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Abstract

In this doctoral thesis we describe a series of stimuli-responsive polymers which could
be used as diagnostic tools or as smart drug delivery systems with simultaneous diagnosis
(theranostics). All hereby mentioned polymers are thermoresponsive copolymers
of (N-2,2-difluoroethyl)acrylamide exhibiting lower critical solution temperature in aqueous
milieu. This means that they are water-soluble at low temperature while when heated above
a certain temperature, they self-assemble into nano- or macro- sized assemblies. Because
of the high concentration of fluorine atoms, all these polymers could be used as '°F MRI tracers.

We designed multiple different thermoresponsive, thermo- and pH-responsive,
thermo-and reactive-oxygen-species-responsive polymers that could find numerous discussed
applications in human medicine. We investigated their physico-chemical properties
with 'H and '°F nuclear magnetic resonance (NMR), size exclusion chromatography (SEC),
elemental analysis, dynamic light scattering (DLS), static light scattering (SLS), small angle
neutron scattering (SANS), small-angle X-ray scattering (SAXS), and turbidimetry.
After the physicochemical optimization of the parameters for the selected applications, their
biocompatibility was tested in vitro. Several promising polymers were tested in vivo on animal
models. The clinical applicability of our polymers was further confirmed via merged
'H and "°F MR imaging of our polymers in vitro as a phantom study and in vivo with a rat
model. One polymer was tested using an instrument currently used in human medicine.

Keywords: '’F MRI tracer, thermoresponsive polymers, self-assembly, theranostic,
multi-responsivity



Abstrakt

V ramci této disertatni prace jsme pfipravili a charakterizovali celou fadu polymeri
citlivych na vnéj$i podnéty, které maji potencidlni vyuziti jako latky pro neinvazivni
zobrazovani v medicin¢ a zaroven jako chytré systémy na cilené dorucovani 1é¢iv
(tzv. theranostika). VSechny systémy popsané v této disertacni praci jsou na bazi
termoresponzivnich kopolymert (N-2,2-difluorethyl)akrylamidu, které vykazuji tzv. dolni
kritickou rozpoustéci teplotu. Tyto polymery jsou rozpustné za nizké teploty a po jejim zvyseni
jsou schopné vytvaret samouspoiadané supramolekuldrni ¢astice, coz ndm umoznuje pripravit
¢astice z roztoku polymeru pouze zménou teploty z laboratorni teploty na teplotu lidského téla.
Diky vysoké koncentraci magneticky ekvivalentnich atomu fluoru jsou vSechny tyto polymery
vhodné pro zobrazovani pomoci fluorové magnetické resonance ('°F MRI).

Ptipravili jsme fadu riznych termoresponsivnich, termo- a pH- responsivnich,
termo- a ROS-responsivnich (reaktivni formy kysliku) kopolymert, které maji potencidlni
vyuziti pro Sirokou Skélu aplikaci v medicin€. Tyto systémy jsme charakterizovali pomoci
rtiznych instrumentalnich metod jako jsou 'H a 'F nuklearni magnetickd resonance (NMR),
gelova permeacni chromatografie (SEC), elementarni analyza, dynamicky a staticky rozptyl
svétla (DLS, SLS), malouhlovy rozptyl neutronti (SANS), malouhlovy rozptyl rentgenového
zéateni (SAXS) a turbidimetrie. Poté jsme testovali jejich biokompatibilitu v rtiznych in vitro
studiich a vybrané polymery byly testovany i in vivo. Aplikovatelnost v klinické praxi byla
potvrzena pomoci experiment testovaném na MRI béZné pouZivané pro klinickou praxi
na pacientech, kde byl instrument modifikovan fluorovou sondou a méfeni bylo provadéno
na bazi slouceni vystupu z protonové a fluorové MRI.

Kli¢ova slova: 'F MRI tracer, termoresponzivni polymery, samouspofadané systémy,
theranostika, multi-responzivita
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1. Introduction

I.1. Magnetic resonance imaging (MRI)

Magnetic resonance imaging (MRI) is a commonly used noninvasive diagnostic tool
in medicine and research. MRI provides high-resolution morphological/anatomical
information. The first MRI (originally called nuclear magnetic resonance imaging, NMRI) was
designed by Prof. Paul Lauterbur at Stony Brook University in 1971. Prof. Lauterbur published
the image of an NMR tube with water in Nature,' followed by the first MR image of a mouse.”
Later, in the 1970s, the physicists P. Mansfield and P. Lauterbur developed the first MRI-related
techniques.?

1.1.1. General principle of NMR and MRI

Atomic nuclei contain protons and neutrons (nucleons), each having a spin number S = 2.
The total spin number of the nucleus depends on the number of nucleons in it and their type.
Usually, when the numbers of protons and neutrons in the nucleus are even, the overall spin
is S = 0 because the spins of the nucleons cancel each other out. In all other cases, the total spin
number can be £ 12, + 1, + 32, + 2, etc. For example, of the common observably stable isotopes,
*He and '°0 have S = 0; 'H, 1*C, *'P and '°F have S =+ 1/,; ’'N has § = — 1/,; >D and '*N have
S=+1;*Al has S=+5/,; '°B has S =+ 3; °°V has S = + 6; and '3*"Ta has S = — 9. The nucleus
exhibits a so-called nuclear magnetic dipole moment x4 according to equation (1).

fi=yS (1)

where y is the so-called gyromagnetic ratio, a constant specific to each nuclide. The spin
number correlates with the number of energetic states of the nucleus (m): the number
of energetic states is equal to 2S + 1. Without an external magnetic field, these states have equal

energies. However, when the nucleus is placed in an external magnetic field, these states have
different energies (Zeeman effect), given by equation (2).

E = —ymhB, (2)

where h is the reduced Planck constant. The energy gap between two states is determined
by equation (3).
AE = yhB, (3)

Overall, the application of the strong external magnetic field then results in alignment
of the spin vectors along the magnetic field vector (B_O)), as this alignment has a lower energy.

In basic NMR techniques, nuclei are subjected to a strong external magnetic field.
The alignment is subsequently disturbed via a strong electromagnetic pulse: the nuclei are
irradiated with a radiofrequency (RF) pulse with a frequency vgp close to the particular v,
of the nuclei. The energy of the pulse may cause the nuclei to “flip”, meaning that they are
no longer perfectly aligned with the magnetic field, rather than their spin vector being tilted
at a certain angle. The flip angle grows linearly with the length of the irradiation pulse.

13



Afterwards, the nuclei slowly return to their original alignment along the external magnetic
field. While this second alignment is occurring, a so-called spin precession can be observed
with the angular frequency determined by equation (4).

w, = — VB, 4)

where the angular frequency w;, is called the Larmor frequency, w; = 2mv;, and v, is called
the Larmor precession frequency. Such a precession can then be detected with a radiofrequency
coil, as it induces an electric current (so-called free induction decay, FID). The magnetic field
(and therefore the Larmor frequency) is not equal in all nuclei, as the nuclei are, to some extent,
shielded by the electron shell of the atom. Therefore, we can write the following formula (4°):

w, = —y(1-0)Bg (4)

where o is the so-called nucleus shielding tensor; o is highly dependent on the electron density
of the given atom in the given molecule. This means that the Larmor frequency of each atom
in the molecule can be slightly different depending on the shielding tensor. The detected FID is
then processed via the Fourier transform to find the frequencies of all nuclei in the sample.
As these frequencies tend to be very similar, it is very common to present these values as
chemical shifts. The chemical shift (o) can be calculated from the deviation of the measured
frequency from the frequency of a so-called reference compound (set by IUPAC, e.g.,
tetramethylsilane for "H NMR and '*C NMR and CCL;F for '°F NMR) and is usually expressed
in parts per million (ppm).

The spin relaxation processes are described with time constants 7) and 7> (Figure 1).*
The T relaxation describes the period of alignment of the spin vector with the magnetic field
vector from a nonequilibrium state. The relaxation transverse to the static magnetic field is
called 7> relaxation, which corresponds to an exponential decay of the observable signal. These
relaxation processes are relatively independent due to their different relaxation mechanisms.
Tirelaxation corresponds to the redistribution of the spins to reach thermal equilibrium
and involves the interactions with the surroundings, i.e., the lattice (spin-lattice relaxation).
T>relaxation involves the loss of coherence of the nuclear spins after excitation, resp.
the decoherence of the spin magnetization, which involves only the interactions between
the spins (spin-spin relaxation).

