is dominant
over the ETU rate, the slope efficiency will be close to 2, indicating a quadratic
dependence on the excitation intensity. An extra consideration needs to be applied in
UCNPs QY measurement where non-uniform excitation spatial radiation, typically
with a Gaussian profile, is illuminating the sample. A CCD-based detector was used to
record the intensity distribution of a laser beam cross-section in real time to compensate
for change on excitation power density to provide accurate QY information [108,109].
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9.3 Applications

The advantages of UCNPs as imaging probes are derived from their unique
upconverting luminescence (UCL) properties and also from the NIR radiation used
for exciting UCNPs. Compared to visible light excitation, NIR excitation for in vivo
imaging provides several advantages such as remarkable light penetration depth,
weak autofluorescence, low tissue heating and weak non-specific photo-damage to
biological samples. Therefore, the Ln-doped UCNPs are an attractive choice for
biomedical applications, primarily for in vivo imaging and assays. To date, few
aspects within small animal imaging have been studied, which include whole small
animal body imaging, in vivo tumour targeting imaging, multimodal animal ima-
ging, immunoassay, PDT and photo-activate ions.

9.3.1 Whole body small animal imaging

An early study on imaging of small animals using Ln-doped nanoparticles is
reported by Zhang et al. injecting 100 pl of polyethyleneimine (PEI)-coated
NaYF4:Yb,Er nanoparticles subcutaneously in anaesthetised Wistar rats [39].
Luminescence signals were observed up to 10 mm beneath the rat’s skin. The
ex vivo biodistribution of PEI coated nanoparticles was investigated 0.5 h, 24 h and
7 days after injection. A rapid accumulation in the lung was observed 30 min after
injection while the concentration of nanoparticles in all tissues was decreased 24 h
after injection with highest concentration in the spleen. The nanoparticles were
undetectable by 7 days post-intravenous injection. A long-term in vivo distribution
study of PAA-UCNPs (NaYF4:Yb,Tm) with NIR-to-NIR UCNP emission was
conducted by Li’s group by an UCNP imaging method [97]. The distribution ana-
lysis shows a long-term retention of nanoparticles in the lungs and spleen, similar
to other reports. To date, a high contrast UCL imaging of whole body small animals
with a penetration depth of 20 mm has been achieved [73]. Moreover, ultra-high
sensitive stem cell labelling for long-term in vivo tracking was generated and used
to detect as few as 10 cells in a mouse [110]. Biodistribution studies are useful
indicators for studying the toxicity effects of the UCNPs. The absence of short term
toxicity has been proven so far in various studies, encouraging further exploration
of UCNPs for in vivo biomedical applications.

9.3.2  Tumour targeting imaging

Development of tumour targeting molecular imaging using upconversion materials
is still a great challenge due to insufficient tumour accumulation which limits their
further clinical application. However, their ability to easily bind targeting mole-
cules is one important aspects of the use of UCNPs as bioprobes for bioimaging.
The utilisation of Ln-UCNPs have been documented for tumour targeting imaging
in few cases based on ligand-acceptor and antigen-antibody interactions. For
instance, folic acid modified UCNPs and arginine-glycine-aspartic acid (RGD)
peptide have been employed as a targeting agent for in vivo tumour targeting. On
the basis of high affinity between folic acid (FA) and folate receptors (FR), the first

Andersen-6990377 17 October 2018; 16:56:54

158



Paper VI

Potential biomedical use of diode-laser-induced luminescence 307

successful example of in vivo targeting imaging with mice bearing HeLa tumours
was reported [87]. Strong upconversion emission signals were collected from the
location of the tumour. Afterwards, several FA-modified UCNP have been
employed in various studies for targeted bioimagining of tumour cells [39,111—
113]. Li and co-workers also used the RGD (RGD = arginine-glycine-aspartic acid)
peptide conjugated UCNPs for targeted imaging of mice bearing U87MG tumours
[114]. These probes show a significant increase in the avidity of a,/B; integrin
receptors, being over expressed in human glioblastoma U87MG tumours. It has
been well known that most antibodies have high affinity for their antigens. The
antigen-antibody reaction can be widely used as a useful strategy for targeted
recognition for luminescence bioimaging. For example, anti-Her2 antibody was
conjugated with nanoparticles to image cancer cells over-expressed with a protein
called Her2 [115]. An obvious fluoresce pattern under a modified epifluorescence
microscope was observed in the tumour as a direct result of Her2 recognition,
whereas no significant fluorescence could be detected in a control group. In addi-
tion, the use of UCNPs as a feasible cell tracker tool was demonstrated by Zhang
et al. The long-term stability of UCNPs has allowed to obtain information on cell
dynamics at high resolution inside living animals [116]. Multicolour in vivo UCNP
imaging is demonstrated in multiplexed lymph node mapping and multicolour
cancer cell tracking by using a series of UCNPs with three different emission col-
ours [117]. Moreover, vascular imaging of the mouse ear was performed. The probe
was clearly visible more than 2 h post injection [118].

9.3.3  Multimodal imaging

Within the vision of future medical imaging to detect life-threatening diseases long
before clinical manifest, even at the time of the earliest cellular changes that define
the disease, improved diagnostics are needed. Two main lines towards meeting this
vision are the use of molecular and multimodal imaging. Molecular imaging is the
labelling of contrast agents with tumour/tissue specific targeting agents, for
example, antibodies, affibodies, peptides and aptamers, by which it is possible to
detect changes that occur on a cellular or molecular level. Multi-modal imaging is
the combination of several imaging technologies to extract more information by
combining the advantages of each technology, such as high spatial resolution,
quantification ability, and portability. Key for this would be to accomplish addi-
tional value in using a combination of techniques, not to just get the same infor-
mation in a multitude of ways. This development is expected to have a major
impact on the detection and individualised treatment guidance of many diseases,
the development of new drugs and our understanding of how disease arises.
UCNPs can be very interesting in the context of molecular sensitivity and
multimodal approach, as they offer a contrast agent that could be used for both
purposes. The molecular sensitivity can be achieved by coating the particles with
specific targeting agents. Appropriate modification of the surface can provide
selective binding to specific molecules. For this, the size of the particles is also of
interest, as this is a critically important parameter for the biodistribution and
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pharmacokinetics of the compound following administration. Bigger particles will
not be able to reach all parts of the body, and thereby not the molecules they are
aimed to target. As a consequence most molecules targeted should be localised
outside or on the cell membranes, i.e., for instance, being expressed on the cell
membrane of the cells to be labelled. To obtain the capabilities of multimodal
approach, the nanoparticles should be active in several respects. Upconversion
nanoparticles provide an ideal platform for achieving multifunction, for example,
multimodal imaging, sensing and therapy. This can be accomplished primarily by
combining various nanomaterials to construct complicated heterogeneous nanos-
tructures. This can be possible in multiple ways, depending on the techniques to
combine in the imaging. By exchanging the commonly used matrix from NaYF, to
one with a crystal lattice with Gd ions, like for instance NaGdF4, the nanoparticles
would be detectable also with MRI [119-122]. The nanoparticles can also be
optimised for simultaneous upconverting and downconverting imaging [123],
providing also an opportunity to dual optical imaging.

