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1 Introduction

1.1 Biomedical imaging

Biomedical imaging allows us to look deep into living subjects, opening up enormous
possibilities of visualization. Using this non-invasive technique, anatomical features
and physiological processes can be depicted. It can provide vital information for the
detection and monitoring of disease progression and is used to support medical
interventions and to monitor organ and tissue functions™. A variety of imaging

techniques are currently in clinical or research use (Figure 1).
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Figure 1: Number of cases of diagnostic imaging of different modalities in Germany 2018 related
to hospitalized patients?®.

Many of these are based on electromagnetic (EM) radiation3. EM radiation
encompasses an enormous range of wavelengths and frequencies. This range is
commonly referred to as the electromagnetic spectrum. The EM spectrum is typically

divided into seven ranges, in order of decreasing wavelength and increasing energy
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and frequency (Figure 2). The part of the EM spectrum between 400 - 700 nm that can
be perceived by the human eye is called visible light’. To be able to explain all
phenomena of EM radiation, both the apparent waves and particle properties are
considered, which is referred to as wave-particle duality’=°. According to quantum
mechanical theories, these particles, called photons, are uncharged elementary
particles'©.

Electromagnetic spectrum
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Figure 2: A representation of the electromagnetic spectrum, it shows the different types of
electromagnetic radiation and the corresponding wavelength range, with particular
consideration of optically visible light. It further shows the relationship between energy and
wavelength over the spectral range.

Molecules can absorb EM radiation. Depending on the energy of the radiation there
are different changes in the molecule. For example, when absorbing low-energy
radiation (e.g. microwaves), there are only transitions from a rotational state to an
energetically higher rotational state within the same vibration level. If the absorbed
energy is large enough (e.g. near infrared radiation), transitions to energetically higher
vibration states within the same electron level occur in addition to the rotational
transitions. With the absorption of visible light and UV radiation, molecules are supplied
with so much energy that in addition to rotational and vibrational transitions, transitions
between electron levels are possible. The absorbed energy can be released by the
molecules in the form of radiation (photon emission) or non-radiative processes

(vibration, rotation), which both return excited molecules to their ground state®".



1.1.1 X-ray

Photons of very high energy, e.g. X-ray can easily penetrate tissues'. The
disadvantage in biomedical imaging is their ionizing effect on molecules, since photons
in this frequency range have the necessary energy to remove electrons from atoms™2.
Uncontrolled exposure to ionizing radiation can, through a sequence of different
reactions, lead to harmful reactive oxygen species (ROS), break chemical bonds and
thus cause lasting damage to the intactness of biomolecules in organisms and

therefore have carcinogenic effects™3.

The most commonly used imaging methods in clinical practice (Figure 1) are based on
X-rays, e.g. conventional X-rays or X-ray computer tomography (CT)®'4. The radiation
generated in an X-ray tube is partially absorbed by the tissue as it passes through the
body. On the other side of the body, a detector or film captures the attenuated X-rays,

producing a two-dimensional X-ray image'®.

1.1.2 X-ray computed tomography

In contrast, in computed tomography, both the X-ray tube and the detector rotate
around the patient's body during the imaging process. Several thousand sectional
views of the patient's body are generated per rotation and cross-sectional images are
made from these. From these data, three-dimensional images and views from different

angles can be generated’®.

1.1.3 Positron emission tomography and single photon emission computed
tomography

Molecular imaging offers a whole range of procedures that make it possible to depict
biological processes in the metabolism of body cells. For this purpose, small amounts
of radioactive substances are administered to the patient. Ultimately, positron emission
tomography (PET) and single photon emission computed tomography (SPECT) detect
gamma rays, with the difference that these are emitted directly by a radiopharmacon
in SPECT and in PET indirectly’” through the annihilation of elementary particles. A
radionucleotide administered for PET emits positrons during decay, which reacts with
an electron from the environment, thereby producing gamma photons that are emitted
in two opposite directions. In PET and SPECT, the gamma photons hit scintillation
crystals and generate light flashes that can be measured and converted into electronic

pulses from which images can be generated’®. Furthermore, PET or SPECT imaging
3



can be combined with images generated by computed tomography (CT) or magnetic
resonance imaging (MRI). By superimposing the images from different modalities, the
structures and functions of the examined tissue can be displayed in addition to e.g.

metabolic processes™®.

1.1.4 Magnetic resonance imaging

MRI is not based on the use of ionising radiation but rather uses radio waves in
combination with strong magnetic fields. The hydrogen atoms in the body align
themselves in a defined way following application of a magnetic field and are then
deflected in their original direction by a high-frequency alternating field in the
radiofrequency range, which causes a proton to undergo a certain movement
(precession)?°. This movement generates a measurable voltage which is detected and
converted into an image. An essential basis for the image contrast is the proton density
and different relaxation times of the precessing protons of different tissue types after

switching off the high-frequency alternating field?".

1.1.5 Sonography

Ultrasound (US) or sonography is a diagnostic procedure that is not based on
electromagnetic (EM) radiation. This imaging modality does not use ionizing radiation
but rather high-frequency sound waves to produce images of internal organs, tissues
or blood circulation. The sound waves are directed at the area of the body to be
examined and the echoes reflected in the process are recorded??. The well-known
black and white contrast (B-mode image) is due to the different reflection and scattering
(echogenicity) of the sound wave pulses and impedance (sound wave propagation
resistance). On the final images, structures that strongly reflect sound waves (i.e. high
echogenicity) appear brighter than structures with low reflective properties (i.e. low

echogenicity).??

1.1.6 Optical imaging modalities

Some components of living organisms can efficiently absorb light of various
wavelengths (Figure 3 B), from UV radiation (DNA/RNA; collagen; porphyrin;
tryptophan) to visible light (oxyhaemoglobin, deoxyhaemoglobin and melanin) and
near-infrared radiation (water; lipids)?*-26 Some of these components emit light as a

result of light absorption, a phenomenon called autofluorescence. Autofluorescence

4



can be used in some cases to illuminate the molecules and structures of interest or

even for diagnostic purposes?’.
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Figure 3: Interactions between light and physiological tissue components due to incident
excitation light (blue) (A). Interface reflection (cyan), scattering (green), absorption (black circle
with violet cross) and autofluorescence (brown) all contribute to signal loss (fluorescence, red)
and noise amplification, reprinted by permission from Springer Nature'. Absorption spectra of
selected endogenous contrast agents in biological tissue at physioligical concentrations (B),
reprinted by permission from John Wiley and Sons 2. Oxy-hemoglobin (HbO2) and deoxy-
hemoglobin (HbR), 150 g/L in blood; lipid, 20% by volume in tissue; water, 80% by volume in
tissue; DNA and RNA, 1 g/L in cell nuclei; melanin, 14.3 g/L in medium human skin; reduced
myoglobin (MbR) and oxy-myoglobin (MbO2), 0.5% by mass in skeletal muscle; bilirubin, 12 mg/L
in blood.

However, to achieve deep tissue penetration and good spatial resolution, high-energy
radiation of the EM spectrum can be used, as already described. Optical imaging
techniques can also enable deep tissue penetration and good spatial resolution by
using the region of the EM spectrum known as the "transparency window". This
describes the wavelength range between 700 - 1300 nm, in this range the endogenous
absorption and light scattering of biological tissues and physiological fluids is low?°.
When UV and visible light interact with tissue, light is scattered by the biological
structures (Figure 3 A) as it passes through or is absorbed as described above. The
near-infrared range, however, is a range that leads to deeper tissue penetration due

to the reduced interaction of radiation of these wavelengths with tissue3031,

Photographic optical imaging is well known and has been around for about 200 years.
It is considered the oldest optical imaging technique for creating images of objects
using visible light®. The first photograph is dated back to 1826, the "View from the
Window at Le Gras" was taken with a camera obscura by the French inventor
Nicéphore Niépce®?. Modern advances in biomedical optical imaging have resulted in

5



applications such as microscopy, endoscopy, optical coherence tomography, diffuse
reflectance and transillumination imaging and photoacoustic imaging®?’. Optical
imaging uses non-ionizing radiation, which includes visible, ultraviolet, and infrared
light to interrogate organs and tissues as well as smaller structures including cells or
molecules. The wavelengths used in optical imaging produce images without the
potential damage that can occur with ionizing radiation, making this imaging option
much safer for patients and health care professionals. Since the procedures are also
much faster, it can be used for repeated procedures to monitor the progression of the
disease or the results of treatment. Although optical imaging is usually much faster,
has a higher throughput and can be less expensive compared to other imaging
methods (X-ray; CT; MRI), optical imaging is not yet widely used in clinical practice
(Figure 1), apart from image-guided endoscopy and optical coherence tomography
(OCT).

1.1.6.1 Fluorescence imaging

As briefly mentioned, molecules can absorb photons. The valence electrons of the
atoms of these molecules thus reach a higher energy level and are then in an excited
state?425. From this excited state the electron can return to its ground state by emitting
light, which is known as photoluminescence33. Depending on the duration of the glow
after the end of excitation, a distinction is made between fluorescence (10-'2-10 s)
and phosphorescence (at least 10~ s)%34. Compared to absorbed light, the emitted
light is shifted towards the longer-wave, lower-energy region of the spectrum, which is

called a Stokes shift33.

Microscopic fluorescence imaging is used to study cellular structures and tissue
sections, while whole-body fluorescence imaging is currently used in pre-clinical
development, especially in rodent models (Figure 4). Localized fluorescence imaging
techniques, such as fluorescence-guided surgery and endoscopy are also used
clinically’. Key challenges in fluorescence imaging comprise tissue absorption,
scattering, and autofluorescence, all of which limit penetration depth*3> (Figure 3).
Since both tissue absorption and autofluorescence decrease in the far-red (FR) or
near-infrared (NIR) wavelength range, imaging in the NIR region is most suitable for in

vivo applications™36.



Fluorescence imaging with the IVIS Spectrum
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Figure 4: Basic set-up and principles of fluorescence imaging with the IVIS Spectrum according
to IVIS Spectrum user’s manual.