2

M_\_\ M,
-l -1!“
B T, recovery
I\ T; decay
0.63M,,
0.37M,
v
| | |
T, T Time

% 2 |
Figure 1. Schematic diagram of the spin relaxation from the Y-axis after a 90° pulse (right)’
in 7y and 7> relaxation.* T) relaxation is in the direction of the external magnetic field,
the direction of the Z-axis; therefore, the signal grows exponentially. 7> relaxation is transverse

to the induced magnetic field (in the xy-plane), and therefore, the signal decays exponentially.
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However, unlike in an ideal system where all nuclei relax with the same frequency, in a real
system, there are small differences arising from the anisotropy of the environment surrounding
the nuclei. The recoherence caused by the inhomogeneities in the magnetic field cannot be
considered as a part of the relaxation process. Therefore, the corresponding 7>" is usually
smaller and is described by equation (5).

1 1 1 1
== =4 —= = AB 5
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As a result of these inhomogeneities (especially relevant in in vivo MRI), T>" describes
the decrease in the FID after the initial pulse. To detect the signal again, the so-called spin echo
(180° pulse) can be applied to refocus the signal. The decay of the overall detectable signal

follows the 7> relaxation, as shown in Figure 2.
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Figure 2. Scheme of one cycle of the spin-echo sequence (a) and application of magnetic field
gradient switching to obtain the MR image (b). Reproduced from Allisy-Roberts and Williams.’

When studying biological systems, an MR spectrum (MRS) can be collected, which is
analogous to the NMR spectrum. The information that it can provide is very limited,
as the peaks are very broad due to local inhomogeneities of the field.

To obtain an image of the signal, we apply so-called magnetic field gradients, represented
in Figure 2. When the magnetic field changes throughout the sample or the patient, the nuclei
are exposed to different magnetic fields and consequently have different Larmor frequencies.
This allows us to encode the depth (width or length) of an image into a chemical shift within
the acquired spectrum. In medicine, '"H hydrogen nuclei are used most often because hydrogen
atoms are very abundant in living organisms, as they are present particularly in water, fat,
and carbohydrates, and they have a very high gyromagnetic ratio.

The MRI instrument is composed of the main magnet, the shim coils for correcting
the inhomogeneities of the main magnetic field, the RF coil, which excites the sample
and detects the signal, and the gradient system, which enables image acquisition. The whole
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system is controlled by a computer able to reconstruct the acquired images into a 3D MR image.
The strength of the magnetic field for the commonly available instruments ranges from
0.2to 7T (mostly operating at 1.5 T). The MRI measurement process involves a so-called
RF sequence, containing several radiofrequency pulses and gradients that result in a set
of images. The adjustments of the RF sequences are based on the 71 and 7> relaxation constants.
Based on 71 and 7>, we can change two parameters based on the relaxation times (Figure 2):
the repetition time (TR), i.e., the time between excitation pulses, and the echo time (TE), i.e.,
the detection time between the sequences. By setting the TR longer than the 7' relaxation time,
we can allow the atom magnetization to fully recover and obtain the so-called 7j-weighted
image, which is useful for obtaining information on anatomy, fatty tissue, melanin, slowly
flowing blood, etc. To obtain the so-called 7>-weighted image, we set the TE to let
the magnetization decay fully before detecting the signal, with which we can detect tissues
with higher water content, such as edema, inflammation, tumors or pathologies in general.
The final image plotted is usually black and white, allowing us to distinguish between high
signal (white) tissue (as mentioned above) and low signal tissue (black), which is tissue
with less fat or water depending on the setting (bone, air, urine, etc.).® A comparison
of T1-weighted and 7>-weighted images can be seen in Figure 3, representing the possible use
of MRI for the detection of focal cortical dysplasia, a congenital abnormality of the brain
and common cause of epilepsy (red arrow).’

Figure 3. T1-weighted (left) and 7>-weighted (right) axial MRI images taken from a 21-year-old
male epilepsy patient. The red arrow indicates the focal cortical dysplasia as a loss of gray-white
contrast in Tj-weighted imaging as well as hyperintensity in T>-weighted imaging.’

In conclusion, parameter setting in MRI diagnosis is very important. The main advantage
of the MRI technique is that it does not expose the patient to any ionizing radiation and can
noninvasively visualize even relatively minor pathologies in soft tissues rather well. Its main
disadvantage of this technique, except of its price, is its relatively low sensitivity, causing longer
measuring times than in, e.g., computed tomography. Figure 4 shows an example of how
the TR and TE settings can affect the intensity of the MRI signal (in this case, the '°F signal).®
A short TR (left) is based on 71 because we do not allow the atom magnetization to fully
recover, which is the abovementioned principle of 71-weighted imaging. The TE setting is
dependent on the 7> relaxation time. If the TE is too long, then the atom magnetization decays
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before we start to detect the signal. In some cases, this can lead to complete disappearance of the
signal (contrast agents with too short 72, discussed in more detail in the following Chapter).
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Figure 4. Signal strength plotted as a function of TR (left) or TE (right) for several
concentrations of fluorine-19 contained in a tracer (20 M to 2 M).®

1.1.2. Contrast agents (CAs) for MRI

Differentiating between healthy tissue and pathology is not always feasible, especially
in the early stages of the disease (amyloid plaques, a cause of Alzheimer’s disease’, tumors
and other pathologies) when the contrast is low, i.e., the difference between the relaxation times
of the protons in different tissues is insufficient.!” This issue can be solved by using contrast
agents (CAs). The most common CAs contain paramagnetic species (mostly Gd'") that
accelerate spin relaxation of surrounding water protons (7i-contrast agents),!!!>13
superparamagnetic iron oxide nanoparticles (SPIONs), serving as T»-contrast agents,'*!
or even a combination of both systems.'®

Figure 5. T1-weighted images; left image without and right image with Gd(III)-based contrast
medium administration showing a defect of the blood—brain barrier after stroke. Reproduced
from wikimedia.org (http://creativecommons.org/licenses/by-sa/3.0/)."

CAs can be administered intravenously or orally, and they have various biodistribution
pathways. CAs injected intravenously and biodistributed passively in the bloodstream, also
known as “extracellular fluid agents”, are commonly used in medicine for several applications,
such as arterial or venous mapping and detection of internal bleeding or endovascular leakage
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(gadodiamide, gadopentetic acid, gadoteric acid, efc.; see Figure 5). Moreover, to prolong
the circulation of a contrast agent in the blood stream, contrast agents can also be designed
to bind to a carrier such as albumin or a polymer; these carriers are so-called blood pool
agents.'® CAs can be targeted to an organ, a specific pathology or a tumor and thus accompany
smart drug delivery systems or stimuli-responsive polymers.!®23

Despite the higher contrast provided, the commonly used paramagnetic CAs are based
on toxic heavy metal ions (typically gadolinium), with poor biodistribution; therefore, only
the lack of alternatives has ensured that their clinical interest is maintained.

1.1.3. Fluorine-19 MRI

An interesting approach to widen the use of MRI in medicine is the detection of nuclei other
than protons for imaging purposes. '°F is possibly the most prominent non-'"H nucleus for MRI
purposes. An important benefit of '"F MRI over other non-'HMRI variants is
the characteristically high "’F MR sensitivity (83 % sensitivity compared to that of 'H MR)
and the possibility to measure '°F in commonly used "H MRI devices ('°F and 'H have similar
gyromagnetic ratios) in the so-called multimodal imaging (Figure 1 shows an example
of '"H and "°F imaging of a polymeric tracer in vivo). In contrast to the ubiquitous presence
of 'H in living organisms, the bodily concentration of '°F nuclei is negligible. Therefore, unlike
"H MRI, this imaging requires the administration of a tracer. The lack of bodily '°F, on the other
hand, increases the specificity of the signal detection, as there is virtually no background signal.
Fluorinated compounds started to be tested as a possible MRI tracer shortly after the first proton
MRI in the 1970s. The first image was obtained in 1977, with NaF and perfluorotributylamine
as representatives of the first MRI tracers. Nevertheless, the research on '°F MRI, despite its
benefits, was somewhat slower than the scientific boom in the 'H MRI field. Currently, many
fluorinated compounds (PFCs) that have been found to be nontoxic and chemically inert are
being used in various medical applications.?*?°-2627 The benefits of using fluorine-19 as a tracer
are as follows:

1) As already mentioned, the background is marginal: the natural fluorine concentration
in the body is very low, usually below the MRI sensitivity.

2) The natural abundance of the '°F isotope is 100 %; therefore, no enrichment is required.

3) The MR sensitivity is very high (83 % sensitivity of 'H).