Another approach that could be considered for multifunctional particles, would
be to consider developing superparagmagnetic iron oxide (SPIO) nanoparticles
coated with a UCNP shell [124,125]. Such particles would be possible to detect
with magnetomotive ultrasound imaging [126], and with PET/SPECT if also
attached to a radionucleid [127].

9.3.4 Bioassays

Bioassays are experiments that measure the effects of the substance on a living
reporter system and are essential to provide information about biochemical sub-
stance such as a drug or bioactive substance. To achieve a high sensitive detection
and accurate analysis of single biomolecules, efficient bioassay methods based on
Ln-doped UCNPs probes have been developed. UCNPs are photostable and exhibit
long-lived emissions even in an excitation field of relatively high power. In addi-
tion, the narrow emission line width of lanthanide ions in hosts (with full width at
half maximum of 10-20 nm) increases the potential of changing the lanthanide
dopants concentration to achieve distinguishable emission bands, enabling a large
number of multiplexed detections [128]. The currently established biological
assays are generally categorised into heterogeneous and homogeneous bioassays.
The first use of upconverting phosphors in heterogeneous bioassay technique was
reported by Zijlman and co-workers in the year of 1999 [129]. Two UCL reporters,
including a green emitting ytterbium/erbium Y,0,S:Yb,Er and blue-emitting
ytterbium/thulium Y,0,S:Yb,Tm particles conjugated to NeutrAvidin were used in
a model system consisting of human prostate specific antigen. Later, Tanke et al.
used the green emitting phosphor particles (Y,0,S:Yb,Er) to identify human
papillomavirus type 16 infection via detection of specific nucleic acid molecules
sequences [130]. Cooper et al. used phosphor particles with a composition of
Y,0,S:Yb,Er and Y,0,S:Yb,Tm in lateral flow (LF) assays on human chorionic
gonadotropin (hCG) to benefit from the advantages of this assay format with those
of the UC phosphors reports system [131]. A detection limit of 10pg hCG in a
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100 pl sample was achieved, which represents at least a 10-fold improvement over
conventional reporter systems. The possibility of detecting two different targets
simultaneously on the same membrane strip colour coded with two different UC
phosphors compositions was proven as a concept of assay multiplexing. This was
furthermore demonstrated by Niedbala et al., where they developed a lateral flow
strip assay format for simultaneous detection of amphetamine, methamphetamine,
phencyclidine and opiates in saliva [132]. The 400-nm diameter spherical UCP
particles were covalently conjugated to antibodies and were placed into the test by
premixing with the sample or dried into a sample pad. Smaller magnetic and
upconversion luminescent nanoparticles were produced through magnetic-field
associated biochemical separation and concentration technology [133]. The mag-
netic nanoparticles were approximately 150 nm and were conjugated with nucleic
acid for sensitive detection of trace amounts of DNA. The possibility of printing
multiple antibodies was demonstrated by Hanna Pékkila et al. [134]. Three model
analytes, including prostate specific antigen, thyroid-stimulating hormone and
luteinising hormone, were selected to be used in evaluation of the performance of
array-based immunoassay using a mix of secondary antibody-coated UCNP. Very
recently, Kale has demonstrated spectrally and spatially multiplexed array-in-wall
immunoassay for simultaneous classification and detection of serological samples
utilising green-emitting IgG-coated UCNPs and blue emitting IgM coated to detect
human IgG and IgM, respectively [135]. In this method, the differentiation between
antigen specificity and antibody class was achieved based on the position and the
colour of the signal, respectively. UCNP-based bioassays can achieve much more
sensitive detection than conventional ones due to their desirable photophysical
properties. Moreover, they are inexpensive and allow for multiplexing and quan-
titative detection. The development of new optical encoding strategies for multiple
analyte detection is well established endowing the unique properties of UCNPs.
Tunable luminescence lifetime of UCNPs in the microseconds region is an addi-
tional attractive parameter that can be used for optical encoding. By manipulating
the luminescence decay lifetime, one can create a temporal coding dimension from
the micro to milliseconds range in a single colour band [136]. Each code can be
well-separated at this time scale to avoid overlapping of the signals.

A homogeneous assay platform generally utilises a sandwich structure to measure
the analyte concentration and biological activities in biological fluid based on sensitive
and reliable fluorescence resonance energy transfer (FRET) technique. In a conven-
tional FRET process, the labelled donor and acceptor molecules are capable to interact
in the presence of analyte through a luminescence energy transfer. UC luminescence
resonance energy transfer (LRET) biodetection utilises UC nanoparticles as ideal
energy donor insomuch as the noise of the autofluorescence background can be thor-
oughly removed as a result of NIR excitation. Moreover, unwanted detection signal
due to direct excitation of acceptor can be completely ruled out, thus offering high
detection sensitivity and signal-to-noise ratio. In 2005, Soukka’s group has success-
fully demonstrated the sensitive detection of biotin with a limit of detection (LOD) of
0.7-9 nM by utilising Y,0,S:Yb,Er phosphors as a donor and a fluorescent phycobi-
liprotein (bio-PBE) as an acceptor [137]. Subsequently, they applied this technology
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for simultaneous detection of multiple analyte without interference from auto-
fluorescence by using sub-micrometre-sized particles which produce multiple narrow
emission band at visible wavelength under IR excitation [138]. However, due to the
strong distance dependency of the energy transfer efficiency the use of large size
particles limits the detection sensitivity. A highly sensitive bio-sensor to quantitatively
detect target DNA with LOD of 1.3 nM has been exploited [ 139]. In addition to organic
dyes to be used as acceptor, metallic NPs such as gold NPs and graphene oxide have
also been utilised as superior quenchers of UC donor. For instance, Amino-functio-
nalised NaYF,4:Yb, Er UCNPs and gold NPs (Au NPs) were prepared and conjugated
with the human immunoglobulin G (IgG) and rabbit anti-goat IgG, respectively. This
sandwich-type LRET-based approach can reach a low detection limit (0.88 ug/mL) of
goat antihuman IgG [140]. Recently, Chu and co-workers designed a bio-sensor
comprising the peptide-functionalised NaYF,:Yb, Er UCNPs as energy donor and
graphene oxide as energy quencher for the sensitive and selective determination of
human immunodeficiency virus (HIV) antibody [141]. A detection limit of 2 nM was
reported. For the detection of cholesterol level in human body, Ding and co-workers
developed a upconversion nanocomposite composed of B-cyclodextrin (3-CD) deri-
vative-modified NaYF,:Yb, Er UCNPs and Rhodamine B [142]. It was observed that
the detection accuracy reaches down to approximately 3.0 uM in the concentration
range of 10-110 pM. Latterly, these efforts clearly demonstrate that Ln-doped UCNPs
are excellent donor labels in homogeneous LRET and are capable to extend the
application of FRET techniques to be engaged in clinical, food and environmental
monitoring.