1.1.6.2 Photoacoustic imaging

At the end of the 19th century Alexander Bell was the first to describe the photoacoustic
effect. This is based on the conversion of absorbed light into thermal energy and finally,
via thermoplastic effects, into ultrasound®’. The light source is a laser that pulses in the
nanosecond range, because only when the laser pulse is short the thermal expansion
will cause a pressure wave proportional to the locally absorbed energy density
generated by the photoacoustic effect (Figure 5 B). These pressure fluctuations
(ultrasound) caused by the periodic expansion and contraction can be measured with
pressure-sensitive elements such as piezoelectric transducers38. The electrical signals
generated by the transducer are amplified, digitized and finally processed into an
image by means of computer algorithms?” (Figure 5 A). Photoacoustic imaging is also

known as optoacoustic, laser-induced ultrasound or thermoacoustic imaging®°.



Photoacoustic imaging
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Figure 5: Basic set-up of the LAZR photoacoustic imaging system (A). The principle of the
photoacoustic effect (B) according to the website of the manufacturer<.

Biological tissues cause strong optical scattering, which ultimately leads to the
disadvantages such as low imaging depth and low spatial resolution*'. Since the
scattering of the ultrasound signal generated by the photoacoustic effect is much
weaker than the optical scattering, photoacoustic imaging offers deeper penetration
with better resolution than optical diffuse imaging techniques*?>43. PA imaging uses the
different light absorption properties of endogenous light absorbing components such
as hemoglobin, collagen, lipids and water, which are tissue-specific**. Therefore, this
technique does not necessarily require exogenous contrast agents for certain
applications. For example, oxyhaemoglobin and deoxyhaemoglobin can be
differentiated and quantified by means of multi-wavelength measurements?’.
Measurements of blood oxygen levels is probably the main application of PA imaging
so far and has been applied to study vascular biology, brain function, tumor hypoxia,
and wound healing*®. However, the majority of current PA applications can be found in
research and preclinical studies. Clinical applications of PA imaging have been
recently reported in the fields of breast imaging, rheumatoid arthritis, systemic

sclerosis, and carotid artery disease*®.



1.2 Contrast agents in biomedical imaging

In biomedical imaging, the generation of high-resolution, high-contrast images is
desirable because it enables accurate and precise diagnoses. Contrast agents are
diagnostic tools used in imaging for better visualization of physiological and
pathological structures as well as processes. They are used clinically or at an
experimental level in all the techniques mentioned above. The contrast media are
classified as medicinal products must therefore meet requirements of efficacy, safety
and pharmaceutical quality*’. However, the guidelines for the development of contrast
media mainly focus on radiopharmaceuticals. When developing other types of imaging
agents, it is therefore necessary to follow established test packages that have already
been published and/or the "Guidance for Industry Developing Medical Imaging Drug
and Biological Products Part | Conducting Safety Assessments" in order to meet the

requirements for starting clinical studies*®.

1.2.1 X-ray contrast agents

X-ray contrast media (barium sulfate; derivatives of triiodobenzoic acid) increase the
difference in density between the organ to be imaged and the surrounding tissue*°.
Some of the X-ray contrast media can be found in the WHO List of essential

medicines®°,

1.2.2 MRI contrast agents

MRI contrast media (gadolinium and manganese chelate complexes;
superparamagnetic iron oxides) shorten the relaxation time of the protons in the vicinity

and thus increase the contrast between different structures in the body*°.

1.2.3 PET and SPECT contrast agents

Radiopharmaceuticals for PET imaging are isotopes ('®F, ''C, '®0O) bound to
endogenous metabolic molecules and are thus integrated into the metabolism*°. When
they decay, positrons are created. When a positron encounters an electron, both
elementary particles are annihilated, resulting in a pair of annihilation photons (gamma
radiation), which move in opposite directions. SPECT contrast agents (e.g. chelated

technetium-99m) emit gamma radiation that is measured directly®’.



1.2.4 Sonography contrast agents

Ultrasonic contrast media are gaseous (air, sulfur hexafluoride, perflutrene)
echogenicity enhancers on the micrometer scale*®. These gas contrast agents,
compress and oscillate when exposed to ultrasound, the ultrasound backscatter
(reflection) of ultrasound waves is thus enhanced, resulting in a sonogram with

increased contrast due to the high echogenicity difference®2.

1.2.5 Current developments

Current exogenous contrast agents have a great value in providing diagnostic
information, but they still have certain disadvantages such as short circulation half-
lives, non-specific biodistribution, rapid clearance, mild renal toxicity and poor contrast
in obese patients??. Research is being conducted on nanoparticles as novel contrast
agents, which represent a promising strategy for non-invasive diagnosis with the
imaging modalities described above. Some diagnostic nanoparticles for MRI, PET and
SPECT have received clinical approval or are currently enrolled in clinical trials®".
Nanoparticles are also the subject of intensive research for other imaging modalities,
such as biomedical applications in the emerging field of optical fluorescence and

photoacoustic imaging.

1.2.6 Optical imaging contrast agents

1.2.6.1 Fluorescent contrast agents

Endogenous fluorophores are typically irrelevant as a source of optical contrast for this
imaging method. However, exogenously administered fluorophores (e.g. dyes,
quantum dots, organic polymers), fluorophore precursors like 5-aminolevulinic acid (5-
ALA) or genetically engineered fluorescent proteins (e.g.GFP) are used to enhance
optical contrast3®%3. As the imaging depth is still limited to a few cm®*, a large scope
remains for the further development and improvement of contrast media for this

application.

Traditionally in clinical practice, small molecular dyes have dominated as fluorescence
contrast agents. The FDA approved NIR-emitting tricarbocyanine dye, indocyanine
green (ICG), has been in clinical use since 1959° and is therefore often used as a
benchmark fluorophore when developing new optical contrast agents. It has since

been used to investigate cardiac physiology, in ophthalmologic angiographic
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fluorescence procedures and in tumor diagnostics®. Despite its wide use, ICG shows
some disadvantages, including degradation in aqueous solution, rapid photobleaching,
rapid plasma clearance, nonspecific binding to albumin, lipoproteins, plasma proteins
and endothelial cells, as well as concentration-dependent aggregate formation®-59,
which changes the optical properties and can detrimentally affect clinical utility. These
disadvantages have to be overcome in order to improve diagnostics in patients. Three
other small molecule contrast agents (fluorescein, methylene blue and 5-
aminolevulinic acid) are approved by the FDA53, however, ICG is the only dye that both

absorbs and emits in the NIR range.

1.2.6.2 Photoacoustic contrast agents

In addition to naturally occurring chromophores, exogenous PA contrast agents have
been investigated. In general, contrast agents for PA imaging require a high radiation-
free relaxation, so the PLQY should be as low as possible®®. Examples of materials
studied include gold nanorods, single-walled carbon nanotubes, organic NIR dyes (e.g.
ICG) and 1r-conjugated polymer nanoparticles (CPN). All these materials can be used

to produce even higher contrast images with deeper tissue penetration261.62,

1.2.7 Current developments

The pipeline of contrast agents based on dyes for fluorescence image guided surgery
is filled with a wide variety of dyes, formulations and targeting mechanisms, some of
which have already reached Phase lll clinical trials®. However, many of these dyes
also have disadvantages, such as a small Stokes shift and rapid photobleaching, which

ultimately limits the application methods®3.

1-conjugated polymers (CPs) are a relatively new class of material under investigation
for uses as in vivo optical contrast agents® for fluorescence and photoacoustic
imaging. They show excellent optical properties for this application, such as large
Stokes shift, high photostability, sufficient brightness and, compared to quantum dots
(Qdots), strongly improved safety and toxicity profiles, since they do not contain heavy
metals®®. Compared to commercially available quantum dots (Qdot 655) and organic
dyes such as Alexa Fluor 555 and Rhodamine 6G, some CPN contrast agents showed

improved photostability and larger Stokes shifts. The same systems were also shown
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to be efficient FR/NIR fluorescence probes for targeted in vivo fluorescence imaging

and cancer detection, while exhibiting negligible toxicity®®

1.3 Tw-conjugated polymers

mT-conjugated polymers (CP) are organic materials, characterized by photo-
/electroluminescence due to their chemical structure®®-%’. For energetic reasons the
orbitals of the atoms in these structures overlap and form molecular orbitals. The
existing molecular orbitals can be occupied by electrons. The orbital overlap results in
chemical bonds, where a distinction is made between sigma (o) bonds and p (1)
bonds. With o bonds, the orbital overlap results in a rotationally symmetrical bond. 1T
bonds, however, are created when the p orbitals are perpendicular to the plane of the
o bonds and overlap above and below this plane. The property-determining structural
feature of 1r-conjugated polymers are conjugated double bonds along the backbone,
i.e. the bonds between the atoms are alternately single and double bonds. Each bond
consists of a localized ¢ bond; these bonds are strong chemical bonds. Double bonds
have an additional, 1 bond to the o bond. These 1 bonds are less localized and
represent weaker chemical bonds®8. The overlapping of the p orbitals between the
atoms leads to a delocalization of electrons along the entire polymer backbone,
allowing the electrons to move freely®®.79, The highest with electrons occupied orbital
of a molecule (HOMO or m-band) has a lower energy than the lowest unoccupied
orbital (LUMO or 1*-band) of a molecule. The difference in energy between HOMO
and LUMO is called band gap’? (Figure 6). By excitation of the electrons within the
band, T-1* transitions can be enabled, i.e. the band gap between HOMO and LUMO
can be overcome. This is also decisive for the useful photoconductive properties of
CPs.

The conjugation of a polymer alone, however, is not solely responsible for the
semiconducting properties; in addition, charge carriers must be introduced into the
material. These can be introduced by so-called dopants. Depending on the dopant
introduced, either additional electrons (electron donors) or "holes" (electron acceptors)
contribute to conductivity in the polymer®. Holes in this sense are positions where

electrons are missing. If the hole is filled by an adjacent electron, a new hole is created,
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thus enabling charge transport®®. Semiconductor materials with more "holes" than
electrons are called a p-type or (positive) semiconductors because the acceptor
density of p-type semiconductors is greater than its donor density. In contrast, n-type

(negative) semiconductors contain an excess of electrons for charge transport’?.