4) The gyromagnetic ratio of '"F is very high (94 % of the gyromagnetic ratio
of the 'H nuclide). This means that it is possible to adjust a commonly used imaging
device for '°F MRI instead of for 'H MR, and the RF coils for '°F MRI may be initially
constructed to be dual-tuned for both 'H and '°F MRI.

5) '"F MRI tracers are an alternative to 71 and 7> contrast agents for 'H MRI.

6) Fluorinated molecules can have an extraordinarily large chemical shift range
(from nearly —600 ppm to +600 ppm). Therefore, it is even possible to administer
and monitor several '°F MRI tracers simultaneously.

7) Fluorinated compounds can be made chemically inert and biocompatible.

Fluorinated molecules were used for many applications in medicine due to their
biocompatibility; therefore, they have also been studied in '°F MRI research.?® The fluorinated
compounds used in 'F MRI applications are specifically regarded as ‘tracers’ or ‘probes’,
sometimes even incorrectly as ‘contrast agents’. Choosing the term ‘probe’, which is also used
for the detection device, often leads to a confusing description of the system. For the purpose
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of this thesis, all the systems described for the 'F MRI application will be addressed
as ‘tracers’. The most common tracers are PFCs. The main benefit of using PFCs as '°F MRI
tracers is the high concentration of fluorine atoms (as high as 60-70 %).?’ For a long time,
perfluorinated hydrocarbons were the most commonly used '"F MRI tracers in research
and medicine (perfluorooctyl bromide was approved by the food and drug administration
agency, FDA, over 25 years ago, in 1993°°). Although these materials tend to have high
concentrations of fluorine atoms per mass (as high as 70 %), their application is limited.
The abovementioned perfluorooctyl bromide has negligible biological availability
and therefore is used only for gastrointestinal tract (GIT) “virtual colonoscopy”
with no radiation exposure of the patient. If administered intravenously, PFCs often accumulate
in the organism due to the withdrawing of them by the reticuloendothelial system, such
as in lymph nodes, liver, spleen and bones.*! Besides this particular application, the use of PFCs
is very limited. Furthermore, most PFCs provide multiple '’F MR signals, which is a severe
disadvantage for '’F MRI purposes because the simultaneous detection of multiple signals for
MRI is very problematic (but not impossible). The most common low-molecular-weight PFC
tracers can be seen in Table 1, along with the fluorine content and reference.

Table 1. Summary of developed '°F MRI low-molecular PFC tracers.?’

M Fluorine
Systematic name Abbrev. Structure - atoms  Ref.
(gmol™)
Yo wt.
F AR F
Perfluoro-15 5 FFA(‘JXO&FF
CTHIOTo- 1 >=CTOWn=>- PFCE Fj[ O _F 579.9 655 3238
ether F7—0 072<F
F F
F F FF

FFFFFFFF
Perfluorooctyl bromide PFOB F s 497.9 64.7 36
P FFFFFF

1,3-Bis[[1,1,1,3,3,3-
hexafluoro-2-

(trifluoromethyl)propan- FaC_CF3
2-ylJoxy]-2,2- e CFer 9
. PERFECTA 0 "3 1008.0 67.8
bis[[1,1,1,3,3,3- F3C>r0\><\0 CF,
hexafluoro-2- FaC A O}ﬁ:F
(trifluoromethyl)propan- FaC (;,:33

2-ylJoxymethyl]propane

To design a '°F MRI tracer, the right balance between a high concentration of fluorine
(sensitive enough to be detectable in a scalable concentration) and the hydrophobicity
of the molecule has to be found for every system. For routinely used MRI scanning techniques
(e.g., rapid acquisition with relaxation enhancement sequence, RARE), 73 should be longer than
10 ms.?” Short 7> relaxation requires the use of particular sequences, such as ultrashort echo
time (UTE) or zero echo time (ZTE) sequences,”® which are very hardware demanding.
Figure 6 summarizes the dependences of 71 and 7> on the viscosity and molecular weight,
where with growing viscosity of the molecule, 71 increases and 7> rapidly decreases.
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Figure 6. 71 and 7> as a function of correlation time for spin "2 nuclei relaxing
by the dipole-dipole mechanism. 7 = molecular correlation time: the time it takes the average
molecule to rotate one radian.*

In conclusion, the hydrophobicity of the PFCs with increasing number of fluorine atoms can
lead to a significant loss of applicability. This phenomenon was described in a very thorough
review, presenting recent advances in amyloid imaging using '°F MRI.° The formation of senile
plaques followed by the deposition of neurotoxic amyloid-f is the earliest stage of Alzheimer’s
disease (AD). Amyloid-B (AB) plaques occur even 20 years before the clinical onset of AD;
therefore, it is very important to develop effective imaging of even a marginal pathology
for early diagnosis.*® Tracers for use in amyloid imaging must be able to cross the blood brain
barrier and bind to AP plaques at high concentration to display a high signal intensity and must
be biocompatible. It has been reported that '°’F NMR signals are very sensitive to the tissue
environment. The first example can be seen in Figure 7. '°F MRI probes (A, D) with different
polarities (different logP values) were injected into muscle and brain. Then, 1 h after
administration, '°’F MRI was performed. As shown in images C and F, the '°F MR signal of one
of the tracers (TFMB-2Et) was observed only in the muscle (left image, arrow) and not
in the brain. In comparison, '"F MR images of the more polar derivative (lower logP)
(TFMB-3Et) were observed in both the muscle and brain (right image, arrows). The reason why
the signal in the brain of the more lipophilic tracer disappeared was the inhibition
of the 'F signal (loss of mobility, described above) due to interaction of the fluorine atoms
with lipids (myelin) in the brain.
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Figure 7. Structures of TFMB-2Et (A) and TFMB-3Et (D), the 'H gradient echo (B, E)
and ’F MR images (C, F). The left arrow is pointing to the area where the brain is located,
and the right arrow is pointing to the muscle (images B, C, E, F).*°

To avoid signal loss, the authors decided to use short poly(ethylene glycol) (PEG) oligomers
(3 - 7 units have been found to be optimal) as a carrier for the fluorinated group. The short PEG
with the fluorinated group at the end can decrease the lipophilicity of the tracer and increase
the mobility of the fluorine atoms. Different fluorinated groups were introduced for '°F MRI:
the trifluoroethoxy (3 fluorine atoms), hexafluoroisopropoxy (6 fluorine atoms)
and 3',5"-bis(trifluoromethyl)benzylamino (6 fluorine atoms) groups. Afterwards, an in vitro
study was performed, showing as anticipated that increasing the number of fluorine atoms
results in a higher intensity of the signals. However, an in vivo study revealed that
the trifluoroethoxy group, with the lowest number of fluorine atoms, shows the highest signal
intensity, probably due to the higher mobility of the atoms. This review described that
increasing the amount of fluorine is not always a straightforward way to obtain a strong '°F MRI
signal.

How can we obtain the key property needed for fluorine probes, as high a fraction
of chemically equivalent '"F atoms in the molecule as possible, while avoiding a poor
biodistribution of the tracer or signal loss due to the low mobility of the fluorine atoms? These
demands can be met, e.g., by designing probes based on polymer structures. Polymeric probes
enable the incorporation of a large amount of chemically equivalent fluorine atoms into a single
molecule and thus can overcome the sensitivity issue of '’F MRI. Moreover, polymer probes
can be easily modified to increase their biodistribution and respond to the environment in living
systems (pH responsive or thermoresponsive domains or bonds that may be enzymatically
degraded) or to add imaging labels to drug moieties. Table 2 outlines some examples
of developed perfluorinated macromolecular '°F MRI tracers. In general, polymeric '°F MRI
tracers have many possible applications for special therapies and imaging, while they can be
modified to exhibit additional properties and a targeting function (Chapter 1.3). Most
of the polymeric tracers are designed to create supramolecular structures (particles
and polymeric implants). These supramolecular structures can form a drug delivery system, be
used for cell labeling and sustained drug release or be targeted to diagnosis of pathology, e.g.,
venous thrombosis, aortic valve disease, atherosclerosis, or tumors.?+27-33-3341-54,
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Table 2. Summary of developed '’F MRI macromolecular tracers, including the reference.?’