9.3.5 Photo-activation

There is a great potential in activating molecular reactions with light as it enables
another means to remotely control molecular events in tissue. A slight complication
is that many reactions only can be initiated with short, energy-rich wavelengths. An
issue with this is that such short wavelengths do not penetrate tissue well, limiting
the activation capability to superficial locations. For deeper tissue activations,
UCNPs can be employed as mediators, facilitating local conversion of NIR-to-
violet light. As NIR light penetrates much deeper into tissue, UCNP can provide the
means to conduct non-invasive photo-activation below the very first superficial cell
layers without artificially guiding the light into the tissue. The idea of using UCNPs
for this purpose was generated already about 10 years ago, when UCNPs started to
become efficient for biomedical use. Zhou ef al. demonstrated then an NIR-
controllable luminescence switch based on UCNPs. They were utilising inter-
molecular energy transfer within a photochromic diarylethene derivative and
UCNPs loaded in a poly(methyl methacrylate) (PMMA) film [143]. The use of
UCNPs for in vivo photo-activation has since gained a considerable interest. Many
studies have been conducted in the development and evaluation of the potential of
UCNP-based photo-activated chemical reactions. Examples of such research pro-
jects include activation of carboxylic acid, therapeutic nitric oxide, chlorambucil
(an anti-cancer drug), doxorubicin (another anti-cancer drug) [144—147].
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Besides small molecules, complex biomolecules like proteins and nucleic acids
have also been photo-caged and photo-activated using UCNPs. The ability to use of
UCNPs for uncaging biomolecules has been shown both in vitro and in vivo [148].
In that study thiolated silane-modified NaYF,:Yb,Tm@NaYF, core-shell UCNPs
were caged with D-luciferin. When incubated with the enzyme luciferase, uncaging
of D-luciferin occurred and produced bioluminescence. This type of research was
advanced by the group of Zhang, successfully demonstrating the use of NIR-to-UV
UCNPs for light-controlled gene expression and knockdown [149]. In that study,
plasmid DNA and siRNA were first converted to a non-active form by chemically
photo-caging. The nucleic acids were bound to NaYF4:Yb,Tm UCNPs coated with
mesoporous silica. By exciting the UCNPs with NIR light, they demonstrated it is
possible to locally generate sufficient amount of UV light to photo-reactivate the
nucleic acids and expressed green fluorescent protein in B16F0 cells (a melanoma
cell line). This was demonstrated both on a cell culture and when the cells were
located in tissue at depths down to 4 mm. In a next step, this group successfully
showed the use of UCNPs as mediators for gene therapy [150]. A similar metho-
dology as above was employed. They managed to accomplish an efficient tumour
reduction in a mouse model following NIR excitation. The idea behind the project
was to employ NIR light to knock down the expression of the STAT3 (signal
transducer and activator of transcription 3) gene. To accomplish such an activation,
NIR-to-UV converting UCNPs were co-loaded with STAT3 photo-morpholino
(a UV-triggered short nucleic acid analogue) and delivered into B16FO cells. These
cells were then used to induce tumours in the C57BL/6 mice model. The results
illustrate the potential of utilising UCNPs for efficient photoactivation deep in
tissue for gene therapy purposes. Further another study illustrated the possibility for
employing UCNPs in optogenetics, to optically activate the channel Rhodopsin 2
modified mechanosensory neurons in Caenorhabditis elegans [151]. The activation
was conducted using NIR excitation of UCNPs. The locally emitted blue light
following the NIR absorption in the UCNPs stimulated the channel Rhodopsin in
the neurons, triggering the C. elegans to change direction in its movement, see
Figure 9.7. These studies provide hopes that NIR diode-laser excited UCNPs can be
used as a tool to photo-activate vital chemical reactions, useful in fundamental
biological research as well as in the future potentially also in medical applications.

9.3.6 Photodynamic therapy

Photodynamic therapy constitutes a special branch of photo-activation, and is given
a special subchapter here because of its potential and special academic challenges
in fully understanding the processes involved, as well as in optimising the treatment
parameters. Photodynamic therapy is a non-thermal treatment modality involving a
catalysing photosensitiser in combination with light to initiate a photochemical
reaction involving oxygen. The aim of this photochemical reaction is to cause
selective tissue ablation or cell death. Photodynamic therapy has mainly been
utilised as a treatment option for malignant tumour destruction, but is increasingly
frequented also in the management of infections. The latter capability is of particular
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Figure 9.7 This image illustrates how it is possible to trigger a C. elegans to
change direction of movement with light. This figure is reproduced
with permission from Bansal et al. [151]. Here follows a slightly
modified figure caption from the paper: Schematic showing
differences in movement behaviour in worms expressing ChR2 in their
mechanosensory neurons (a) when exposed to NIR light alone (no
UCNPs) and (b) when exposed to NIR light in the presence of UCNPs.
The worms move fluidly without drastic changes in direction in panel
(a). However in panel (b), the worms show a drastic change in
direction akin to being touched due to the activation of the
mechanosensory neurons caused by the activation of ChR2 via the
blue light produced by UCNPs upon NIR irradiation. (c) Effect of
varying UCNP concentration on percentage of worms showing
reversal phenotype when irradiated with NIR light at 50% duty cycle
and peak power 4 W. n =20 per group. (d) Percentage of worms
showing the reversal phenotype upon incubation with UCNPs and
subsequent NIR irradiation, along with the controls (untreated worms,
worms exposed to NIR light alone, or worms exposed to UCNPs
alone). p-value = 0.0004 between the control and UCNP + NIR
groups. n = 90 per group. (e) Representative images (video stills)
showing the reversal process in the UCNP+NIR group

interest in view of the increase in methicillin-resistant Staphylococcus aureus infec-
tions. Photodynamic therapy provides a new tool with the potential to be efficient also
for resistant antibacterial and anti-fungal infections. A reason for that is that the PDT
mechanisms are not primarily targeting the cell nucleus, resulting in poor ability for
microbes to modify themselves to develop resistance against PDT.
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The potential for a unique treatment selectivity is obtained through the light
delivery, photosensitiser localisation and presence of oxygen in the tissues. This
multiparameter sensitivity function is valuable as it provides great means to gen-
erate a very selective treatment, while it is also making the modality complex and
the treatment planning challenging. Well planned and correctly conducted, PDT
can provide a treatment with high precision for optimised outcomes in each indi-
vidual treatment. The modality promises a minimally invasive treatment (repeated
if necessary) as no per se harmful substances are employed. It is thereby offering
selective and efficient ablation of malignant tissue volumes or infections, while
sparing surrounding tissues and yielding minimal side effects.

Typically PDT employs NIR activatable photosensitisers, as the NIR light
penetrates tissue more readily, facilitating treatment of more than very superficial
and thin lesions. Interstitial light delivery is another route increasingly frequently
employed to be enable treatment of deeply located treatment volumes or thick
lesions. A remaining challenge is that the photosensitisers utilised today still have
rather limited absorption cross sections and QYs, requiring high fluence to achieve the
desired treatment. This is in particular challenging away from the location of light
delivery, when light has been attenuated in the tissue in passing to the target volume.
Also, the photosensitisers are typically activated at a still non-ideal wavelength in
light penetration aspects, as in the selection of appropriate wavelength to employ, one
has to balance the light penetration with the absorption properties of the photo-
sensitiser used. An unmet need is consequently to develop a photosensitiser with
properties as close as possible to what is desired in terms of efficiency and wavelength
for the activation with optimal light penetration properties. Employing UCNPs as
local wavelength converters could be a means to accomplish these needs, as it pro-
vides a tool to somewhat uncouple the absorption wavelength (influencing the light
penetration) and the quantum efficiency in the subsequent photochemical reaction
generating the cell depth. The efficiency can also be addressed by modifying the
mechanistic reactions involved. One such very interesting development of PDT is
what is called photochemical internalisation (PCI) [152,153].