Doped or undoped CPs are useful for a wide range of applications. In the undoped
state a large number of CPs show strong photoluminescence in the visible and near
infrared range of the spectrum™. Doping, however, makes it possible to more precisely
adjust the desired optoelectric properties. Any structural change made at the polymer
also changes the HOMO-LUMO band gap of the electronic transition between 1 and
* orbitals, which ultimately defines the color of the emitted light’73. Thus, if the
energy condition is fulfilled, a photon with a certain wavelength can excite an electron
in such a way that a transition from the HOMO (1) to the LUMO (11*) level is made

possible’3.

Polyaniline is the first reported CP and it was also argued that it is the first fully synthetic
polymer’*. Before the 1960s, it was known by various color-based names (i.e.
emeraldine, azurine, aniline black, etc.). Production of polyaniline was of course
dependent on the availability of aniline per se. Between 1826 and 1842, several
scientists independently reported an oily reaction product based on different raw
materials, indigo (/ndigofera tinctoria), coal tar or nitrobenzene. It was first isolated by
Otto Unverdorben through the dry distillation of indigo; Ferdinand Runge discovered it
through the distillation of coal tar; Carl Julius Fritzsche isolated it through the distillation
of a brown salt obtained through the basic treatment of indigo; and Nikolai Zinin
described it after the reduction of nitrobenzene. In 1843, it was shown by August
Hoffmann that these reaction products were one and the same substance, aniline,
named after anil, an ancient name of the indigo plant. Patents and the
commercialization of dyes followed until the next major innovation came in 1862 from
the English physician and chemist, Henry Letheby, who was the first to report the

electropolymerization of a CP">.

However, it was not until the work on the synthesis of polyacetylene in the 1970s,
nearly a century later, that the field of CPs attracted renewed scientific attention.
Polyacetylene was first synthesized in 1955. However, in 1976 it was observed that

the electrical conductivity of polyacetylene can be increased by several orders of
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magnitude by doping. This discovery paved the way for applications of CPs in
optoelectronic devices, ultimately leading to the award of the Nobel Prize in Chemistry
to the three inventors, Alan J. Heeger, Alan G. MacDiarmid, Hideki Shirakawa in
20007475,

In addition to polyacetylene, other CPs with different backbone structures have been
synthesized, including polypyrroles (1915), polyphenylenes (1949),
polyphenylenevinylenes (1969), and polythiophenes (1980). The homopolymers and
their corresponding doped systems are now classified as the first generation of CPs’®.
The use of first generation CPs for electoluminescent devices was made possible in

the early 1990s with polyphenylenevinylenes (PPV)".

The second generation of CPs’® improved on first generation materials through

synthesis of donor-acceptor polymers, which reduced the band gap (Figure 6).
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Figure 6: Molecular orbital overlap of an electron rich (Donor: D) and an electron-deficient moiety
(Acceptor: A) in an alternating copolymer linkage according to Hildner et al’®.

The underlying concept is based on the molecular orbital overlap of alternating
electron-rich (donor: D) and electron-poor (acceptor: A) conjugated moieties that are
incorporated into the polymer backbone. This alternating D-A arrangement is an

effective method to reduce the band gap and further improve the optical and electrical
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properties of the CPs’®. Computational modelling of the molecular orbitals of such a
compound has shown that the HOMO is mainly located on the electron donor (fluorene)

and LUMO is exclusively located on the electron acceptor (benzothiadiazole)®.

Second generation CPs are currently used as light sources in various devices such as
organic light-emitting diodes (OLEDs)’-82. Further applications include e.g. solar
cells®, as corrosion inhibitors®, antistatic coating materials®?, field effect transistors’®,
capacitors, smart windows, high definition fingerprint visualization® and fluorescent
biosensors®. Two second generation CPs have been chosen for study in this work.

Their chemical structure and properties are described in the following sections.

1.3.1 PCPDTBT

N/S\N CgHyz. CaHay
M
\ / s>_<s

BT: acceptor unit CPDT: donor unit
(electron-poor) (electron-rich)

Figure 7: Chemical structure of poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta [2,1-b;3,4-
b"]ldithiophene)-alt-4,7(2,1,3-benzothiadiazole)] (PCPDTBT). In the structural formula electron-
rich fluorene (CPDT) and electron-poor benzothiadiazole (BT) unit are highlighted.

PCPDTBT (Figure 7), poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta [2,1-b,3,4-
b'[dithiophene)-alt-4,7(2,1,3-benzothiadiazole)] is a CP comprised of alternating
cyclopentadithiophene (CPDT) electron-donor units (D) and benzothiadiazole (BT)
electron-poor acceptor units (A), which enable intramolecular charge transfer’88,
Although the bulky side groups of the CP are not directly involved in charge transport
via the polymer backbone, their influence on the polymer configuration can also
influence charge transport and thus the optical properties?®-°°. Originally developed in
2006 for  photovoltaic  applications, @ PCPDTBT shows near-infrared
absorbance/emission and photoacoustic properties®'!, which makes this polymer
suitable for biomedical imaging and photothermal ablation®2. PCPDTBT is one of the

most widely studied p-type semiconductors’®.
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1.3.2 P4

The simple process of electrophilic C-H-borylation was used to modify BT-containing
polymers to create a completely new family of FR/NIR-emitting CP. The electrophilic
C-H borylation of polyfluorene-benzothiadiazoles (PF8-BT) resulted in CPs with
FR/NIR absorption and emission profiles. This C-H functionalization methodology and
the percentage of borylated F8-BT units can be simply controlled by varying the molar
equivalents of BCI3 used with respect to the repeat units. This synthesis carried out by
our cooperation partners resulted in partially borylated P1- P3 (10, 15 and 25%
borylation) and fully borylated PF8-BT, which is called P4 (Figure 8). The fully borylated
version, P4 was used in this study because of its excellent optical properties. P4

consists of a donor-acceptor (D-A) 1T-conjugated system.
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Figure 8: Chemical structure of borylated poly(9,9-dioctylfluorene-alt-benzothiadiazole) (PF8-
BT), namely P4. In the structural formula electron-rich fluorene (F) and electron-poor
benzothiadiazole (BT) unit are highlighted.

By adding boron to PF8-BT, the acceptor LUMO energy level could be lowered, and
additionally the HOMO energy level could be increased due to the inductive effect of
the 4-coordinated boron. Not only did this brought the HOMO-LUMO energy levels
closer to each other, thus reducing the band gap from 2.57 to 1.94 eV* (Figure 9).
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Figure 9: Molecular energy levels of unborylated F8-BT and fully borylated F8-BT, namely P4.

The borylation furthermore locked the donor and acceptor in a coplanar geometry. The
borylation modifies the intermolecular packing of the polymer, as the additional bonds
prevent monomer twisting. This reduction in rotational degrees of freedom leads to
better communication along the conjugated system. The resulting higher coplanarity of
the polymer maximizes the extended 11 conjugation, which may ultimately lead to a
further reduction of the band gap®. Increasing the fraction of borylated PF8-BT units
results in a successive shift of the absorbance maximum from ~450 nm (non-borylated
PF8-BT) to ~610 nm (100% borylation), the emission maximum from 527 nm to ~700
nm (Figure 10) and a quantum yield for the fully borylated PF8-BT of ~12% when

measured in toluene solution®s.
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Figure 10: UV-vis absorbance (A) and emission (B) of PF8-BT and borylated polymers P1-P4%,
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Looking at the class of second generation alternating donor-acceptor copolymers, p-
type copolymers containing benzothiadiazole (e.g. PCPDTBT) are among the most
studied materials’®. P4, on the other hand, was not patented until 2015 together with
other reduced band gap borylated compounds®. Due to the inherent lipophilicity of CP,
they must first be processed into nanoparticles to ensure colloidal stability and
biocompatibility when used clinically®®. Due to an inherent complexity in composition,
the polymeric nanodiagnostics investigated in this study would be classified as non-
biological complex drugs (NBCD) and therefore a structured production design
strategy would be beneficial®®. An approach inspired by Quality by Design (QbD) was
applied in publications Il and Il to identify and characterize critical quality parameters
that play a crucial role for the potential intravenous application of CPN

nanodiagnostics.

1.4 Quality by design inspired approach

Quality has manifold definitions, for example it can be understood as excellence, value,
conformity to specifications, conformity to requirements, fithess for purpose, loss
prevention and meeting and/or exceeding customer expectations®’. Quality gurus such
as Philip Bayard Crosby, Joseph M. Juran and W. Edwards Deming began to shape
the foundations and establishment of quality management systems, which were first
applied in the steel and automotive industries before also finding application in the
pharmaceutical industry. Until the uncovering of the serious and dramatic undesirable
side effects of Elixir Sulfanilamide (1937) and thalidomide (1957), the pharmaceutical
market was minimally regulated®. As a result of these tragedies, a number of
regulations were successively introduced. However, the modern era in terms of
product quality in the pharmaceutical industry did not really begin until 2004 with a
concept paper entitled "Pharmaceutical cGMP for 21st Century". Subsequently, the
ICH established basic regulatory guidelines, namely Q8 (Pharmaceutical
Development), Q9 (Quality Risk Management) and Q10 (Pharmaceutical Quality
Systems), which in combination form the basis for the quality by design concept for the
production of high-quality medicinal products. The term 'Quality by Design' was first
used by Juran in 1985, when the first draft of his book was made available to some

industry representatives; it was made available to the wider public with its publication
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in 1992%. The fact that increased testing does not necessarily improve product quality
led to the philosophy: "quality cannot be tested into products but it should be built in or
should be designed". According to ICH Q8 (R2), QbD is "a systematic approach to
drug development that emphasizes the need to start with predefined goals and
understand the product and process based on sound science and quality risk
management”'%. Thus, this philosophy can be seen as an experimental design
philosophy that emphasizes the value of thorough intellectual planning before starting
laboratory studies. But that's not all, QbD principles extend beyond development into
the product lifecycle, providing a solid framework for the transfer of product knowledge
and process understanding from drug development to commercial manufacturing
processes, as well as for changes and optimizations after the development phase''.