Mo Fluorine
Systematic name  Abbrev. Structure “ . atoms %  Ref.
(g mol™) wt.
FF F
ko i Oki
Perfluoropolyethers ~ PFPE Fl n 320.0 71.2 55-59
FrLF
@)
Poly[O-(2,2,2- o F 6062
trifluorethyl)acrylate] PTFEA % /\|’:<F 154.0 37.0
>
O
Poly[O-(2,2,2- F
trifluorethyl) PTFEMA g 168.0 33.9 60-62
methacrylate] > F
F
Poly(2,3,4,5,6 "
0ly(2,3,4,5,6- PPFS 194.0 48.9 63
pentafluorostyrene) . Fo
F
Poly[O- O F F
2,2,3,3,4,4,3,5- POFPMA OWF 300.0 50.6 63
octafluoropentyl FFF F
methacrylate)] )
O
Poly[N-(2,2- F
difluorocthyl) ~ PDFEA Xikm/\( 1350 281 20646566
acrylamide] F
)

*Per monomer unit

However, the preparation of such supramolecular systems results in a change in the solvation
of the rather lipophilic polymers described in Table 2 as well as the relaxation properties
of the tracer. The change in solvation and decrease in mobility of the polymer chains lead to loss
of the 'F signal intensity in the same manner as described above with low-molecular-weight
tracers. Moreover, many of the polymers described in Table 2 (PFPE, PPFS, and POFPMA)
contain chemically nonequivalent atoms of fluorine, scattering the '°F signal into several peaks.
As described earlier, MRI provides imaging only from a narrow range of chemical shifts.
In other words, more than one signal of fluorine due to chemically nonequivalent fluorine nuclei
is detrimental, as it only increases the unfavorable hydrophobicity.

In this thesis, we describe our 'F MRI tracer systems based
on the N-(2,2-difluoroethyl)acrylamide =~ monomer.  Poly[N-(2,2-difluoroethyl)acrylamide]
(PDFEA) is a thermoresponsive polymer containing a high concentration of magnetically
equivalent fluorine atoms, providing one signal in "’F MRI. This polymer exhibits the so-called
lower critical solution temperature (LCST) in water, which means that it can be injected into
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the body at room temperature as an aqueous solution. Upon heating to body temperature,
the polymer rapidly loses its hydration layer, forming aggregates and insoluble depots at the site
of injection (described in more detail in the following Chapter). Upon temperature
change-induced self-assembly into supramolecular structures, it loses the solvation and
mobility as well; nevertheless, the supramolecular structures based on PDFEA still show
advantageous 77 and 7> relaxation properties. According to 71 and 7>, the solvation
of the fluorine atoms within the self-assembled supramolecular structures is more than
sufficient for '°F MRI. The concentration of fluorine is the lowest compared with the other
systems; however, it was already proven that for MRI purposes, a lower fluorine concentration
can result in a higher signal intensity. It is difficult to compare developed tracers, considering
that most scientific papers provide only in vitro (MRS or so-called MRI phantoms) or direct
in vivo data. Only images obtained with the same techniques, concentration and time can be
compared; otherwise, the information will be incorrect. The best information about the system
is probably the relaxation properties, ideally under physiological conditions (PBS buffer,
pH 7.4, 37 °C). Unfortunately, when comparing relaxation properties, several parameters can
also produce different results, such as the ionic strength of the used buffer or the magnetic field.
Last but not least, the setup of sequences to obtain relaxation properties is not simple, but it can
be an asset in several ways. In conclusion, it is difficult to compare the systems across the wide
spectrum of developed tracers. However, the 7 and 7> relaxation properties and the signal
intensity in the physiological environment of each system can be considered to provide
sufficient information on the tracer suitability for '°F MRI.

1.2. Lower critical solution temperature (LCST) — stimuli-responsive
polymers

1.2.1. Thermoresponsive polymers

The theory of the thermoresponsive behavior of polymers began in the 1940s with Flory
and Huggins. The theory describes that a polymer in solution has an expanded coil
conformation, and upon increasing the temperature, it can collapse into compact globules.
In a simplified way, the process can be described with the Gibbs free energy equation (6).
The expanded coil is solvated along the chain with the solvent molecules, resulting in a negative
change in the enthalpy of mixing contribution (AHmix < 0, enthalpy-driven process). However,
the solvated polymer chains possess an unfavorable negative entropy contribution (ASmix < 0,
the entropy of mixing), which increases with increasing temperature (-7ASmix increases),
resulting in a positive Gibbs free energy (AGmix > 0) and consequent phase separation.

AGix = AHmix — TASmix (6)

The temperature at which the macroscopic phase separation is observed is regarded
as the cloud point temperature (7cp), named for the cloudiness of the solution
due to the formation of larger particles and precipitates above this temperature. 7cpis dependent
on the polymer concentration. To fully describe the thermoresponsive behavior of a particular
polymer, we can determine the so-called lowest critical solution temperature (LCST),
corresponding to the lowest possible 7cp in the phase transition diagram (Figure 8).
The presented  experimental  phase  diagram  (Figure 8, right) corresponds
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to the thermoresponsive polymer poly(N-isopropyl acrylamide) (PNIPAm) in water. An LCST
of ~ 32 °C was determined for PNIPAm in the 1960s by M. Heskins and J. E. Guillet.*’
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Figure 8. Theoretical scheme of the phase transition diagram of a polymer solution (left), and
experimental phase transition diagram of the PNIPAm aqueous system (adapted from
reference®’). The polymer solvated by water molecules precipitates into clusters above the
transition curve.

The LCST is sensitive to environmental changes and can be affected by the ionic strength
of the solution, the pH or the interaction with salts or proteins. The LCST can also vary with
the polymer length, especially for relatively short polymers.®® Determination of the LCST
requires a relatively large amount of polymer and is very time consuming. Therefore, the 7cp
measured under carefully chosen conditions usually provides sufficient information about the
polymer. Ideally, Tcpis measured at relevant polymer concentrations in a physiological buffer
(e.g., 150 mM PBS) to simulate biological conditions. Figure 9 shows examples
of thermoresponsive poly(N-alkyl acryl/methacrylamides) and poly(2-alkyl-2-oxazoline)s
along with their particular LCSTs.%"!
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Figure 9. Examples of a range of thermoresponsive polymers and their approximate
LCST values.
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1.2.2. Tuning the LCST and designing supramolecular polymer architectures

Pure thermoresponsive polymers form rather undefined clusters above their 7cp. These
clusters can be particles (usually with broad polydispersity), macroscopic precipitates, or gels,
depending on the polymer concentration, length and type. In biomedical applications,
thermoresponsive polymers are usually utilized as a component of more complex smart
systems.®*”3 The architecture of such systems then determines the morphology
of the self-assembly as well as the polymer LCST behavior.

The most common example of controlled self-assembly involves amphiphilic block
copolymers, containing two distinct blocks of a thermoresponsive polymer and a hydrophilic
polymer. Depending on the architecture, these copolymers can create uniform particles such as
micelles, vesicles or polymersomes, worm-like (cylindrical) micelles, and physically
crosslinked nanogels,’**> among others.”*7¢ The method for predicting the final morphology
of the nanoparticles depending on the blocks ratio and length and can be seen in Figure 10,
which is based on the so-called packing parameter, p, defined by the equation in Figure 10.
However, the predictions can be applied only for simple block copolymer architectures (usually
based on PEG), while there is a wide and diverse range of architectures of block copolymers
with different morphologies and medicinal applications. Overall, particles can be used for drug
formulation due to the core capable of encapsulating hydrophobic (micelles) as well
as hydrophilic (vesicles, nanogels) drugs.

Spherical Cylindrical
Micelles

‘Polymersomes’

High Medium Low
curvature curvature curvature
P=<¥ bsP<s2 2 sP=s1

Figure 10. Various self-assembled structures formed by amphiphilic block copolymers in water
(the red polymer corresponds to the hydrophilic block and the blue to the hydrophobic block).
The morphology of the self-assembled particle is estimated based on the packing parameter p,
where v is the volume of the hydrophobic chains, a, is the optimal area of the head group,
and /. is the length of the hydrophobic tail. Figure adapted from reference’®.