The intention with using UCNPs as mediators in PDT is simple, they will
convert far NIR to violet light locally inside the tissue to treat. In this way NIR light
at a wavelength that penetrates tissue well can be utilised to convert the absorbed
light to a wavelength that is optimal for the photosensitiser. Gain can be achieved
as the treatment absorption cross section multiplied with treatment QY for the
conventionally used photosensitisers are generally much higher for violet light than
for the most used red or NIR wavelengths. This gain has to overcome the losses
we have in the absorption cross section times the QY for the violet emission by the
UCNPs employed. This might be non-trivial to accomplish as the QY for the
UCNPs is generally low (in the per cent range) and also dropping for low light
fluence rates. For that reason one needs to critically evaluate the potential gain
before proposing this as a general tool to improve PDT treatment at deep locations
in tissue. Figure 9.8 illustrates this issue, presenting a back-of-an-envelope calcu-
lation for which the condition that the QY is unaltered for the photosensitiser for
the two treatment scenarios, meaning it is independent whether it is excited at red
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Figure 9.8 The panels are used with permission from Xu et al. [4], and illustrates
plots from simple estimates of light fluence rates and treatment times
versus depth in simulated prostate tissue. (a) Calculated fluence rates
within human prostate tissue following 660 nm and 975 nm excitation,
respectively. The modelling is based on light diffusion theory using the
optical properties of the tissue detailed in the reference. The inset
shows the corresponding QY for the UCNPs (the QY for the
photosensitiser at 660 nm is constant) as a function of depth. (b) The
treatment time needed to reach the light threshold dose of 1 J/cm®
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or violet wavelengths. In this case the necessary light energy density for reaching
the treatment threshold is much higher for the UCNPs-mediated treatment than for
the conventional photosensitiser.

The reality is obviously more complex than the simple model used to present
Figure 9.8. This is clearly illustrated by the results presented by the group of Zhang
[154—157] and others, see, for example [158]. They demonstrate enhanced treatment
response by employing UCNPs mediated PDT as compared to conventional pho-
tosensitisers. To obtain these results they used UCNPs coated with a thin layer of
TiO, as a photosensitiser. This method avoids the previously identified limitation
with leaking and uneven loading of the photosensitising molecules, as well as the
possibility for the generated radicals can reach the critical cellular target structures.

As for the other photoactivation ideas, there are still many remaining chal-
lenges and questions, before this modality of PDT will gain clinical interest. Such
questions include:

e How efficient is the singlet oxygen production?

e How far away from a structure can the particles be to still be able to destroy
critical cellular structures? Does this constitute a challenge? Where do you
need to have the particles located in order to obtain optimal damage?

e Treatment at depth:

—  How is the treatment depth normally limited in conventional PDT?

—  What are the properties to compare for the photosensitiser and UCNP con-
struct to be able to predict their efficiency for treating deep tissue locations?

—  What are the mechanisms that potentially will make the use of UCNP-
mediated PDT at deep tissue locations favourable?

That said, it is remarkable promising results, given the doubts of the potential given
in Figure 9.8. We are looking forward to follow the future development of UCNP-
mediated photoactivation and PDT.

9.4 Sources

In order to make the UCNPs tools attractive and user-friendly, the optical
arrangements employed must be acceptable both in terms of size and costs. Semi-
conductor sources would thereby be ideal to use as they are both small and cost
efficient. What are then the additional desired properties of the light source to
efficiently excite the UCNPs, sometimes located deeply into tissues?

o  Wavelength — the light needs to penetrate tissue well and cause minimal tissue
heating. It should also be efficiently absorbed by the UCNPs.

e Temporal profile — due to the multiphoton stepwise excitation, the pulse length
should match the lifetime of the intermediate state.

e Optical integration — the light source should allow that the light can be effi-
ciently delivered to the target tissue

e Power stability — the source should be sufficiently stable to provide a robust
signal. This includes both short and long-term stability.
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Firstly, for the wavelength considerations the near infrared region yields the
best light tissue penetration between 700 and 900 nm. With low absorption comes
also minimal tissue heating, as the heating is generated by the light absorbed in the
tissue. There are a number of strategies for obtaining good absorption of the
UCNPs as described above. Most frequent is to use Yb as sensitiser ion. This ion
absorbs best at 975 nm. Alternatively Nd ions can be employed, absorbing around
808 nm. Some studies have also proposed to use molecular dyes in the UCNP
coating to increase the absorption cross section. This scheme relies on transferring
the absorbed energy from the dye to the rare-earth ions, yielding that also these
should absorb in the NIR wavelength range. The benefit would be a higher
absorption cross section of the dye as compared to the rare-earth ion, and also more
flexibility in the absorption wavelength as compared to the discrete number of lines
available for rare-earth ions.

Secondly, the light pulse length has to match the intrinsic lifetime of the UCNPs.
This is because following the first excitation event in an ETU process, the second
should provide an energy transfer to an already excited ion. This timing has been
understood by using rate-equation analysis [107,159]. The first energy transfer must
thus have been completed and the intermediate state been populated, and at the same
time it should not have been depopulated through other spontaneous relaxations. This
process is thus quite different from how one can employ chromophores for multi-
photon excitations, as such excitation does not rely on an intermediate state, but the
various photons yielding the multi-photon excitation must be present simultaneously,
within the temporal uncertainty determined by the line width of the light. Typically,
the intermediate state is best populated within the timeframe of milliseconds. Thus,
the optimal light pulse is of that pulse length. Longer pulses will dilute the photon
density within the active excitation process, while shorter pulses will provide a con-
siderable fraction of the photons before the intermediate state is populated. Following
this reasoning, longer pulses should be employed the more energy transfer process
used in the excitation — meaning three or more photon processes. The pulse energy
and repetition rate is then limited by the permitted tissue exposure limits. For skin at
975 nm, this is 200 mWem 2 average power. This also provides a relation between
pule energy and repetition frequency. Here it is an advantage to maximise the peak
power, on the expense of low repetition rate, as the upconversion process is char-
acterised by a non-linear behaviour up to a saturation limit.