The main elements of this concept are shown in simplified form in Figure 11.

Dosage form, dosing Appearance, microbial
frequency, route of Target product — Quality target m.;:ﬂgs.:z::gjz.cal
adm‘int\istration, profile product profile uniformity, production
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Figure 11: Main elements of the Quality by Design concept in simplified form as applied to a
hypothetical nanomedicine°2.

A prospective summary of the ideal product requirements is reflected in the Target
Product Profile (TPP), which will be the main project driver. The TPP is a good basis
for capturing the design requirements for a new nanoparticle formulation. The TPP
usually contains only pharmaceutical and clinical requirements, but can be extended
in an industrial environment by additional requirements such as regulatory and

commercial/marketing needs. Based on the TPP of a planned formulation and the
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patients' needs, a predetermined summary of the essential product characteristics is
compiled to ensure the desired quality in terms of product safety and efficacy. For the
development of this compilation, called Quality Target Product Profile (QTPP), a
comprehensive knowledge of the quality standards of the pharmacopoeias with regard
to the planned dosage form/administration form is required. The QTTP can be seen as
a link between the biological performance and the physicochemical characteristics of
the formulation. Furthermore, the QTTP is used to identify the Critical Quality Attributes
(CQA), which can be physical, chemical, biological or microbiological properties or
characteristics of a medicinal product, which should be within a defined range to ensure
the desired product quality’9%-192, CQA are then ranked based on their risk or criticality
in terms of product efficiency and patient safety. Since CQAs are usually closely related
to the materials and processes used, critical material properties (CMA) and critical
process parameters (CPP) can be derived through careful risk evaluation or prior
knowledge. Both CMA and CPP are able to affect the CQAs.

The risk assessment includes the classification of quality as well as material properties
and process parameters into high, medium, and low-risk attributes. The Ishikawa
fishbone diagram and failure mode and effects analysis (FMEA) are widely used
approaches for risk assessment for the formulation development. These allow root
cause identification between the many possible variables influencing the specific
quality parameter in the event of the occurrence of deviations in quality’®3. QbD also
includes so-called Design of Experiments (DoE), which generally refers to all statistical
procedures that are performed before the actual laboratory experiments. These
considerations date back to the 1920s, when Ronald Aylmer Fisher introduced basic
procedures in the design of experiments in the field of agricultural research, such as
repetitions, random sequences, block formation and blending. DoE helps to determine
the relationship between the process influencing factors, and the properties of the
product. Mathematical models form the basis of this tool. Using computer-aided
process design and process simulation, simultaneous evaluation of different factors
can be realized in a systematic way with a minimum of experiments. This saves time
and costs'%?, The result of these efforts, i.e. the application of DoE, risk assessment
and process development experiments, is a comprehensive understanding of the

influence of material properties and process parameters on product CQAs®’.
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Furthermore, this comprehensive knowledge allows the identification of variables over
a wide experimental range, the region of operability (also known as knowledge

space)®1% (Figure 12).

Knowledge Space

Design Space

Control Space

Figure 12: QbD interdependencies. Schematic representation of the relationship between
knowledge, design, and control space.

The area within the knowledge space where consistent quality can be achieved is
called design space. In the words of the ICH guideline, the design space is the
multidimensional combination and interaction of input variables (e.g. material
properties) and process parameters that have been proven to serve quality assurance
100 Often within companies, an even narrower and more restricted area is defined
within the design space for tighter control of product and process parameters, also
known as the control space. In comparison to the design space, however, this control
space has no relevance for official regulation. Thus, deviations within the design space
are not considered a "change". However, larger deviations from the design space are
considered a "change" and would normally initiate a regular change process after
approval®’. As a result, the design space is also regarded as the final achievement of
process understanding in the development of new products and processes and
therefore belongs to the fundamental paradigms on which the QbD framework is
based®’. This design space has to be continually monitored. Using the acquired
process understanding and risk assessment strategy, critical parameters are controlled
by a control strategy to stay within the required limits of the design space®’. ICH Q 10
defines this dynamic element of QbD as follows: “a planned set of controls, derived

from current product and process understanding, that ensures process performance
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and product quality. The controls can include parameters and attributes related to drug
substance and drug product materials and components, facility and equipment
operating conditions, in-process controls, finished product specifications and the

associated methods and frequency of monitoring and control”%4,

1.4.1 Quality by design inspired approaches in academic research

Academic research in the fields of nanomedicines and nanodiagnostics have much to
learn from the QbD approach applied in the pharmaceutical industry. The initial
detailed planning and design of experiments would save time and financial resources
in an academic environment. Since academic research plays a comparatively large
role in the field of novel contrast agent research, and the profit after investment by
companies in this area is comparatively low, the field would benefit from an early QbD
application in the academic sector'%1%_ This could take several forms. One useful
application of QbD in academic research could be the design of a putative TPP for the
novel technology platform. Based on this, an appropriate QTPP can then be
devised'%. Even if the resulting QTPPs are not all-encompassing, planning academic
studies around the presumed QTPPs has many advantages. They offer a meaningful
and structured framework within which the experimental focus can be placed in order
to have an early and realistic sense of possible medical applications. Last but not least,
QbD-inspired approaches help to produce extraordinarily high-quality samples that
would significantly improve preclinical animal studies from an ethical and scientific
perspective'®. There are already some pioneers in the field of nanoformulation who
have applied such concepts from the beginning'’-1%° and a growing number of
documents and methodological standard procedures from organizations (e.g.
Nanotechnology Characterization Laboratory) that support this approach and which

are available to researchers.

1.4.2 Target product profile for the CPNs investigated in the current study

The CPN suspension is intended to serve the (pre)clinical goal of cancer diagnosis and
possibly guided surgery. The application target group are persons of all sexes, all ages
and potentially healthy people. The nanodiagnostic is to be administered intravenously.
For the in vivo studies in HeLa tumor bearing mice, the dose of 50 ug/mL CP shall be
administered only once during the diagnostic procedure and this in a maximum volume

of 150 pL. The nanosuspension in question should be sterile and should not cause any
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adverse side effects. The effectiveness of the diagnostic should be given with an SBR

greater than 1.1110,

Based on this TPP, a QTPP was compiled (Table 1) to ensure the safety and efficacy
of the nanodiagnostic in the in vivo study. The resulting quality characteristics of the
formulations are shown schematically in Figure 13 in a hypothetical application
environment. Tables in Publications Il and Ill list critical quality attributes (CQA) with a
traffic light system, according to which they are ranked with regard to the risk potential
for efficacy and safety of the formulations. These tables also include product

specifications and acceptance criteria ranges.

Table 1: General QTTP for CPN

Quality product profile Target
Appearance no visible matter
Microbial limits BET, CFU in defined range

Physicochemical properties Particle size, PDI suitable for in vivo application
Colloidal stable in physiologic environment

pH and tonicity suitable for in vivo application
Product uniformity Consistently high yields and fluorophore content

Production residues Solvent residues in acceptable range
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Size: <220 nm Optical stability
Zetapotential: < -10 mV CP content
Stealth: pegylated surface Product yield
Colloidal stability

Endotoxins: <16 EU/mL
Sterility: <10 CFU/100mL
Residual solvents: <720 ppm

Figure 13: Blood vessel with vascularized tumor and administered CPN. Labeling indicates
critical quality properties of a CPN for intravenous use.

1.5 CPN formulation strategies

The lipophilic CPs of this study require processing into an aqueous nanoparticle
suspension using suitable methods such as nanoprecipitation'#111.112 to enable a
potential in vivo application’'3. CPs can be easily processed into nanoparticles and are
very attractive materials in this form due to the enhancement of their properties®3.114-
116 CPNs are well suited for biomedical applications due to their high photostability,
high quantum yields (quotient of emitted photons in relation to absorbed ones), high
extinction coefficients and negligible toxicity®®'"”. The following possible biomedical
applications should be briefly mentioned in particular: Fluorescence and photoacoustic
imaging, long-term cell imaging''?, image-guided drug and biomolecule delivery,
stimuli-responsive NP for controlled cargo release''®'20, |ight induced sensitizers for
photodynamic therapy, photothermal therapy and combinations'' of these

applications, so-called multiplexed probes'?'.

The encapsulation of CPs into a matrix or the use of a coating material to form NPs

are two methods of CP incorporation into nanoparticles frequently reported in the
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literature''4. These processing strategies aim to control surface properties and ensure
colloidal stability in physiological media. Furthermore, surface modification can enable
active targeting strategies whereby antibodies or substrates from overexpressed
receptors of tumors are conjugated on the nanoparticle surface which leads to an
increased accumulation in the target tissue and thus to an increased contrast'122-125,
In addition to polymers, lipids, surfactants and proteins have already been successfully

exploited for CPN production purposes’.

In the present study two different CPN architectures were investigated (Figure 14): 1)
CP embedded within another matrix, such as a polymer or inorganic material and 2)
core-shell nanoparticles with CP as a core coated with a phospholipid or surfactant
shell'4120.121 To achieve these different architectures, CPNs were prepared using a
modified nanoprecipitation method in the presence of different pharmaceutical
excipients. In Formulations | and Il, the CPs were embedded within self-assembling
poly(ethylene glycol) methyl ether block poly(lactide-co-glycolide) or PEG-PLGA
polymer micelles, and are referred to as matrix type CPNs. To understand the impact
of the matrix polymer, PEG-PLGA, on the CPN attributes two grades of PEG-PLGA,
PEG2kpa-PLGA4kpa and PEGskpa-PLGAsskDa, Were chosen for this study. These two
PEG-PLGA block copolymers differed not only in molecular weight of PEG and PLGA
but also in the composition of the PLGA. The glycolic acid:lactic acid ratio was 34:66
for PEG2kpa-PLGA4kpa and 50:50 for PEGskpa-PLGAsskpa. In the Formulation I, the CP
precipitated out of the solvent to form the nanoparticle core, which was then coated in
situ by the phospholipid surfactant, 1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (PEGzkpa-DPPE). It
was hypothesized that CPNs produced in this manner would adopt a core-shell
structure with the core comprised nearly exclusively from the CP, which is then coated
with the phospholipid surfactant. For this reason, we refer to this formulation as a core-

shell system (Figure 14).
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Figure 14: Different CPN architectures, matrix systems and core-shell systems used.