Another way of using thermoresponsive polymers is as hydrogels or polymeric implants.
The hydrogel or solid polymeric implant can simply be prepared in situ by heating a polymer
in aqueous solution or a polymer coated on a specific surface, without any other requirements
for chemical or environmental treatment. Therefore, they can be used in several biomedical
applications, such as sustained drug release (DR), tissue engineering, and cell cultivation.””’8
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1.2.3. Multiresponsive polymers

Modern medicine depends heavily on the use of pharmaceuticals. Most of them, however,
suffer from more or less severe side effects that might limit their use or the comfort
and compliance of the patient. Organ-specific side effects can be limited by administering
the drug in a way that limits off-target organ exposure to the drug. The so-called drug delivery
systems (DDSs) are of major importance to improve the bioavailability and pharmacokinetics
of pharmaceuticals.” Tissue-specific drug delivery systems are designed to use one or several
specific properties of the target tissue that, ideally, cannot be found anywhere else in the body
than at the target site.**> One of the oldest known and possibly the most studied polymer
targeting approaches is the so-called enhanced permeability and retention (EPR) effect.?334 It is
known that the majority of solid tumors take up nanoparticles of a certain size more than healthy
tissues do. Moreover, due to the common lack of lymphatic drainage in solid tumors, these
nanoparticles are very poorly cleared away; therefore, they are virtually trapped in the tumor
(Figure 11). Hence, if a pharmaceutical-containing nanoparticle is administered
into the bloodstream, its accumulation in the malignancy might increase.

Lymphatic system
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Figure 11. Illustration of the enhanced permeability and retention (EPR) effect
of macromolecular structures as drug delivery systems in malignant tissue.

To obtain a DDs capable of releasing the drug into the target tissue, we have to modify
the polymer-based carrier with a molecule sensitive to certain changes in the environment.
The general idea is to disrupt the ability of the carrier to form a supramolecular structure
in certain conditions. There are several ways to achieve this disassembly by increasing the
polymer solubility in water, e.g., via the design of a pH- or a reactive oxygen species
(ROS)-responsive system,?>86:95-101.8794 i 5 change in the molecule conformation, or by using
host-guest interactions (e.g., light- or enzyme-responsive systems),’%8:9%-102.103

For a stimuli-responsive system, its LCST may increase above the physiological temperature
after changes in the environment, making the polymer soluble in water and promoting
drug-carrier disassembly. An example of such a system is a thermo- and pH-responsive polymer
based on a PDFEA statistical copolymer with two different monomers (Figure 12).
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One of them is hydrophilic and contains a hydroxyl moiety. The hydrophilic monomer is used
to adjust the transition temperature (7cp= 24 °C, higher than that of pure PDFEA) to improve
the polymer biodistribution (see Chapter 1.4). The second monomer contains
the pH-responsive imidazole molecule, which is protonated in slightly acidic conditions
(the pKa of the conjugated acid of imidazole is 6.95'%). The protonation of the imidazole
moiety increases the solubility of the polymer in water, leading to a significant change
in the polymer transition temperature (7cp= 65 °C at pH = 5.0). In conclusion, the LCST varies
as a function of the pH of the surrounding solution. The values of 7cp in Figure 12 were
measured using turbidimetry (Chapter 1.5.7.).

100  ———< - m— - \
1 \ ---pH=5
\ ——pH=74

80

60 - OH \ OH

40 4

204 F \ﬁ)

Transmittance (%)
E .

ES

o
=

A

\ T

L

;%::o

Temperature (°C)

Figure 12. Transmittance (A = 600 m) of the polymer solution (polymer F1, cpo1= 5.0 mg-mL ")

as a function of temperature at pH 7.4 (continuous green curve) or 5 (discontinuous red curve).
Adapted from reference'®.

In conclusion, the described copolymer can be used as an injectable depot for targeted release
of loaded drugs at the site of injection. The main advantage of such a system is that the polymer
can be dissolved in a slightly acidic aqueous solution and injected into the body without
the possibility of the polymer solidifying and thus obstructing the needle, which is a common
issue with thermoresponsive polymers. To avoid this problem, thermoresponsive polymers are
commonly administered as solutions in dimethylsulfoxid (DMSO), which can cause
undesirable side effects. The slightly acidic aqueous solution undergoes quick neutralization
and therefore enables the quick formation of a solidified depot.

Furthermore, if the pH in a certain tissue is lowered for some reason (e.g., tumor tissues have
lower pH due to the so-called Warburg effect), the solidified polymeric implant would dissolve
quicker (or not solidify at all) and release the co-administered compound quickly (under acidic
conditions, the LCST is higher than the body temperature), while nonpathological tissues would
be exposed to much lower concentrations of the drug (for a longer period of time).'%

27



1.3. Theranostic

The term ‘theranostic’ was coined in 2002 by J. Funkhouser,!?” and it represents the idea
of combining a therapy with diagnostic imaging. This approach was later adopted by many
pharmaceutical companies, who believed that combining a therapy with a diagnostic tool can
accelerate drug development and testing, reduce the side effects of drugs, and improve
the treatment in general. Theranostic systems are mostly based on the same principle as drug
carriers, the DDs, which means that they improve the pharmacokinetics and biodistribution
of the drug while also carrying a kind of imaging modality. The diagnostic tool is primarily
used for tracking the drug carrier to investigate the system and its biodistribution. If the system
reaches its target, then it can be used for diagnosis of the pathology as well as for monitoring
the response to the treatment.!®!'2 The optimal drug carrier is usually a nanosized particle able
to target a specific location and to encapsulate the drug with a high loading capacity due to its
relatively large core. Nanoparticles are also used to reduce the fast clearance from the organism
through the kidneys, which is dependent on the particle size and the functionalization present
on the surface. In the past two decades, many so-called “smart theranostic systems” have been
developed, combining therapeutic strategies, such as chemotherapy, photo- and photothermal
therapy, radiotherapy, immunotherapy or nucleic acid delivery, with various imaging methods
using contrast agents (MRI), tracers for nuclear imaging (PET/SPECT), fluorescence markers
and quantum dots or tracers for '°F MRI.

To prepare a theranostic material, we can follow two basic approaches. The first is simple
modification of the studied DDs, which can target and contain any therapeutic modality
(encapsulated or chemically bound drug), with the imaging unit, such as a tracer molecule,
a fluorescence dye or a contrast agent. This approach can be described as a building kit, where
we connect several units to form a multimodal smart system with all parts being tailored
for their specific intended partial tasks.

The second approach is to use a material that already combines all the mentioned properties
together, making the whole system much less complicated and more feasible to prepare.
The simplest example is a therapeutic drug or material that is already able to actively target or
be injected directly into pathological tissue without any need for an external DDs (the molecule
of coumarin as a potential Alzheimer’s disease treatment’, the immunomodulating p-glucan,
which naturally occurs as spherical particles and can be targeted via the EPR effect'!’, etc.).
The theranostic system is then obtained after simple modification of such a system with
the imaging modality. Another example is the molecules for imaging methods that
simultaneously can serve as therapeutics, such as tracers for radiotherapy (simultaneous
detection with PET/SPECT and tissue radioablation in situ after irradiation) and phototherapy
(fluorescent photosensitizers that create ROS after irradiation in sifu or thermal ablation
of the tissue). The last example is architectures having an imaging modality directly as
a building unit of the system, such as the fluorinated polymer, being able to form particles
or implants and be visualized by '°F MRI.?**46%105 These polymers are then capable of in situ
or targeted drug delivery with simultaneous diagnosis and need to be modified only to manage
accelerated release of the drug under exact conditions (Figure 12).

1.3.1. Theranostic "°’F MRI tracers

The remarkable strength of the C-F bond provides numerous unique properties to fluorinated
compounds, such as chemical and thermal inertness, immiscibility with both water and most
organic solvents, and the ability to dissolve oxygen.’! As previously mentioned, the oldest
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commonly used tracers were PFC nanoemulsions (Table 1). The first applications of PFCs
as a theranostic material were investigated by Ahrens et al. in 2005.>° He found that PFCs can
be used as potential immunotherapeutic in a cell tracking device, replacing the commonly used
superparamagnetic iron oxide (SPIO, 7> contrast agent), which suffers from artifacts. Moreover,
YF MRI cell tracking presents a quantitative method that is not possible with CAs due
to the high background. Ahrens’s research was followed by many other research groups
applying "F tracers for cell tracking, such as macrophages''* or stem cells.!'> Theranostic
systems based on PFCs have been investigated in several other biomedical applications, such
as in angiography (imaging the inside of the blood vessel) as an alternative to 7 CAs,''
as a potential high intensity focused ultrasound (HIFU) contrast agent,*® efc. However,
the PFCs have several limitations, mostly the high lipophilicity causing long retention times
in the organism or the splitting of the signal intensity due to nonequal fluorine atoms.
To overcome these drawbacks, macromolecular particles were developed as '°F MRI probes.
These probes were further modified to present targeting moieties and stimuli-responsive
behavior to become an advanced new class of theranostic systems as '°F MRI tracers. Some
of the macromolecular '°F MRI tracers for diagnostic application are summarized in Table 2,
accompanied by the reference. Some examples of developed theranostic 'F MRI tracers are
summarized in Table 3.