Thirdly, for most applications, the light will be guided through an optical fibre.
This means the beam quality from the source should be efficiently coupled into the
fibre. The diameter of the fibre is usually of less importance. Frequently 400—
600 um core diameter fibres are used. One part of the reason for this is to allow
simple and efficient coupling of the light source into the fibre. Another reason is
that one typically will illuminate a larger area of the tissue with some known,
usually top-hat illumination profile to just balance the illumination to what is per-
mitted. Therefore, the tip of the fibre is frequently imaged with a lens on the tissue
surface, with a magnification that provides the desired illumination beam size. For
practical reasons a larger core fibre diameter makes such magnification optics
simpler and, most of all, more compact.
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Lastly, the light source needs to be sufficiently stable to secure reliability and
repeatability in measurements or photoactivation. Short-term stability means the
power profile within a millisecond pulse. The source needs to provide a con-
trollable power profile within each pulse. The first intention would naturally be to
provide a constant power throughout each light pulse. This is what the relatively
course rate-equation analysis suggests. With improved rate-equation analysis we do
not exclude that it may be better to design the temporal pulse profile differently to
further improve the possibility to generate as high populations in the desired energy
level in the activator ion as possible, within the limits presented by the light
economy determined by the permitted light exposure, as well as by the properties of
the light source employed. The long term stability is obvious to guarantee repeat-
ability. When discussing repeatability one need to understand that this is a multi-
photon process, sometimes with many photons involved. The results can thus be
very sensitive to the excitation power.

In order for UCNP-based technique to become translated to become well-
adopted scientific tools, these requirements must be fulfilled and especially
affordable instruments need to be developed. With the great promise in the tech-
niques UCNPs can mediate, our strong believe is that instrumentation will be
developed to fully facilitate the potential of the techniques described above as well
as techniques yet to be invented. The instruments obviously include appropriate
excitation sources. Here cost effective diode lasers seem to be very appropriate.

9.5 Summary

We have in this chapter tried to provide a brief overview of the field of UCNPs for
biomedical applications and given a flavour of its promising potential and future.
Our interpretation is that UCNPs will become a valuable agent for several appli-
cations, some of them still to be invented/studied. For imaging it has great promises
mainly due to the possibility to avoid any background from tissue autofluorescence,
as well as the ability to simultaneously label several targets by UCNPs with
different dopants. In this chapter we have not discussed applications within
immunohistochemistry and digital pathology, as these fields have not been studied
in any details. We believe these fields could become important application areas of
UCNP labelling. Furthermore, we predict a very rapidly rising and fascinating
field in general UCNP-photoactivation, with the demonstrated possibility to
employ UCNPs as mediators to convert NIR light to violet light in vivo, and the
rapidly growing interest in photo-activation in basic research in situations where
one easily can access the tissue location of interest with NIR light. Here is, in our
opinion, a promise for novel applications to emerge, see, for example [27,160].
By describing not only the biomedical applications possible benefiting from
the properties of the UCNPs, but also providing their photophysical properties, we
hope this chapter can form a valuable source for introducing the field. We have
aimed to stress properties of an optimal light source, and thereby established a clear
link to the use of diode lasers and LEDs. In the field of UCNPs the excitation is
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particularly relevant, as the upconverting excitation scheme is a non-linear to its
character, with multiple sequential excitation steps. Due to the long lived inter-
mediate state, or states, if more than a two-photon process is employed, saturation
of the excitation can easily be observed when the excitation power density
increases. Also, the lifetime(s) of the intermediate state(s) determines how short
pulses should be used, typically in the range of milliseconds. This means that
modulated CW lasers are preferred, suggesting the use of diode lasers for small
illumination areas when focussing is important. For broad field illumination LEDs
might be suggested, if any emission in the detection band can be avoided.
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Abstract: Upconverting nanoparticles are an emerging technology with fast-growing
applications in various fields. The power density dependence of emission quantum yield of
these particles makes them a challenging material to characterize using currently available
commercial quantum yield systems. We propose a multimodal system, which takes into account
and compensates for various distorting parameters while providing accurate high dynamic
range (1:10%) quantum yield curves. The resulting stability and reproducibility test showed less
than 4% variation for measured quantum yield values under various experimental conditions.
Furthermore, quantum yield measurements on commercially available core and core-shell
particles were presented. A brief outlook on future prospects is presented towards the end.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
1. Introduction

The use of upconverting nanoparticles (UCNPs) has developed rapidly and today spans a
wide range of research fields including, among others, molecular interactions in cell biology,
specific staining of tissue slides, in vivo luminescence imaging, and photodynamic therapy [1-
10]. Each of these avenues of research stem from the discovery of the upconversion (UC)
process by Bloembergen [11] and an early series of studies conducted by Auzel [12-14]. UC is
the unique energy conversion ability of the materials to generate a high energy photon as a
consequence of the sequential absorption of multiple low energy photons. UC capable
nanomaterials have demonstrated remarkable optical features, which has facilitated the
generation of high impact findings in various fields of research in biomedicine.

Due to the varying requirements in different biomedical applications, both material design
and optimization of these particles are playing key roles in framing further research. To date,
numerous properties of UCNPs have been investigated, including crystal composition and
structure, surface functionality, and biocompatibility [15-20]. Recently, one of the important
areas of UCNP-related research has focused on luminescence efficiency. The low quantum
yield (QY) nature of UCNPs has been a limiting factor in the extensive adoption of UCNPs in
biomedical applications. QY is typically only in the range of a few percents at high excitation
power densities and decreases dramatically in the low power density regime [21]. The power
dependence of the QY is critically important, especially for deep tissue applications - where the
excitation light is heavily attenuated by intrinsic biomolecules and where low power densities
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are required. Various factors contribute to low QY of UCNPs, including crystal properties (e.g.
host matrix, size, phase, and dopant ratio), surface properties, and dispersion medium [22-27].
Hence, extensive research aimed at improving the QY of UCNPs to obtain a stronger signal is
well motivated. Many different approaches have been applied to increase QY, including
optimization of particle composition [28], engineering of the excitation source [9, 29, 30], and
implementation of core-shell structures [31, 32].

The efforts in improving the luminescence efficiency of UCNPs make standardized QY
measurements essential. Previous work in measuring the QY of UCNPs includes a remarkable
study done by Boyer et al. [33]. More recently, the importance of the excitation beam profile
in such measurements was reported [34-37]. Traditionally, integrating sphere instruments are
used to measure the absolute QY, as these can collect emission from all directions. The
alternative would be to use a detector measuring in a limited solid angle. This can then yield
the QY by referring to measurements of a dye with known QY in the same measurement
geometry, assuming that the spatial distribution of the emission from the two samples are
identical. The advantage with the latter relative quantum yield technique for measuring QY of
UCNPs is that the beam profile can be better controlled and measured, which is of significant
importance as the QY depends on the power density of the excitation light. The efficient
reflections within an integrating sphere, together with a complication in measuring the actual
beam profile in an integrating sphere, make it difficult to control and know the exact beam
profile of the excitation light in this type of setup.

Currently, it is clear that there is no complete system that adequately characterizes the QY
of UCNPs. There is a high demand for a compact QY characterization system that is capable
of covering a wide dynamic range of excitation power densities and a broad spectral range that
includes all emission lines of interest. Such a compact system would extremely be useful for
deep tissue, photodynamic therapy (PDT), and bio-imaging applications, where excitation
power density varies with the specimen depth. Furthermore, a standardized QY characterization
protocol would allow for direct comparisons between different UCNPs that are developed by
various research groups.