One of the postulated differences between the core-shell type architecture, which relies
on adsorption of pegylated surfactants to the lyophobic CP core, and the matrix-type
architecture is the possibility of surfactant displacement by serum proteins following
intravenous administration’?6.127 and the formation of a protein corona'?8. While matrix-
type CPN often feature pegylated surfaces, the PEG groups are in general covalently
attached to the matrix core, making displacement of the PEG surface coating less
likely. This concept was recently published, demonstrating that core-shell PLGA
nanoparticles, which are coated with the amphiphilic polymer polyvinyl alcohol, show
a much higher serum protein surface adsorption than PEG-PLGA matrix systems,
where the PEG groups are covalently attached to the PLGA matrix. The difference in
protein corona formation as a function of nanoparticle architecture is postulated to have
an effect on nanoparticle biodistribution following intravenous administration'2°. It was
hypothesized that the core—shell type formulation (Formulation Ill: PEGzkpa-DPPE
CPNs) would show a higher opsonization (i.e., protein corona formation) and therefore
show a different biodistribution profile compared to PEG-PLGA CPN systems

(Formulations | and I1).

The amphiphilic, self-assembling di-block copolymer PEG-PLGA is a popular matrix
material for nanoparticles'°. The first targeted nanomaterial to be clinically tested on
humans was a PEG-PLGA-based nanoformulation containing docetaxel for anti-
cancer therapy’'. Due to its amphiphilic character, PEG-PLGA has the ability to

assemble itself into nanoparticles in water'32. PLGA is approved by the FDA and is
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biodegradable'3. The bound PEG aligns itself to the hydrophilic phase during NP
production and thereby has a great influence on the nature of the NP surface. The
pegylated surface increases the systematic circulation time via the resulting stealth
effect by binding fewer and more selectively proteins, which in turn reduces unspecific
cell uptake and evades clearance by the immune system'34135. In addition to
pegylation, the pharmacokinetics of NPs are also influenced by factors such as particle

size distribution, shape and material composition36,

For a desired in vivo application, nanoparticles have been described over a wide range
in the nano-size range, but the properties in the 5-250 nm diameter range are
particularly useful'®”, as this results in physiological advantages and the resulting
nanoparticle suspension (< 220 nm) can be sterile filtered without major losses in

product yield.

Nanoparticle formulations designed for systematic administration are immediately
exposed to a complex environment when they are administered into the systematic
circulation'*. Physiological biomolecules interact with the surface of the nanoparticles
and are deposited on it, thus forming a protein corona'®. The resulting opsonization
of the nanoparticles, i.e. the labelling with antibodies and factors of the complement
system, leads to rapid recognition by phagocytic immune cells, which take up and
eliminate the nanoparticles thus identified'3°. In this context the previously described
effects of a pegylated NP surface lead to a lower immunogenicity and a slower
degradation rate by metabolic enzymes and thus to a more favorable pharmacokinetics
after systemic application’?140. The NP clearance from the systemic circulation is
based, among other things, on morphological characteristics of the endothelia of the
blood capillaries, which are classified as continuous, fenestrated or discontinuous;
accordingly, it is size-dependent’3”. Which type a capillary belongs to depends on the
density of its structure, and the structural density decreases from continuous to
fenestrated to discontinuous capillaries. The capillary type is also organ-specific and
morphologically variable between mammalian species. Capillaries of the skin, heart,
lung and skeletal muscles, have the most common type of capillary, i.e. continuous
capillaries. The endothelia of the kidneys exhibit fenestrated capillaries with pores of
between 20 and 80 nm. Discontinuous capillaries with gaps between 50-180 nm are

predominant in the liver and can be up to 5 ym in the spleen. Thus NP are eliminated
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by the kidney depending on their size (< 5 nm)'#" or accumulate in the liver and spleen

via diffusion through the gaps of discontinuous capillaries 20142,

CPN architecture and attributes not only influence the pharmacokinetic behavior of
these nanodiagnostics, but can often influence their optical performance. It has often
been observed that the spatial confinement of the CP resulting from encapsulation
within in various nanoparticle structures can dramatically affect the optical
properties'™*. For example, blue-shifted and broadened absorption spectra indicate a
general decrease in the conjugation length of polymers due to bending, torsion and
kinking. In contrast, the frequently observed redshift of the emission maximum points
to the formation of aggregates between the individual chains rather than to self-
aggregation by coiling®143. These observations are rooted in the altered electron
mobility across the spatially confined conjugated backbone of polymers”6:8°, Therefore,
it can be concluded that a thorough and systematic investigation of critical processing
parameters is needed to adequately characterize CPN material, quality, safety and

performance attributes.

2 Aim of the project

The objective of this project was to investigate three novel CPN systems for their
performance in fluorescence and photoacoustic diagnostic applications using both in
vitro and in vivo methodologies. Where possible, a QbD-inspired approach was
implemented in order to produce systems that conformed with pharmaceutical quality
standards for intravenously administered formulations. The primary study question
addressed in this work was whether formulation composition, e.g. the PEG-PLGA
matrix material (Formulations | and Il) or CPN stabilization strategy (Formulation IlI)
significantly influenced physicochemical characteristics, optical and optoacoustic

properties, biocompatibility, in vivo biodistribution and imaging performance.

The first publication describes the physicochemical properties, biocompatibility and
fluorescence/photoacoustic performance of CPNs with different low molecular weight
PEG-PLGA polymers as matrix. In this study the influence of the different PEG-PLGA
matrices on physicochemical properties, biocompatibility and in vitro imaging
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performance was of interest. It was hypothesized that an increase in PLGA molecular
weight in the diblock copolymer could lead to an increase in nanoparticle size but could
also have a benéeficial effect on the optical properties of PCPDTBT as the nanoparticle
core of Formulation Il would be more hydrophobic compared to Formulation | due to
the increased PLGA molecular weight. The hydrophobic environment could reduce
self-aggregation and coiling of the CP in the nanoparticle core thereby promoting
electron mobility across the CP backbone®'43, The hypothesis that the embedded
PCPDTBT would not affect the biocompatibility of the nanoparticles was also the
subject of this investigation. My practical contribution to this study included the
production of the different CPN formulations, physicochemical characterization (size,
zeta potential, colloidal stability), cell viability assessment (MTT assay), optical
characterization (spectra and photoluminescence quantum vyield (PLQY)) and

evaluation of fluorescence and photoacoustic imaging performance.

The second publication utilizes the knowledge gained in the first study to determine
whether the differences between PEG-PLGA formulations | and Il observed during the
in vitro investigation were also apparent in an in vivo model. In this study, both matrix
CPNs containing PCPDTBT (Formulations | and Il) were compared with core-shell
CPNs also containing PCPDTBT (Formulation Ill). It was hypothesized that the core—
shell CPNs stabilized with PEGakpa-DPPE (Formulation 11l) would show a higher
surface protein binding via surfactant displacement compared to PEG-PLGA CPNs

(Formulations | and Il) and therefore a faster liver accumulation in vivo.

The third publication describes the in vivo optical performance of a novel 100%
borylated PF8-BT, P4, which was previously investigated for optical properties in
vitro®3. The major study question addressed here was whether the outstanding in vitro
optical properties of P4 CPN could be observed in an in vivo mouse xenograft model.
Further, it was assessed whether CPNs are superior to the FDA-approved NIR dye,
ICG, in terms of in vitro optical performance. It was hypothesized that the two T-
conjugated polymers, PCPDTBT and P4, would show a higher resistance to
photobleaching than ICG and that P4 CPNs would be superior to PCPDTBT in optical

in vivo performance.

In Chapter 4, the results of the work presented in this thesis are discussed in the

context of the current state-of-the-art of optical and PA contrast agent development.
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Short term and long term perspectives on the development of CPNs as novel contrast

agents are provided.

3 Cumulative part

3.1 general information on scientific journals

Table 2: General information on scientific journals.

Title

Journal of Material
Science B

Applied Materials
and Interfaces

Advanced
Healthcare
Materials

Impact Factor

5.344 (2019)

8.758 (2019)

7.367 (2020)

5-Year Impact

5.022

7.837

5.941

Publisher

Royal Society of
Chemistry

American Chemical
Society

Wiley-VCH
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3.2

ltemization of own contribution

Table 3: Specification of the percentage of own contribution to the publications. The own
contribution is made up as follows.

A: own contribution to the planning, the execution, the analysis of the experiments and the
preparation of the corresponding illustrations.

B: own contribution to the preparation of the manuscript.