Table 3. Examples of theranostic systems for °F MRI.

Stimuli Tz.u'geted Releas.e Type of tracer Ref.
environment mechanism
Higher temp. Acceler.ated Peptidic M-PEG with fluorinated L- 117
Temp. o DR at higher .
(42 °C) Lysine
temperature

PEGylated crosslinked nanogel with CF; g
groups
Diblock copolymers PEG-b-Poly(N-
alkylacrylates) containing pH-sensitive
and fluorinated groups
Accelerated PPEGMA star polymer with TFEA and 120
DR at low pH DMAEMA branched core

Metal organic framework ZIF-8 carrier

containing a TFMIM ligand core coated

119

pH Lower pH

121

with PEG
Polyacrylamides containing DFEA, 66,105
ImPAM and HEAM
DR after PEG-b-poly(TFEMA-co-ETEMA) 121
ROS dation copolymers
Redox oxida PHPMA-b-poly(DFEA-co-FCAEA) ~ ch.33
0 . DR after Branched fluorinated glycopolymers 122
ypoxia reduction Fluorinated Cu(II)ATSM derivatives 123
Fluorosalicylaldehyde aroylhydrazone B- |54
B-gal Enzymic d-galactopyranoside
Enz hydrolysis 2-Fluoro-4-nitrophenyl B-d- 125
’ galactopyranoside
Caspase-3 Clﬁig’le FLAME-DEVD2 126
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1.4. Choice of the polymers and synthesis

All polymers described in this thesis are based on the thermoresponsive
poly[N (2,2 difluoroethyl)acrylamide] (PDFEA). PDFEA is the building unit of these systems
as well as the imaging moiety with 28 m/m % magnetically equivalent fluorine atoms, providing
one signal in Y"F MRI. As elaborated earlier, thermoresponsive polymers may create
supramolecular structures depending on the architecture of the polymer. The polymers
described in this thesis can be divided into two groups — block copolymers creating
supramolecular particles (Chapter 3.1.) and statistical copolymers creating polymeric implants
(Chapter 3.3.). All polymers were prepared to achieve a narrow molecular mass distribution
(dispersity & < 1.20) using a living polymerization method, which is usually required
for biomedical applications.

1.4.1. Living polymerizations

The so-called living polymerizations are a group of techniques that result in well-defined
polymers with low polydispersity (D), tunable lengths and control over the initiating
and terminating groups. The end groups can be further modified after polymerization
to incorporate, e.g., the targeting or imaging unit or to continue polymerization with another
block. Living polymerizations are providing a controlled polymerization rate. This can
be achieved with less active polymerization centers relative to, e.g., the hydrocarbon radical
center in traditional radical polymerizations. The most common living polymerization
techniques are atom transfer radical polymerization (ATRP), living cationic or living anionic
polymerizations, reversible addition fragmentation chain transfer (RAFT), and ring-opening
metathesis polymerization (ROMP).

In this thesis, we describe two different polymerization techniques. The first is RAFT
polymerization, which can be used to obtain, e.g., polyacryl- or polymethacrylamides.
The mechanism of RAFT polymerization is based on a reversible chain transfer equilibrium
between active and dormant chains (Figure 13).'%

a) Initiation 525 g "M p-

b) Reversible chain transfer / pre-equilibrium

S S_._S. S__S :
IS W e Rl e S
i 7 Z
CTA
¢) Reinitiation R* MM p:

d) RAFT main equilibrium

Figure 13. Schematic mechanism of RAFT polymerization.
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The first step is initiation, analogous to traditional radical polymerization, where we obtain
the active species P,". The most widely used initiator systems in RAFT are
2,2'-azobis(2-methylpropionitrile) (AIBN) and 4,4'-azobis(4-cyanovaleric acid) (ACVA),
which are activated by heat. The active chains Py’ react with the so-called chain transfer agent
(CTA) to form an intermediate radical. Conventional CTAs are based on dithioesters
or trithioesters, where the Z group (phenyl, dodecyl) has the role of stabilizing the radical
intermediate, while the R group (cyanopentanoic acid, iso-propylcarboxylic acid) must act
as a good leaving group to form the reactive R" radical. The next step is the fragmentation
of the radical intermediate into a dormant polymeric chain containing the CTA group
and the R’radical. Afterwards, R’ reinitiates the polymerization and forms an active polymer
chain Py, which enters the rapid RAFT equilibrium between the dormant and active radicals.
If the concentration of the dormant chains is higher than the concentration of the active chains
(initiator:CTA ratio is approx. 1:3), then we obtain a well-defined and narrowly distributed
polymer mass.

The dormant chains can also be referred to as the macroCTA, and they contain
the macromolecular species and the CTA group. The macroCTA can be purified and reused
for another polymerization, resulting in the formation of a diblock copolymer.
The polydispersity of the resulting diblock copolymer then depends also on the stability
of the macroCTA. RAFT polymerization is very sensitive to nucleophilic agents
such as amines. Even traces of nucleophiles in the reaction can lead to the removal
of the CTA group, resulting in the termination of the chain and broadening of the molar mass
distribution. This can be overcome using more stable CTA molecules
such as trithio-compounds, which are not sensitive to hydrolysis. After polymerization,
the CTA group can be replaced by a functional group or an inert group by the described
procedures. The macroCTA does not have to be prepared by RAFT polymerization; it can
also be prepared by modifying the already prepared polymer using different polymerization
techniques (PMeOx, PEG, etc.) with the CTA molecule. '8

The second living polymerization described in this thesis is cationic ring-opening
polymerization (CROP, Figure 14) of 2-alkyl-2-oxazolines. CROP is initiated by the alkylation
(usually methyl or allyl for further functionalization) of the nucleophilic imine in the oxazoline
ring, forming the activated cationic intermediate. The counteranion must be nonnucleophilic
to avoid termination of the polymerization. The most commonly used alkylation agent initiators
are tosylates (e.g., methyl tosylate), nosylates (e.g., methyl nosylate), triflates, or alkyl bromides
(e.g., allyl bromide). The initiation is then followed by the propagation step, where
the nucleophilic imine from another oxazoline attacks the carbon in the 5 position (Cs)
of the activated intermediate. Cs is partially positively charged due to resonance equilibrium
with the intermediate containing the iminium ion. Nevertheless, the carbocation is more
reactive; therefore, the propagation step is favored at the Cs end. The polymerization
is terminated by a nucleophile such as hydroxide, amine, azide, or carboxylate
(CTA with the carboxylic acid group), which also allows further polymerization
or functionalization if required.
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Figure 14. Schematic mechanism of the CROP of 2-substituted-2-oxazolines.

1.4.2. Block copolymers

A block copolymer is a linear polymeric architecture defined at the constitutional level,
where each block comprises a specific constitutional unit — a specific monomer. By definition,
block copolymers do not include branched structures, even though the branches are composed
of blocks or star polymers.'?® The synthesis of block polymers can be carried out by living
polymerization of the first monomer to form the first block (homopolymer A), followed
by the addition of a second monomer (B), which reacts with the living active center to extend
the chain and form a second block (A-B block copolymer). The addition of a 3™ monomer
allows the obtention of even more complex block architectures (e.g., A-B-A and A-B-C block
copolymers).

1.4.3. Statistical copolymers

Statistical copolymers are copolymers where the sequence of different types of monomers
follow the rules of statistics. The monomer distribution along the polymer chain is dependent
on the reactivity ratios of the monomers involved. To obtain an ideal random copolymer,
the reactivity ratios of all monomers must be similar. It is possible to achieve such a random
or pseudorandom constitution in a copolymer when the monomers have similar chemical
properties, e.g., acrylamide monomers with similar polymerization rates and both well soluble
in the solvent used for the polymerization.

1.4.4. Biocompatibility of polymers

Polymers constituted by a saturated hydrocarbon chain have been found
to be nondegradable in most living organisms.'**!*! However, polymers must eventually
be excluded from the body to avoid bioaccumulation. It has been found that numerous
hydrophilic polymers, e.g., polyacrylamides, polyoxazolines or PEG, can be eliminated
via the kidneys (renal clearance). However, the kidneys have a size threshold (so-called renal
threshold), which means that molecules above a certain molar mass (approximately
45 kDa for acrylamide-type polymers '32) have a slower renal elimination or cannot
be excreted. This is not a sharp threshold: even heavier molecules may be excreted
via the so-called worm-like effect, and charged, rigid or lipophilic molecules may have
a substantially different renal threshold. The estimated renal threshold for hydrophobic
polymers is considered to be higher due to the higher packing degree of the polymer in the water
environment. On the other hand, polymer coating can prolong the circulation time of a drug
and its biodistribution in the body. A well-known method based on this finding is PEGylation,
i.e., coating with poly(ethylene glycol). This technology was developed to prolong
the circulation of therapeutic proteins in an organism by using a polymeric carrier (in this case
PEG), which shields the drug from proteolytic enzymes and decreases its renal clearance.'?