In this work, we present a multi-modal QY system that compensates for various distorting
parameters (scattering, beam profile, inner filter effect, the limited bandwidth of filters) and
provides well-resolved high dynamic range quantum yield curves. The system provides means
to measure the absorption, scattering, emission spectra of samples and the beam profile
employed in the excitation. A Tm-based core and core-shell UCNPs with excitation at 976 nm
and emission at 800 nm were investigated to characterized, test and validate the system. The
system provides means to measure the absorption, scattering, emission spectra of samples and
the beam profile employed in the excitation. Importantly, the method also eliminates the
influence of uneven and uncontrolled power density distribution due to speckles of a coherent
excitation laser by cleverly managing the illumination path design.

2. Material and Methods

2.1 System Setup

Figure 1 shows the schematic layout of the multi-modal quantum yield system. The system
consists of 6 arms designed to shape and acquire the beam profile (arms 1, 2, 3, respectively)
and characterize various optical parameters (absorption and scattering, emission spectra, and
luminescence signal) of the UCNP sample (arms 4, 5, 6, respectively). Arm 1 (UCNP excitation
arm) consists of temperature stabilized single-mode fiber-coupled diode Laser (Thorlabs,
BL976-PAG500) and an optical arrangement to achieve speckle free beam profile of adjustable
size. Two sets of optics inarm 1 (L1 f = 30 mm; L2 f = 30 mm or nil; L3 f = 6 mm or nil; and
L4 f = 200 mm) were used to achieve two different spot sizes: 700 um or 150 um in beam
diameter. The two spot sizes were chosen to achieve a high dynamic range of power densities
while also having an optimal overlap of the two quantum yield curves generated. A filter (F1-
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OD 2) was employed to further increase the range of quantum yield curves at low power density
regions for a given spot size. Lenses L1 and L3 on arm 1 were mounted on XY stages (Thorlabs
CXY1) for precise alignment of the beam spot in the middle of the cuvette holder. A pair of
irises (12 and 13) were used to align the spot in the middle of the cuvette. A polarizer P1
(Thorlabs, LPNIRE200-B) was placed in between lenses L1 and L2 to vertically polarize the
light impinging on the sample. A power meter PM (Thorlabs, PM100D) was attached at the
distal end of the cuvette holder to measure the power of the light passing through the sample.
Arm 2 (reference dye excitation arm) is an exact replica of arm 1 with a single-mode fiber-
coupled 785 nm laser (Thorlabs FPL785S-250 at 785 nm) used for excitation. The arm is
enabled by flipping the flip mirror (FM2). The purpose of this arm is to acquire the
luminescence signal from the dye whose emission line is similar to the emission of the UCNPs.
The quantum yield value of the dye used was well known from the literature [38], which enables
the relative quantum yield assessment by calibrating the experimentally obtained quantum yield
values from the UCNPs.
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Fig. 1 a) Optical layout of multimodal quantum yield system b) CAD model of the system c)
Image of the QY system in the lab

Arm 3 (beam profile arm) consists of a high-resolution camera and a set of filters to acquire the
beam profile of the excitation light employed, identical to the beam profile in the cuvette. A
pellicle beam splitter (Thorlabs, CM1-BP108, 92:8) was used to split the rays and the camera
was placed at equidistant to the center of the cuvette holder thus acquiring a beam profile
resembling the midpoint of the sample cuvette. Arm 4 (absorption and scattering spectra arm)
provides a broadband light source (Ocean Optics HL 2000) to enable broadband scattering
measurement of the sample. This arm is enabled by flip mirrors (FM1 and FM2 ) which transmit
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the white light through the sample in the sample holder to be measured by a spectrometer
(Ocean Optics QE Pro). For this measurement, the power meter (PM) was replaced with a fiber
bundle (Thorlabs BFL200HS02) which was connected to the spectrometer. The intensity and
spot size of this arm is controlled using an iris (11). Arm 5 collects the luminesce light from the
sample and sends it onto the fiber-coupled (Thorlabs BFL200HS02) spectrometer (Ocean
Optics QE Pro, 350-1100 nm) to measure the emission spectra of UCNP samples. The arm
consists of lenses (L9, L10 = 30 mm), and a short pass filter SP1 (Thorlabs, FES0900) to
remove excitation stray light at 976 nm. Arm 6 is the luminescence arm, which collects the
luminescence light emitted by the sample using a set of lenses (L5, L6, L7, L8 = 30 mm) and
focuses that light onto an avalanche photodiode (APD) detector (Thorlabs, APD120A). A slit
(700 pm) is placed between L6 and L7 to limit the measured light to the emission generated in
the center of the cuvette and also manage to avoid luminescence signals overfilling the APD.
A polarizer P2 (Thorlabs, LPNIRE100-B) is kept at (53.7°) with respect to the linear polarizer
in excitation arms to remove distortion caused due to any anisotropic nature of the samples. A
set of two filters, a bandpass BP (Edmund Optics, FBH800) and a short pass SP2 (Thorlabs,
FES0900) are placed in the path to filter excitation light and only allow the luminescence signal
(800 nm) to pass and be focused on the APD active area. Similarly, a bandpass BP (Edmund
Optics, FBH800) and long pass LP (Thorlabs, LP02785RU) filter are adopted to avoid
excitation light while measuring the reference dye signal. An X-Y stage (Thorlabs CXY1) was
used to precisely center the APD detector and thereby enabling accurate alignment. A data
acquisition (DAC) device (National Instruments, USB-6216) along with a preamplifier (Femto
— DLPVA) was used to acquire the signal from the APD. All parameters varied in the system
(e.g. laser current, power meter settings, beam profile, spectrometer settings) and the
measurement routine are controlled and automated using a user-specified Labview software.

2.2 Samples preparation

The samples used for this study were water-soluble NaYF4:Tm core and core-shell UCNP
samples (102-25-804) procured from Hangzhou Fluo Nanotech co. Ltd at a concentration of 10
mg/ml. The samples were diluted in distilled water at 5 mg/ml, 2.5 mg/ml for concentration
repeatability measurements. These UCNPs were optimized during the synthesis for
enhancement of the 800 nm emission transition. The reference dye used to calibrate the UCNPs
signal was procured from Dyomics (Dy- 781). The dye has an emission wavelength centered
similar to UCNP (800 nm) and a factory tabulated quantum yield of 11.9 % when dissolved in
ethanol. The dye was diluted in ethanol solvent to have absorption values similar to 10 mg/ml
UCNP samples used for this study. Two dedicated cuvettes with water and ethanol solvents
were prepared as blank references to obtain absorption values of pure UCNPs and dye. 1 ml
was the minimum quantity needed to perform the measurement. Therefore, 2 ml of each sample
were placed in a quartz cuvette (Thorlabs, CV10Q3500FS) and the cap was sealed with a glue
gun to avoid any evaporation of the ethanol and water solvents.

2.3 Measurement protocol and data analysis

A systematic procedure was adopted for both, the collection of data from the sample and
analysis algorithm to extract compensated quantum yield values. The workflow for data
collection and analysis is depicted in Figure 2.