Publication | Low molecular weight PEG-PLGA polymers provide a superior matrix for
conjugated polymer nanoparticles in terms of physicochemical properties,
biocompatibility and optical/photoacoustic performance
Thais Fedatto Abelha, Paul Robert Neumann, Joost Holthof, Cécile A.
Dreiss, Cameron Alexander, Mark Green, Lea Ann Dailey
J. Mater. Chem. B, 2019,7, 5115-5124
A: 50% B:50%

Publication II Different PEG-PLGA matrices influence in vivo optical / photoacoustic
imaging performance and biodistribution of NIR-emitting Tr-conjugated
polymer contrast agents
Paul Robert Neumann, Frank Erdmann, Joost Holthof, Gabriela Hadrich,
Mark Green, Jianghong Rao, Lea Ann Dailey
Adv. Healthcare Mater. 2020, 2001089, 1-13
A: 85% B:80%

Publication Ill | In Vivo Optical Performance of a New Class of Near-Infrared-Emitting

Conjugated Polymers: Borylated PF8-BT

Paul Robert Neumann, Daniel L. Crossley, Michael Turner, Michael
Ingleson, Mark Green, Jianghong Rao, and Lea Ann Dailey

ACS Appl. Mater. Interfaces 2019, 11, 50, 46525-46535

A: 75% B:75%
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The following section contains three publications, which were published as research
articles in international journals following the peer-review procedure. These articles
constitute the basis of my work and summarize the experimental results. The articles
are closely related, with the first article focusing on the investigation of the influence of
the molecular weight of PEG and PLGA of PEG-PLGA diblock copolymers as
nanoparticle matrix for the conjugated polymer PCPDTBT on basic nanoparticle
properties (particle size; zeta potential) and furthermore on cell viability and

optical/photoacoustic properties in vitro.

In the second publication, PCPDTBT was again embedded in PEG-PLGA matrices,
additionally a further nanoparticle formulation that coated the conjugated polymer with
a phospholipid was included in the study. Again, the Quality by Design inspired
approach for nanoparticle characterization was applied to guarantee safe formulations
in the following in vivo investigations of the performance of the formulations using
fluorescence and photoacoustic imaging. The observed biodistribution prompted
further experiments regarding the protein corona that forms around the nanoparticles

in the physiological environment.

In addition to PCPDTBT, the third publication highlights another conjugated polymer,
a borylated F8BT (P4), synthesized by cooperation partners from the University of
Manchester. These and the small molecule dye ICG were embedded in one of the
PEG-PLGA matrices for nanoparticle production, which were already used in the first
and second publication. The resulting nanoparticle formulations were thoroughly
characterized in-situ and in vitro prior to in vivo fluorescence application in a xenograft

mouse model.
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3.3 Publication |

Low molecular weight PEG-PLGA polymers provide a superior matrix for
conjugated polymer nanoparticles in terms of physicochemical properties,
biocompatibility and optical/photoacoustic performance

Link publication:
https://pubs.rsc.org/en/content/articlelanding/2019/tb/c9tb00937] - IdivAbstract

Link supporting information:
http://www.rsc.org/suppdata/c9/tb/c9tb00937j/c9tb00937j1.pdf

Cite:
J. Mater. Chem. B, 2019,7, 5115-5124
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3.4 Publication Il

Different PEG-PLGA matrices influence in vivo optical/photoacoustic imaging
performance and biodistribution of NIR-emitting r-conjugated polymer contrast
agents

Link publication: https://onlinelibrary.wiley.com/doi/full/10.1002/adhm.202001089

Link supporting information:

https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1002%2Fadhm.2
02001089&file=adhm202001089-sup-0001-SuppMat.pdf

Cite: Adv. Healthc. Mater. 2020, 2001089, 1-13
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3.5 Publication Il

In Vivo Optical Performance of a New Class of Near-Infrared-Emitting
Conjugated Polymers: Borylated PF8-BT

Link publication:
https://pubs.acs.orqg/doi/abs/10.1021/acsami.9b17022

Link supporting information:

https://pubs.acs.org/doi/suppl/10.1021/acsami.9b17022/suppl file/am9b17022 si 00
1.pdf

Cite:
ACS Appl. Mater. Interfaces 2019, 11, 50, 46525-46535
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4 General discussion

The intent of this body of work was to make a contribution to the further development
of CP-based contrast agents. Optical imaging for diagnostic purposes is mainly held
back by photon-limited interference with the tissues under examination. Despite
decades of research in this field, optical imaging methods are still relatively rare in the
clinic (Figure 1). It is widely believed that with the development of better exogeneous
contrast agents, optical imaging would increasingly become standard clinical practice.
Small molecule dyes such as fluorescein, methylene blue, ICG, as well as the
precursor dye, 5-aminolevulinic acid, have FDA approval and are in clinical use.
According to a recent publication, the pipeline is currently filled with 39 new contrast
agents for fluorescence image-guided surgery (FGS). As novel contrast agents are
considered new drugs by the FDA, they also have to go through lengthy and expensive
approval processes before they can ultimately be used clinically®3. Although some of
these dyes have been in clinical use for a long time for diagnostic purposes such as
angiography, visualization of cancer cells and organs, they also have disadvantages
such as photobleaching and small Stokes shifts. Although these dyes can also be
functionalized and processed into nanoparticles so that they can actively mark their
target, thereby overcoming disadvantages such as the extremely fast clearance from
the site of interest, optical disadvantages remain'44. CPs, however, offer the possibility
of overcoming the optical disadvantages of traditional molecular dyes and are currently
in the focus of intensive research. The following sections highlight how the research
studies presented here have contributed to our general knowledge and development

of CP-based nanodiagnostics for optical and PA imaging applications.

4.1 QbD inspired CPN research

For a potential in vivo application, CPN formulations must meet high quality
requirements. Testing CPN formulations for size, surface charge and cell viability is
standard practice for scientists in this discipline. Less common are tests for
haemocompatibility, such as those performed in publication I. In addition, publications

Il and 11l incorporated a QbD inspired approach to pharmaceutical assessment of the
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CPNs and as a consequence reported a wider range of critical quality attributes, such
as product yield, loss on sterile filtration, colloidal stability, content uniformity, residual
solvent levels, sterility and endotoxins. The assessment of many of these parameters
is currently very rare in the field of CPN research, which is dominated by researchers
without a pharmaceutical science and drug development background. Thus, one of the
most important contributions to the field of CPNs and nanodiagnostic research
achieved by this work is the demonstration of how pharmaceutical quality parameters
can and should be incorporated into nanodiagnostic studies, even at a very early
research stage, as this will play an important role in the translational of novel contrast

agents into the clinic.

4.2 The impact of nanoparticle architecture and composition on CP
optical properties

As mentioned in Section 1.5, the optical properties of fully dissolved CP in solution
differ considerably from that of CP incorporated into CPN. This is attributed to the
changed conformation of the conjugated polymers within the NP, whereby the
conjugation length is reduced and the individual polymer chains are more tightly
packed than in the dissolved state, which results in an altered electron flow across the
polymer backbone’®'45. Two optical characteristics, the maximal absorption/emission
wavelength and PLQY are typically used to assess the effects of CPN architecture and
composition on CP optical behavior. For fluorescence imaging applications, | was
initially working under the hypothesis that both a shift in the absorption and emission
spectra towards the tissue transparency window, as well as a high PLQY would be
favorable for in vivo fluorescence imaging. In contrast, PAl contrast agents should have

a high absorption in the tissue transparency window and a low PLQY.

Figure 15 shows the maximum emission peaks (B, D) and PLQY (A, C) of CPN
formulations presented in this thesis compared to a selection of comparable
formulations published in the literature®%93.146-148 The formulation of the nanoparticles
has a great influence on the conformation of the CP processed in them, which in turn
affects the optoelectronic properties of the CP to a particular extent, as already
mentioned in 1.5. Thus, it was demonstrated that a silica as a shell material favored

the fluorescence performance of PCPDTBT. The authors suggested that the non-polar
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environment created by silica for the CP was crucial for this enhanced performance'46.
Crossley et al. also showed higher PLQY with silica CPN compared to PEG-PLGA
CPN®. The core shell NP architecture of CP and 1,2-dioctanoyl-sn-glycero-3-
phosphocholine (DOPC) or 1,2-dioctanoyl-sn-glycero-3-phosphoethanolamine
(DOPE) gave PLQY values comparable to solutions of CP in nonpolar solvent, which
is why the authors assumed the absence of water molecules in the NP0, They also
showed that the CP in the CPN is in short-range association, but the WAX profile
showed no well-developed diffraction peaks, which contradicts a completely crystalline
core. By processing CPs into a liquid core of midchain triglyceride (MCT), lipid
nanocapsules (LNC) were formed, which resulted in comparatively high PLQY values
comparable to the CPs in silica shells'*. It was also observed that both the LNC and
the silica CPN showed the lowest red shift in the emission spectrum (Figure 15 B). A
more coiled conformation and the presence of molecular aggregates of the polymer
leading to a more efficient energy transfer among the backbones is reported to result
in red-shifts in the emission spectra. These shifts are typically accompanied by a
substantial aggregation-induced quenching (i.e. decrease in the quantum yield).
Generally, a high PLQY is assumed to result in good fluorescence performance, as
this suggests that the absorbed energy is primarily released via fluorescence, while a
low PLQY is assumed to result in non-radiative energy dissipation, for example via

vibrational relaxation, which hypothetically will result in a PA signal™#’.
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Figure 15: PLQY and maximum emission peaks of PCPDTBT CPN of this study and a selective representation
from other recent studies (A; B) and of CPNs of the novel CP P4 (C; D). Colored bars with error bars originate
from our studies®*°>14814° they represent the mean * standard deviation of (n = 3) independently produced
batches per formulation. White bars with diagonal stripes originate from current literature®%146:147,

4.3 PLAQY is not predictive of fluorescence imaging performance in a
phantom mouse and in vivo mouse model

The hypothesis that higher PLQY values also perform better in fluorescence imaging
procedures was only true in isolated cases and therefore cannot be confirmed in
general. In our study, when comparing PEG2kpa-PLGA4kpa, PEG2kpa-PLGA15kpa  and
PEGS5kpa-PLGA sskpa as matrix materials of PCPDTBT, the in vitro SBRs followed the
PLQYs, although there were only marginal differences in PLQY and also the SBRs
showed very similar values'®. In one of our other publications, we were able to
measure a 3-4x higher PLQY for a PEGawa-DPPE CPN compared to the PEG-PLGA
matrix CPNs, but nevertheless the DPPE CPNs showed a 30% lower SBR in IVIS

fluorescence imaging'4°.
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Also in vivo, PEGapa-DPPE CPN did not show performance advantages in
fluorescence imaging corresponding to the higher PLQY. When comparing the novel
CP P4 against PCPDTBT CPN (publication 3)'', P4 showed a significantly higher
PLQY and also higher SBRs in fluorescence imaging in vitro, however, in vivo the
tumor periphery ratio of the two CPN systems is almost identical due to the higher
fluorescence signal of P4 in the periphery. Active targeting could improve the in vivo
performance of the P4 CPNs in this regard. The LNCs loaded with PCPDTBT showed
PLQY values comparable to P4 PEG-PLGA CPN, which also showed similarly high

SBRs in in vitro fluorescence imaging'48.