In general, the residence time of a polymer in an organism can be controlled by the chain
length. Figure 15 shows a comparison of the biodistribution of PEG and
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poly(2-ethyl-2-oxazoline) (PEtOx) as a function of their chain length (expressed as size,
from 20 to 70 kDa) measured by uPET/CT."*! The biodistribution of the polymer to the kidneys
is clearly visible, and the longer the polymer length is, the longer the residence time in the body.

The signal visible in the livers was later proven to be an artifact caused by the disassembly
134

of the ¥Zr complex.

12

1 min pi

8 h pi

suv

24 h pi

Figure 15. Representative PPET/CT images of C57/BL6J mice intravenously injected
with 100 pug (corresponding to 3.7-22 MBq) of ¥Zr-Df-PEtOx 20 kDa (A), ¥Zr-Df-PEG
20 kDa (B), ¥Zr-Df-PEtOx 40 kDa (C), ¥Zr-Df-PEG 40 kDa (D), 89Zr-Df-PEtOx 70 kDa (E)
or ¥Zr-Df-PEtOx 110 kDa (F). PET images are presented in coronal orientation at 1 min,
8 h and 24 h post tracer injection.'*!

Another case are polymeric assemblies. Polymeric nanoparticles are too bulky to be
excluded from the body via urine. The disassembly of these supramolecular particles
into polymeric chains is equilibrium-based and the polymeric chains can eventually be below
renal threshold and therefore eliminable from the body by renal route. In other words, the
kinetics of the equilibrium between the polymer forming the particle and free polymer chains
in solution determine the biodegradability of the system over time. It has been found that
polymers with strongly hydrophobic chains can form particles with a so-called ‘frozen’ core,
especially if glass transition temperature of the core is above the measurement temperature,
where the equilibrium kinetics rate is close to zero.!*> The biodegradability of these systems is
very slow, which makes them rather unsuitable for medicinal use.
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L.5. Methods for characterization of polymers and their assemblies

1.5.1. 1D and 2D NMR measurements
One-dimensional NMR experiments, such as 'H (proton), '*C (carbon), and "F (fluorine)
NMR measurements (Chapter 1.1.), are crucial for determination of the polymer composition
and purity. Conventional '"H NMR measurements have three stages — first, the sample is placed
into a strong magnetic field, then the spins are exited using an RF pulse, and last, the precession
of the magnetization vector is measured as the FID and processed with the Fourier transform
to obtain the spectrum. In the case of too strong heteronuclear coupling between nuclei
(e.g., 1°C), pulse sequences able to decouple neighboring nuclei are applied.

To assign the peaks in a complicated spectrum precisely or to determine the 3D structure
of the polymer/particles, we can use more advanced one-dimensional and two-dimensional
NMR methods. The most common advanced NMR methods are correlation spectroscopy
(COSY), diffusion ordered spectroscopy (DOSY), exchange spectroscopy (EXSY), nuclear
Overhauser effect spectroscopy (NOESY), etc.!*

Heteronuclear single quantum coherence spectroscopy (HSQC) is used to detect
correlations between nuclei of two different elements (heteronuclear) that are separated
by a single chemical bond. HSQC works by transferring magnetization from one nucleus
to the other nucleus wusing so-called cross-polarization. The measurement results
in a two-dimensional spectrum, with which we can determine the molecular structure.

To determine the conformations of a polymer in a solution or as a part of an assembled
particle, we can use a method based on the so-called nuclear Overhauser effect (NOE).
The NOE is defined as a change in one spin intensity when the spin transition of the nuclei in
spatial proximity is perturbed from equilibrium. In other words, NOE spectroscopy (NOESY)
can give the 3D geometry obtained from evaluating the 'H-'H interactions of protons
in proximity. In polymer chemistry, NOESY can be used, e.g., to determine polymer
conformations, hydrogen bonding in polymer particles or the proximity of monomers.

The diffusion NMR technique can be used to determine polymer impurities,
such as low-molecular-weight compounds and oligomers, or even to distinguish between
diblock copolymers and homopolymer impurities. In principle, the diffusion ordered
spectroscopy (DOSY) method measures the translational self-diffusion of molecules
in solution. This enables a precise analysis of a complex mixture without any prior separation
of the different components.

1.5.2. Size exclusion chromatography (SEC)

SEC, initially called gel-permeation chromatography (GPC), is a method in which
molecules are separated by their size (molecular weight). The separation column is packed with
a porous material swollen in the mobile phase, where the size of the pores determines the range
of the molar masses that are effectively separated. The first material for SEC purposes was used
in 1964 by J. C. Moore, and the chemical composition was based on a porous cross-linked
polystyrene material with controllable pore sizes.!*” This material was later replaced with more
advanced gels, such as dextran polymer composites (Sephadex™ gel) or agarose gels
(Sepharose™). The possibility of determining molar mass distributions made SEC a very useful
method for polymer chemists and biochemists. In addition to the analytical benefits, SEC is
also very useful as a fast purification method, where we can simply filter the polymer
out from low-molecular-mass impurities.
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To determine the polymer molar mass distribution, a chromatographic column packed
with a gel stationary phase is attached to an HPLC instrument, where it replaces the silica
columns used to separate molecules based on their polarity. HPLC is further upgraded
by installing an additional detector suitable for macromolecules, such as the refractive index
(RI) detector or the static light scattering (SLS) detector, which allows us to determine the molar
mass of the polymer directly without the need for an external standard.

1.5.3. Dynamic light scattering (DLS)

To determine the size distribution of small particles in a solution, we can use
the DLS method."*® The general principle is based on the fluctuation of an inhomogeneous
environment. Small particles (nm scale) fluctuate in a solution undergoing Brownian motion,
which is a random motion of the particles suspended in the solution as a result of their collisions
with the molecules of the fluid. The fluctuations are analyzed by introducing an external light
source, which, after interfering with particles, is scattered in all directions (Rayleigh scattering).
This scattering fluctuates with the moving particles and is recorded in short time intervals
and collected. These data are then analyzed by an autocorrelator, which compares the intensity
of light over time. Figure 16 shows an example of two samples with different particle sizes
and the hypothetical light scattering intensity records. The velocity of the Brownian motion
of the particles is inversely proportional to their size, which results in different spectra
of the light scattering (LS) intensity over time.

Time @

Intensity

Figure 16. Hypothetical measurement of the light scattering intensity for two different
samples with different particle sizes.'>

Information about the dynamics of the particles is obtained from the autocorrelation function
of the recorded intensity fluctuations, postprocessed by various data analysis methods.
While the DLS initially measures the diffusion of the particles in the solution, the translation
diffusion coefficient, D;, can be determined from a first-order autocorrelation function,
postprocessed as a simple exponential decay, according to equations (7), (8), and (9).
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9" (g 1) = exp (=T (7)

['=q*D, )
q= 4”}\”" sing 9)

where g! (g; 7) is the autocorrelation function for wave vector ¢ and delay time 7, and I is
the decay rate. n; is the refractive index, 4 is the incident laser wavelength, and @ is the angle
of the detector relative to the incident beam.

The described equations correspond to the simplest monodisperse and diluted system
(to suppress the collision between particles). D, is then used to determine the hydrodynamic
radius Ry of the spherical particles using the Stokes-Einstein equation (10),

kpT
~ emnRy

(10)

t

where kg is the Boltzmann constant, 7'is the temperature of the solution and 7 is the viscosity
of the solution.

However, for polydisperse samples or nonspherical particles, the data analysis is more
complex. Instead of simple exponential decay, the function is composed of the sum
of the exponential decays for each population of particles, or in the case of nonspherical
particles, it also contains the rotational diffusion coefficient. In conclusion, light scattering
methods require rather complicated data analyses; nevertheless, once the data are processed,
the information is very complex and accurate. For example, it provides information about
the size of the whole moving object, including a solvation layer. This information cannot
be obtained by, e.g., electron microscopy due to the poor contrast; therefore, the sizes do
not match when comparing the results of these two methods.