Measurement protocol

At first, the UCNP and dye samples were prepared as mentioned in the sample
preparation section and sonicated for 15 minutes. The broadband (350-1100 nm) emission
spectrum of the UCNPs was acquired using arm 5. This was followed by broadband
transmission measurements of samples in the following order: UCNPs, reference water, empty
cuvette, dye sample, reference ethanol. Then the system was set up to create spot size S1 in
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both arms. The beam profile at S1 was captured using excitation arm1 with the beam profile
camera, followed by luminescence signal measurements of UCNPs at various laser currents
(976 nm, laser 20- 800 mA, step size 4 mA). The same process was thereafter directly repeated
for the dye sample at various laser currents (785 nm, laser 20- 250 mA, step size 4 mA). The
whole procedure of measuring the luminescence signal of UCNPs and dye at S1 was repeated
with filter F1 & F1” in the respective arms. Then, the whole sequence of measurements was
repeated for beam profile S2. In total eight luminescence measurement series were conducted
in the following order: UCNP-S1, dye-S1, UCNP-S1-F1, dye-S1-F1’, UCNP-S2, dye-S2,
UCNP-S2-F2, dye-S2-F2’. This completes the measurement sequence of the multimodal
system. This sequence was repeated for each sample to be characterized, in this study different
concentrations of core and core-shell particles. The outputs of the measurement sequence are
the emission spectrum of UCNP, in total five transmission data of UCNP and dye samples, two
beam profiles of S1 and S2, and eight luminescence signal of UCNP and dye combined.

Start Inputs
} « Preparation of UCNP samples 4—| ° Emission spectrum
« Preparation of dye samples * Transmission

« Sonication for 15 minutes * Beam profile
* UCNP and dye luminescence

Emission spectrum Optical properties (SM-sec. 1)
* Broadband spectrum of UCNPs measured \ O[]z |+ Absorption coefficent and reduced scattering
using high-resolution spectrometer ‘ < ient extracted from issi

measurements

Transmission measurement

Beam profile analysis (SM-sec. 2)
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* Image-based intensity matrix for compensation

« Broadband transmission spectrum of UCNPs
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High power density regime e
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3. Experimental quantum yield of UCNPs calculated
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hbwNPE

* Gaussian-based quantum yield compensation
« Image-based quantum yield compensation

Outputs

« Absorption and scattering spectra
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« Beam profile
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« Emission spectrum

« Transmission

« Beam profile
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Fig. 2 Schematic flow chart depicting the measurement protocol and analysis algorithm.

Analysis methods

The analysis algorithm takes all the outputs of the measurements as inputs and
calculates various optical parameters (absorption, scattering, emission spectra, beam profile)
and subsequently uses the calculated data to compensate for possible distortions in the
estimated high dynamic range quantum yield values of UCNP. The steps are briefly described
in this section, more detailed equations and calculation steps could be found in the
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supplementary material (SM). The first step is to calculate the absorption and scattering spectra
of UCNP and dye from the transmission measurement data. Beer Lamberts’ and Mie scattering
laws were used for the estimation of absorbance and scattering spectra of the samples as
described in the SM-sec.1. The compensated absorption of UCNP at 976 nm was used as input
to the quantum yield calculations. The acquired beam profiles of the 976 nm laser (S1 and S2)
were employed to create i) image-based intensity matrix for compensation and ii) Gaussian-
profile-based intensity matrix for compensation (SM-sec.2), utilized to calculate the image
compensated quantum yield valued of UCNP. The experimental quantum yield (not
compensated with dye quantum yield) is obtained by taking the ratio of luminescence signal of
UCNP to the absorbed power per unit length in the middle of the cuvette (SM-sec.3). The
relative quantum yield is estimated by calibrating the UCNP experimental quantum yield values
with dye quantum yield values (SM-sec.3). The above process to find the relative quantum
yield was repeated for all spot size (S1, S2) and filter (nil, F1) configurations which provides
in total four quantum yield curves as shown in Figures 5(a-d). The relative quantum yield curves
were stitched without any fitting parameters to provide a high dynamic range relative quantum
yield curve as shown in Figure 5e. The relative quantum yield curves were compensated for the
beam profile to avoid underestimating the QY values. This compensation was implemented by
solving the quantum yield for each pixel in the beam profile using a 2-level rate equation for
the 800 nm line. The balancing power density (pb) and balancing quantum yield (¢v) for all
three high dynamic range relative quantum yield curves (uncompensated, compensated
gaussian and image) were calculated. The various calculations of compensation methods were
discussed in (SM-sec.4).

3. Results and Discussion

3.1 Beam profile and source characterization
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Fig. 3 Beam profile characterization a) Beam profile image b) Beam profile 3D plot ¢) Raw
temporal signal from one pixel of the beam profile d) Fourier transform of the temporal signal

One of the key features of the system is the ability to obtain a speckle free uniform beam profile
for a given spot size. This is achieved by using a single-mode fiber followed by an optical beam
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shaping lens set up to obtain spot size while preserving the speckle free beam profile. It is
critical to have a uniform and stable power density (light intensity) across the beam profile as
possible. Such a profile will lead to fewer compensations and thereby accurate estimations of
relative quantum yield values. Figure 3(a-b) shows the beam profile acquired by the camera
equidistant to the midpoint of the sample cuvette. The smooth speckle-free profile enables the
algorithm to easily compensate for the beam-profile-based distortion to the evaluated quantum
yield curves. However, it is also important to ensure the laser is temporally stable over the entire
measurement period. To test this, the power meter at the distal end of the sample holder was
temporarily replaced by a single-mode fiber (6 pm core diameter) with the other end of the
fiber connected to an APD detector. The small fraction of light collected by the APD detector
was acquired for 60 sec by using a DAQ card at a collection rate of 1 mega sample/sec. Figure
3c shows the raw data acquired by the APD detector. The variation in the amplitude of the laser
during one minute is less than 0.5 %. To understand the key variation frequencies we performed
a Fast Fourier transform (FFT) of the acquired signal (Figure 3d), a 1/f noise is evident from
Figure 3d and signal at 50 Hz is observed which might be the signal corresponding to the power
supply frequency (50 Hz).

3.2 Multi-modal measurements and compensation

The accuracy of the estimated quantum yield values of UCNPs depends on the accurate
evaluation of various optical properties of UCNPs and optimal compensation for all
contributing factors. It is ideal to measure all parameters of UCNPs simultaneously using a
well-calibrated system to avoid possible changes in sample properties over time. The developed
measurement protocol (section 2.3) allows for the efficient collection of data while minimizing
delay, thereby maximizing accuracy when compensating for various contributing factors.

Absorption and Scattering Compensation
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QIO d)

o
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Wavelength (nm) Px
Fig. 4 Multimodal features of QY system a) Absorption and scattering spectra b) Luminescence signal of UCNP c)
Emission spectrum of UCNP d) Beam profile of 976 nm laser.
The UCNP absorbance spectrum measured by the arm 5 contains both the absorption and
scattering contribution. The measured transmission spectrum was fit to the wavelength
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dependence of Mie scattering. Figure 4a (black line) shows the Mie-scattering fit to the
transmitted spectrum. The difference between the fitted scattering and the measured
transmission spectra yields the actual absorption of the UCNP sample. For this particular
sample, the absorption is estimated to be 66 % percent of the sample attenuation. In the absence
of this compensation, the UCNP quantum yield would be underestimated by 34%.