Zhu et al. showed a clear correlation between PCPDTBT CPN formulation and optical
properties’#®. Processing in a silica shell increased PLQY values compared to bare
PCPDTBT CP and CPN processed in poloxamer F127. In this study, higher PLQY also
resulted in better fluorescence imaging performance. In vivo, silica CPNs showed
bright signals, however, despite slightly lower PLQY, the pegylated variant

outperformed the unpegylated silica CPN due to significantly better biodistribution.

Pu et al. compared PCPDTBT with various DPP-based CPs, which they processed
with lipids (dipalmitoylphosphatidylcholine (DPPC), 1,2-distearoyl-sn-glycero-3
phosphoethanolamine-N-[methoxy(polyethylene glycol)-350] (DSPE-mPEG350), and
DSPE-mPEG2000) to form CPN'#. The CPN showed low PLQY values that differed
by a factor of 10-100. CPNs with higher PLQY also showed higher signals in vitro

fluorescence imaging.

Although the latter two studies’6.147 suggest predictability of PLQY values and in vitro
fluorescence imaging performance, it should be noted that both studies tested in vitro
performance without a phantom mouse. This has a decisive influence on the in vitro

performance due to the simulation of light scattering and absorption of a living mouse.

4.4 The impact of CPN architecture on PA imaging performance in a
phantom and in vivo mouse model
PCPDTBT CPN formulations have been tested not only for their fluorescence but also
for their photoacoustic imaging performance. During the investigations it was found
that the different CPN architectures and compositions have an influence on the PA
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imaging performance. For example, we observed that the PA signal amplitude of PEG-
PLGA CPNs was unstable over time and decreased with prolonged laser irradiation
(Figure 16 B). In contrast the core-shell PEGakpa-DPPE CPNs showed a lower, but
steady signal amplitude over the entire study period (Figure 16 C), which was

comparable to results reported by Pu et al. using a similar CPN architecture®?.
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Figure 16: A) Time-dependent B-mode signal of the CPNs at selected measurement times over
the measurement period of 5 min, while only the ultrasound probe is switched on. B) Time-
dependent B-mode signal at selected measurement times and C) PA signal of the CPNs over the
measurement period of 5 min, while both the ultrasound probe and the laser are switched on.
Data in panels (A) and (B) represent the mean + standard deviation of (n = 3) independently
produced batches per formulation4°.

Such observations led to the question of why different CPN architectures show
different PA signals despite very similar optical properties. The lower PLQY of PEG-
PLGA CPNs indicates a preference for non-radiative decay, resulting in higher PA
amplitudes compared to PEGzkpa-DPPE. However, the PEGakpa-PLGA4kpa CPNs show
a higher PA amplitude than the PEGskpa-PLGAsskpa despite a larger PLQY. PLQY and
spectra alone cannot predict in vitro PA performance. This was also confirmed by
another study by Modicano et al. in which PCPDTBT was processed with MCT as
LNCs. The LNCs showed slightly lower PAI performance compared to the PEG-PLGA
and PEG-DPPE CPNs despite significantly higher PLQY 48,

The LAZR-X used for PA imaging shows the PA signal as well as the B-mode image
i.e., the 2D grayscale image in sonography due to the parallel ultrasound imaging.
Especially at the beginning of the measurement, a B-mode signal could be observed
with the PEG-PLGA CPN, but not with the PEG2kpa-DPPE formulation (Figure 16 B). It
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turned out that the ultrasound alone could not increase the contrast (Figure 16 A). The
simultaneous contrast increase in B-mode and PA signal was only realized by

switching on the laser.

Pu et al. concluded that the different lipids they used as CPN shell material had a
negligible influence on the PA imaging performance'’. They further concluded that the
PA intensities of CPNs are mainly determined by the molecular structures of CPs. In
their study, they also showed that CPNs with lower PLQY values have better PAI
performance in vitro. It is possible that a general prediction of the in vitro PAI
performance and distinct differences of the PA signals of CPNs is only possible from

larger differences of the PLQY values (10-100 fold) of the CPNs under investigation.

4.5 PA and B-mode contrast enhancement mechanisms

The strong contrast increase initiated by the laser was, as already mentioned, only
observed in the PEG-PLGA formulations. It can be assumed that the optically triggered
dual contrast enhancement is caused by gas bubbles created by vaporization®2. It has
already been described that the generated gas bubbles increase both the ultrasonic
and the PA contrast agent®?. Over the experimental period of 5 minutes, the B-Mode
contrast of the PEG-PLGA CPN returns to its initial value (Figure 16 B). Over the same
period of time, the PA signal generated by PEG-PLGA formulations converges to that
of PEG2akpa-DPPE (Figure 16 C).

Possible differences in the thermal conductivity and the heat capacity of the matrix
material could confine the heat generated by the CP to a different extent in the PEG-
PLGA CPN. These hypothetical differences in thermal confinement could lead to
different temperatures in the CPN. These differences in turn could influence the
expansion and relaxation amplitudes and thus the PA signal®?>'52, The generation of
nanobubbles can also be influenced by these properties of the nanoparticle material.
A better insulating envelope material hypothetically leads to higher core temperatures

in the NP and is therefore more likely to cause a liquid to gas transition52.
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5 Outlook and perspectives
5.1 Further developments of CPN technology

Parallel to our work there were novel developments in the field of CPNs. Recent review
articles provide an excellent overview of the different types of CPN chemistries and
their preclinical safety assessment as well as the wide range of applications from
optical imaging including fluorescence, photoacoustic, multimodal and activatable
imaging techniques to imaging-guided phototherapy and combination therapy, light-
triggered drug delivery and gene regulation’'%3, Furthermore, possibilities for active
targeting of CPN also in combination with therapeutic applications have already been

described®0.154,

Two examples were especially innovative. In one study, CPs were linked to
proenzymes or enzymes and their activity was specifically activated by NIR irradiation
in the tumor to enable theranostic approaches like photodynamic therapy (PDT) and
photothermal therapy (PTT). PDT uses the CP properties of imaging, good light-
harvesting and energy transfer to a photosensitizer to generate therapeutic ROS. PTT,
which is possible with nanocarriers of CPs, makes use of their ability to generate
hyperthermia locally after light excitation. PDT and PTT can specifically kill tumor cells
or bacteria’??. Although active targeting leads to higher accumulation in the target
tissue, there are still peripheral, non-specific depositions, so research is currently also
conducted on protherapeutic CPNs, which can only be activated by the simultaneous
presence of biomarkers overexpressed in the tumor microenvironnment and an

external stimulus such as NIR light'®°.

5.1.1 PCPDTBT-ribonuclease A conjugates for PDT and PTT

Recently the synthesis of an organic semiconducting pro-nanoenzyme (OSPE) was
reported for cancer therapy and tumor monitoring. PCPDTBT based conjugated
polymer was linked to an inactive proenzyme via a singular oxygen cleavable linker.
The proenzyme is a cytotoxic ribonuclease A, which is inactivated by a phenylboronic
acid pinacol group. During the in vivo application of this formulation, NIR irradiation of
the conjugated polymer generates singular oxygen, which enables PDT and cleaves
the inactive proenzyme. The biochemical mediator H202, which is present in the tumor

microenvironment, reactivates the proenzyme. The enzymatic activity thus restored
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causes intracellular RNA degradation and thus cell death, which inhibits tumor growth

and stops lung metastasis%6.

5.1.2 PCPDTBT-Bromelain conjugates for PTT

In another study, PCPDTBT was modified with carboxyl-PEG groups and the resulting
amphiphilic molecules were further covalently linked to bromelain. By irradiating the
nanoparticle formulation after intravenous administration, a temperature increase was
achieved which activated the collagen-degrading enzyme bromelain. It was shown that
the extracellular tumor matrix can be degraded and the passive accumulation of
nanoparticles can be increased. The laser power was increased 6h after i.v application
to perform PTT on the tumour. This approach suppressed 4T1 tumour growth in mice

over the experimental period of 16 days'’.

These described results of the current basic research of conjugated polymer
nanoparticles provided fundamentally new approaches for tumor monitoring and
therapy. Nevertheless, these studies lack the implementation of quality by design
approaches. Although the feasibility studies are extremely valuable, rigorous
formulation quality requirements implemented from the very beginning with regard to
their planned administration route would strongly support further development.
Moreover, such a rational experimental approach in early research and development
has the potential to bridge the large gap between material science, preclinical
experiments and clinical reality and thus accelerate the translation into clinical

application.

5.2 Barriers to clinical translation and future work

The absence of CP degradation and elimination has so far prevented its safe in vivo
application. This hinders the transfer of CPN to the clinic for use as high performing
fluorescent and photoacoustic contrast agents for medical imaging applications. The
particles of this study are only partially biodegradable, due to their biodegradable PEG-
PLGA or PEG-DPPE structure. In contrast, the CP is hypothesized to persist in the

liver and spleen after accumulation. CPs are generally non-degradable due to their
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inert and carbon-based Tr-conjugated architecture'®. It could be that they are excreted
very slowly through the feces due to their very lipophilic nature. At this time no
statements can be made from our work about their elimination, because the animal
excretions were only examined visually during our in vivo imaging study, but not with
fluorescence measurement methods. The clearance of CPNs requires investigation for
potential in vivo use and transfer into clinical application, therefore these studies should
be the subject of further experiments. For this purpose, longer experimental periods

should be considered and valid quantification methods must be developed.

However, there are approaches to design biodegradability into the CP structure. For
example, biodegradable benzobisthiadiazoles have been synthesized and studied as
contrast agents for photoacoustic brain imaging. To examine biodegradation rate and
elimination, both the excretions (urine/feces) and the blood of the experimental mice
were examined for fluorescent degradation products over a period of two weeks. The
benzobisthiadiazoles (BBT) based CPs were embedded within a biodegradable PEG-
PLGA matrix. Interestingly, the CPs themselves exhibited a weak fluorescence,
whereas the degradation process produced fragments (=1 nm) with a substantially
stronger fluorescence. Biodegradation of the BBT polymers was shown to occur in the
presence of biologically relevant peroxidase and lipase enzymes. As a result of the
enzymatic degradation, the fragments could be continuously eliminated by

hepatobiliary and renal excretions™3.

Further recently published concepts for the biodegradability of CPNs were inspired by
nature'. In these studies, the molecules responsible for bioluminescence of different
organisms were looked at. These natural substances such as coelenterazine, vargulin
and green fluorescent protein all contain imidazole units in the conjugated molecular
scaffold. Inspired by nature in this way, bio-degradable highly fluorescent conjugated
polymer nanoparticles for bio-medical imaging applications were then produced. The
particles decompose upon exposure to ROS and the resulting small molecular

degradation products are water soluble and can be excreted ',

5.2.1 Future work

In future research work, various topics could be investigated with the CPN based on
this dissertation. The following is a selection of the follow-up research projects that can
be realised in the short-term, medium-term and long-term.
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In the short term, follow up studies dedicated to the phenomenon of B-mode and PA
signal change over time would be very interesting. These changes may be indicative
of laser-induced vapor nanobubble formation, which increases the acoustic impedance
mismatch with the surrounding medium and thus enhances the ultrasound signal,
albeit transiently. This hypothesis and the influence of the CPN formulation on this
phenomenon would be interesting starting points for future projects. Here, the
differences in the thermal conductivity and the heat capacity of the matrix material may
play a crucial role. Another future project that could be implemented in the short term
is the investigation of the phototoxicity of the CPN. This is of great importance for the
potential future users, since due to the high absorption coefficient of CPs a UV-induced

side effect like sunburn could result.

In the medium term, changes could be made to the formulation of the CPN in order to
improve its biodistribution or targeting, so that the NPs could be provided with moieties
on the particle surface that allow active targeting. Different matrices could be used for
the production, which are already functionalised at the PEG end with active groups
such as folate or biotin in order to realise active targeting of the corresponding
counterparts on cancer cells. Carboxylic acid-modified PEG-PLGA could enable in-
house surface modifications that are not commercially available, for example with
antibodies, proteins, affibody or peptides. Active targeting could result in higher SBR
and increased sensitivity of CPNs. Since the LNC formulations showed very good
optical fluorescence performance in vitro, in vivo experiments would be a reasonable

next step for this technology.

In the long term, further preclinical development of the lead formulation resulting from
the preceding projects would be conceivable. This would entail a subsequent in-depth
evaluation of the non-clinical safety according to the ICH M3 (R2) guidelines (Non-
clinical safety studies for the conduct of clinical trials in humans for drugs). Non-clinical
safety studies include the evaluation of the maximum tolerated dose, the establishment
of pharmacokinetic and toxicokinetic profiles and reproductive toxicity, genotoxicity,
immunotoxicity and, in justified cases, carcinogenic potential. Although it is difficult to
address the full spectrum of non-clinical research in an academic setting, properly
designed studies in the above-mentioned areas could provide valuable information for

evaluating the translatability of CPNs for future clinical application.
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6 Summary

For the development of a potential in vivo diagnostic agent based on a nanoparticle
suspension with both fluorescence and photoacoustic properties, it is essential to be
able to meet not only in vitro and in vivo imaging performance with these two optical
imaging modalities, but also the most consistent pharmaceutical quality requirements
for parenteral, intravenous formulations. The novel nanodiagnostics based on PEG-
PLGA or phospholipid as an envelope material for conjugated polymers were
evaluated both physicochemically and chemically with respect to their biocompatibility
as well as their optical and photoacoustic properties before a study in a xenograft

mouse model was conducted.

In the following section, the most important results of the three publications are
summarized.

1. In publication I, the influence of the PEG-PLGA structure, namely molecular weight
and composition, on the encapsulation of the conjugated polymer PCPDTBT was
investigated, with a focus on particle size, stability, biocompatibility and optical
performance. In the optimization study, the fraction of PCPDTBT varied between
0%-50% for the three matrices used (PEG2kpa-PLGA4kpa, PEG2kpa-PLGA15kpa and
PEGskpa-PLGAsskpa). Based on the data obtained, a multi-variate analysis was
performed to predict the hydrodynamic diameter based on the two input factors
PCPDTBT content and total solids content. PEGakpa-PLGA15kpa and PEG5«kpa-
PLGAsskpa, were more sensitive to changes in these factors than PEGakpa-
PLGA4kpa, where only the PCPDTBT content seemed to have an influence on
particle size. The cytotoxicity data according to 1ISO10993-5 showed "slight
cytotoxicity" or "mild cytotoxicity", and PCPDTBT CPNs showed a slightly higher
cytotoxicity compared to pure PEG-PLGA NP. The haemacompatibility
experiments revealed that, except for PEG2kpa-PLGA15kpa, Which has low hemolytic
activity, the CPN are not haemolytic regardless of composition. The in vitro optical
tests showed a broadening of the absorption spectra of CPN, a strong (90 nm)
redshift of the emission spectrum and 30-200 times lower PLQY compared to
PCPDTBT dissolved in THF. IVIS Spectrum fluorescence in phantom imaging
revealed a nearly linear signal increase over the observed concentration range
(0.125-1 pg). Interestingly, PEGakpa-PLGA4kpa CPNs showed slightly higher SBR
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than the formulations with higher PEG-PLGA molecular weights. The PEG-PLGA
structure also had an influence on the photoacoustic signal, where PEG2akpa-

PLGA4p CPNs showed a slightly better imaging performance.

. In the second publication we focused on the optical performance of three CPNs of
different architecture (PEG2kpa-PLGA4kpa, PEG2kpa-DPPE and PEGskpa-PLGAss5kDa)
in fluorescence and photoacoustic imaging in vitro and in vivo. Despite the fact that
PEG2kpa-DPPE CPN had a higher PLQY, it was observed that both PEG-PLGA
formulations showed up to 30% higher SBR in vitro. Phantom mouse studies
investigating the stability of the SBR over time indicate that the SBR reduction
observed did not result from repeated excitation of the fluorophores but is thought
to be due to a possible reduction of their chemical stability. After application of the
QbD inspired approach to characterize the CPN suspensions, a mouse xenograft
model was examined using both whole body fluorescence and photoacoustic
imaging of the tumor. Fluorescence imaging revealed that PEG2akpa-PLGA4kDa
showed higher SBR in the abdominal region 3h after application compared to the
other two formulations and that PEGakpa-DPPE consistently showed higher SBR in
tumor and periphery. Further in vitro experiments were performed to explain these
unexpected results. SDS-PAGE revealed that PEGakpa-DPPE adsorbed the least
amount of serum proteins on the NP surface, followed by PEGskpa-PLGASs5kpa and
PEG2kpa-PLGA4kpa. Uptake of PEG2kpa-PLGA4kpa in J774A.1 macrophage like cells
was higher than other systems, which may explain the initial high SBR in the
abdominal region with this CPN formulation. PA in vitro studies showed possible
evidence of nanobubble formation when using PEG-PLGA CPNs, which was
characterised by strong PA and B-mode signals shortly after the start of the
measurement, which decreased over time. In vivo, the tumor PA signal increased
gradually and showed maxima after 12 hours (PEG2kpa-DPPE) and after 48 hours
(PEG-PLGA formulations), with PEGzkpa-DPPE giving the highest signal in the

tumor.

. The focus of publication Il was on the investigation of the optical performance of
two different CPs, formulated as PEG-PLGA-type CPNs, in an in vivo xenograft
mouse model wunder consideration of biodistribution, tolerability and

biocompatibility/toxicology. A fully borylated F8BT (termed P4) was compared to
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the commercially available PCPDTBT, both formulated into a PEGskpa-PLGAsskDa
matrix. Since indocyanine green (ICG) is an FDA approved dye for in vivo use in
humans for NIR imaging, it was included in the in vitro studies as an aqueous
solution and as a NP formulation. The PLQY of P4 (~2.3%) was similar to that of
ICG+albumin and twice as high as ICG NP and about 200-fold higher than
PCPDTBT NP. In the IVIS imaging phantom, ICG formulations showed
concentration dependent quenching, whereas SBR of the CP suspension
increased linearly with increasing concentration (12.5-100 ug/mL). Within 14 days
the formulations were imaged 10 times, showing that P4 CPN was the most stable
with only 12% loss of SBR, compared to PCPDTBT CPN (60%), ICG solution
(100%) and ICG+albumin (44%). The physicochemical properties as well as the
sterility, bacterial endotoxin tests and residual solvent level investigation revealed
excellent quality of the final product, which was suitable for in vivo experiments. In
vivo the SBR of the P4 CPNs was up to 5 times higher in the abdominal region,
tumor and periphery compared to PCPDTBT CPNs. The tumor signal was 1.5 to
2.5 fold higher than the periphery. According to the literature, a SBR in the range

of 1.1 offers sufficient discriminatory power for cancer diagnostic applications''.

In summary, three PCPDTBT CPN formulations with different nanoparticle
architectures, i.e. two PEG-PLGA CPNs (matrix-like nanoparticles) and one
phospholipid-coated CPN (core-shell type) and one P4 PEG-PLGA formulation were
compared over the experimental period of the present work with respect to their
fluorescence and photoacoustic imaging performance and in vivo biodistribution.
Despite very similar physicochemical properties of CPN, they showed different optical
and photoacoustic properties as well as different in vivo biodistribution. These
formulations showed not only promising performance and good tolerability, although

further development of this technology is required prior to clinical implementation.
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