Reference dye calibration and emission filter compensation

A calibration reference dye was used to convert the experimentally measured quantum
yield values to corrected relative quantum yield values. For this to be accurate the spatial and
spectral distribution of the luminescence emission needs to be the same for the samples. Both
samples should emit isotropically, so the spatial assumption is believed to be fulfilled. In
addition, the detection filters have to be compensated for, as the emission of the dye, in
particular, is broader than the optical detection filter. For both samples, the percentage of the
incident light was corrected by calculating the fraction of the emission profile being transmitted
through the filters. It is also important to use a dye with a similar emission profile to the UCNPs
as possible so that this correction factor can be minimized (yielding as small error as possible).
This correction procedure is described in detail in SM-sec.4.

Beam profile compensation

The shape of the beam profile and characteristics of the laser affect the estimated
quantum yield values. The absence of speckle and a smooth Gaussian beam profile is evident
from Figure 4d. Importantly, any presence of speckles results in a random distribution of a light
speckle pattern with different power density across the beam profile. This makes it difficult to
accomplish accurate compensation for the beam profile. The system in this work is effectively
free of both temporal and spatial speckles. The beam profile compensation algorithm (described
in SM-sec.4) can thereby accurately compensate for the different power densities across the
beam profile.

High dynamic range quantum yield curves

Figures 5 (a-d) show the relative quantum yield values estimated for different spot sizes and
filter combinations. Unlike dyes, the quantum yield of UCNPs is a variable of the excitation
power density. To be able to determine the quantum yield of UCNPs for a broad range of power
densities is of great value. For example, Figure 5 (a-b) have valuable inputs for in vivo studies
of deep tissue, as it needs quantum yield values for low power densities limited by light
attenuation in tissue and safe human exposure levels whereas the microscope studies need to
understand quantum yield values at high power density. Depending on the microscope objective
and sample, Figure 5(c-d) provides insights into the emitted light from the sample. The system
described in this paper has been designed to perform quantum yield measurements over a broad
range of power densities (1:10%). This is achieved by using two different spot sizes (S1, S2) in
combination with/without the use of an ND filter. In total 4 measurement series were conducted
for each sample to extract quantum yield values of UCNPs at a range of power densities and
the results were stitched without any fitting parameter to obtain high dynamic range quantum
yield curves. Figure 5e shows the quantum yield of a stitched curve along with image and
Gaussian beam profile compensation. To the best of our knowledge, this is for the first time
such high dynamic range curves were obtained, compensated for the influence of the beam
profile.
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3.3 Stability and reproducibility

The QY system was tested under various experimental conditions to ensure the robustness of
the system. The following four variables were considered a) sonication of the samples b) intra-
day stability c) inter-day reproducibility d) different sample concentrations. The results of these
measurements are summarized in Figure 6. The sonication time was tested to understand
optimal sonication time for the samples and it’s clear from Figure 6a that sonication time
between 5-15 minutes does not influence to measured quantum yield of UCNPs much. Figure
6b elucidates that the intra-day variations were found to be within 4% variation at high quantum
yield values. Inter-day reproducibility was found to have similar variations (Figure 6c). It is
worth noting that in the absence of all measurements and compensations, we found the assessed
quantum vyield values to vary by up to 100%. The different sample concentrations were
attributed to the changes in the turbidity of the UCNP sample. Correct compensation for
turbidity from the transmission spectral measurements resulted in a remaining negligible
variation in quantum yield values as illustrated in Figure 6d. In addition to the inter-sample
variations, the absence of this compensation yielded on average a 60% underestimation in
quantum vyield values. These tests emphasize the need for multimodal measurement and
compensation for the optimal characterization of UCNPs.
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3.4 Commercial UCNP samples

The next step in this study was to employ the well-tested and validated multi-modal QY system
to measure commercially available UCNP samples. We chose core and core-shell UCNPs from
one supplier of NaYF4:Tm. The results for the core and core-shell UCNPs are shown in Figures
7 and 8, respectively. Comparing the results from Figures 7e and 8e, it is obvious that the core-
shell particles have a higher quantum yield than the core nanoparticles. This is one of the main
aims of having a surrounding shell to protect the core from exposure to external factors that
could negatively affect the quantum yield of the particles. The absorption spectra for both
particles are very similar, while a slight variation in scattering slope is observed between them.
From Figures 7a and 8a, the core-shell particles studied here seem to be more turbid than the
core particles. This again emphasizes the importance of scattering compensation in the
assessment of the quantum yield. Figure 7c and 8c, both samples seem to have very similar
spectral emission profiles, showing that the presence of a shell did not affect the emission
profile of UCNPs. As expected, the luminescence intensity curve differs between the samples
(Figure 7b and 8b) whereas the beam profiles across the measurements remain the same (Figure
7d and 8d).
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3.5 Limitations of the work and future outlook
In this work, we consider only the 800 nm emission line of the NaYF4:Tm UCNPs.
An extension to other emission lines could be achieved easily, by changing emission filters in
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the system and by selecting a proper dye matching the emission wavelength of UCNPs. The
UCNP laser remains the same, while the excitation laser of the reference dye needs to be chosen
based on the measurement protocol used for the tabulated QY of the selected dye. Importantly,
the rate equations (2 photon transition) developed for the 800 nm emission line may no longer
be valid for other lines, as these lines might involve 3,4 or 5 photon transitions. Hence, the
image or Gaussian based beam compensation algorithms will no longer be valid for those
transitions. Therefore there is an obvious demand for rate equation models that take into
account these other transitions. In the current configuration of the system, the sample and
solvent are measured in sequence. Changes in the intensity of the light source may be present,
leading to errors in the assessed optical properties and in the obtained quantum yield. This could
be avoided by adding an extra arm with a cuvette holder for the blank sample containing solvent
only. This would permit the transmittance spectral measurements to be performed
simultaneously, thus avoiding possible errors. Also, a careful look into state-of-the-art detection
technology might make it possible to further increase the dynamic range of the measured
quantum yield curves. To thoroughly validate the system we were using two different arms for
UCNP laser 976 nm and dye reference laser 785 nm. However, the purpose of the dye arm is
to calibrate the quantum yield of UCNPs. This calibration factor will remain constant, provided,
the system is robustly built and well tested under different experimental conditions. Therefore,
the need for a reference arm could be eliminated once the calibration factor at each emission
line is robustly estimated.

4. Conclusions

In this work, we have for the first time presented high dynamic range (1:10%) quantum yield
curves of UCNPs by carefully compensating for various effects (scattering, beam profile, inner
filter effect, the limited bandwidth of filters) that influence the accuracy of estimated quantum
yield values. The system has been well characterized and tested for stability and reproducibility
with a variation of less than 4 % under different experimental conditions. The study revealed,
obtained quantum yields of UCNPs could vary by 100% and have an offset of 60% in the
absence of the multi-modal corrections included in this measurement protocol. The system was
used to characterize commercially available core and core-shell UCNPs. As expected the core-
shell particles were found to have a higher quantum yield than the core particles. The key results
obtained in this work points to the importance of multi-modal measurement and compensation
to achieve accurate and consistent quantum yield values for UCNPs. With increasing
innovation rate in the field of UCNPs, we believe our work can act as a precursor for
standardizing the measurements of quantum yield values.
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