1.5.4. Static light scattering (SLS)

The SLS method provides information on the molar mass of polymers or proteins
in solutions by measuring the intensity of the scattered light. Compared to DLS, the SLS
method analyzes the scattered light directly, instead of monitoring the Brownian motion, using
one or many detectors at one or many angles. To characterize the assemblies in the solution,
we must know many parameters, such as the laser intensity, quantum efficiency of the detector,
full scattering volume, solid angle of the detector, and refractive index (RI) of the sample
or RI increment. However, many of these parameters are already calibrated for commercially
available instruments or can be determined using additional methods (e.g., the RI increment
is measured by a differential refractometer). The most common way to calculate particle
parameters is the Zimm equation (11),'4

Kc 1
AR(8,0) My,

(1 T 0(q4)> +24,¢ + 0(c?) (1)

where ¢ is the scattering vector for vertically polarized light, c is the solution concentration
and AR (0, ¢) is the difference between the scattering intensity of the analyte and the scattering
intensity of the solvent.

During SLS, the sample is usually measured at many concentrations (at least 4) and for many
different angles (multiangle light scattering - MALS). The results can be analyzed in several
ways; however, for a polymer chemist, the most typical is the so-called Zimm plot (double
extrapolation of the Zimm equation to zero angle and zero concentration), from which we can

36



obtain the radius of gyration (Rg), molecular mass (My) of the particle and second viral
coefficient (42).

1.5.5. Small angle neutron scattering (SANS) and small angle X-ray scattering (SAXS)

SANS and SAXS are analogs to the previously mentioned SLS. Both are so-called small
angle scattering (SAS) techniques, which measure the small deflection (angle of 0.1 - 10°)
of a collimated beam of radiation (neutrons - SANS, X-rays - SAXS), occurring after collision
with macromolecular structures within the size range of 1 - 100 nm. The important feature
of these techniques is the possibility of analyzing the inner structure of the systems, especially
the systems with nonequal arrangement of the density (micelles, vesicles, etc.). Nevertheless,
to obtain valuable information about the system from the data analysis, we need to make
a model assumption; otherwise, the only information we obtain is R,. Therefore, these methods
give us only additional and more detailed morphological information about the system
that approximates the architecture we already determined with other methods, such as DLS
or SLS.!#!

SAXS uses hard X-rays with wavelengths of 0.07 — 0.2 nm, while SANS uses a focused
beam of neutrons. In comparison to the neutron source, the X-ray beam is easily available.
However, the X-ray beam can heat up the sample and thus is not very suitable for thermally
unstable samples. The SANS method is nondestructive; nevertheless, the possibilities
for measurement are limited to neutron facilities, such as research reactors and spallation
sources.

1.5.6. Transmission electron microscopy (TEM)

A transmission electron microscope is an instrument that uses a beam of electrons
transmitted through a sample to form an image. Transmission electron microscopes are capable
of imaging at a significantly higher resolution than light microscopes (thousands of times
smaller objects) owing to the smaller de Broglie wavelength of electrons. Transmission electron
microscopy is a commonly used analytical method in polymer chemistry to determine
the morphology of nanoscale particles. The first TEM instrument was developed
in 1931 by Max Knoll and Ernst Ruska, later awarded the Nobel Prize in physics.'*? In general,
TEM can operate in an enormous array of operating modes, such as conventional imaging
(with a wide range of possible contrast settings), scanning TEM (used in material chemistry),
diffraction TEM, and TEM spectroscopy.

To determine the polymer assemblies in a solution, the most commonly used technique
is conventional TEM imaging. During the measurement, the sample is deposited
onto a TEM carbon-coated copper grid, and the solvent is removed by fast drying
(e.g., evaporated in a heated oven or wicked away with a piece of filtration paper). However,
the fast drying method results do not describe the system very precisely due to the rather
significant change in the environment. Another possible method is so-called cryo-TEM,
where the sample is deposited onto a TEM holey carbon-coated copper grid and flash frozen
in liquid ethane or liquid nitrogen. This method allows imaging of the sample in vitreous ice,
which simulates the condition of the macromolecules in the water solution in the way most
similar to reality. However, due to the low contrast, the size result does not contain the solvation
layer of the particles. Moreover, during the fast freezing or drying, we cannot determine
the exact temperature of the sample at which the particles froze or were dried from the solution.
This information is especially important for thermoresponsive samples where the size
and morphology change rapidly with a change of only a few degrees. In conclusion,
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TEM is mostly used to provide information about the system supplemental to the more valuable
data from light scattering methods.

1.5.7. Turbidimetry

The turbidimetry method is the fastest and possibly simplest way to determine the cloud
point temperature of a polymer; nevertheless, it does not provide any additional information
about the parameters of the particles. The method measures the loss of intensity of transmitted
light due to the scattering caused by forming particles. Light of a known wavelength passes
through a vial containing the polymer solution, and the resulting transmittance is then plotted
against the temperature (Figure 12). This method is suitable for thermoresponsive polymer
hydrogels or implants, for which no information other than 7cp is required. Originally,
turbidimetry was developed as a biochemical method for examination of biological samples
(immune reactions, denaturation of proteins, etc.).!*
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2. Aims of the thesis

2.1. Preparation of thermoresponsive self-assembled polymeric
nanoparticles as a highly promising tracer for '°’F MRI. The chosen polymer
architecture  is  amphiphilic  diblock  copolymers  containing
poly(2-methyl-2-oxazoline) or poly[N-(2-hydroxypropyl)methacrylamide]
as a hydrophilic block and poly[N-(2,2-difluoroethyl)acrylamide]
as a thermoresponsive fluorinated block.

2.2. Investigation of the inner structure of self-assembled nanoparticles
based on poly(2-methyl-2-oxazoline)-block-poly[ N-(2,2-
difluoroethyl)acrylamide] with physically crosslinked nanogel-like
properties.

2.3. Preparation of double stimuli-responsive polymeric nanoparticles as
a theranostic system for controlled drug release. The theranostic systems
are based on poly[N-(2-hydroxypropyl)methacrylamide]-block-poly[N-
(2,2-difluoroethyl)acrylamide] containing a few molar percent
of a monomer with a ferrocene moiety that is sensitive to oxidation.
The polymers can be used in '°F MRI (reduced state) and as a T; contrast
agent for 'H MRI (oxidized state).

2.4. Synthesis of thermo- and pH-responsive injectable self-assembled
polymeric implants based on the statistical copolymers poly{N-(2,2-
difluoroethyl)acrylamide-co-N-[3-(/ H-imidazol-1-yl)propyl]acrylamide-
co-N-(2-hydroxyethyl) acrylamide} suitable for '°F MR imaging.

2.5. Review of the properties and applications of the low-molecular-
weight and macromolecular ’F MRI tracers.
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3. Results and discussion
3.1. Fluorinated thermoresponsive nanoparticles

3.1.1. Polymer design, synthesis, and characterization

We designed new nanosized particles with potential use as '°F MRI tracers. Nanoparticles
with an imaging modality can be used for a variety of applications such as cell/tissue labeling
for transplantation or labeling of pathology via passive or active targeting. To obtain a system
capable of forming well-defined nanoparticles, we designed various amphiphilic diblock
copolymers (Scheme 1). These copolymers contain two different types of hydrophilic polymers
combined with thermoresponsive fluorinated polymers prepared at 3 different block ratios.
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Scheme 1. Synthesis of thermoresponsive diblock copolymers via two-step

RAFT polymerization and combined CROP and RAFT polymerization.

The copolymer poly[N-(2-hydroxypropyl)methacrylamide]-block-poly[ N-(2,2-
difluoroethyl)acrylamide] (PHPMA-PDFEA) was prepared by two successive
RAFT polymerizations of the corresponding monomers with
4-cyano-4-(phenylcarbonothioylthio)pentanoic  acid as  the chain-transfer  agent

and-a,0'-azoisobutyronitrile (AIBN) as the initiator (Scheme 1). As previously mentioned,
RAFT polymerization is a technique that yields polymers with a low PDI (Chapter 1.4.1.).
The polymerization is sensitive to oxygen and nucleophiles (amines and some CTAs also
to water content). Argon flushing is a sufficient method of avoiding the presence of unwanted
oxygen in the flask. To avoid hydrolysis and aminolysis, the polymerization is typically
performed in dry, pure solvents free of any amines. In this reaction, HPMA was polymerized
in dry tert-butanol in an oil bath heated to 70 °C for 7 h. After polymerization, the resulting
polymer was precipitated by the addition of diethyl ether and purified by gel filtration using
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a Sephadex LH-20 column with methanol as the eluent. Methanol was evaporated
under reduced pressure, and the polymer was purified by freeze-drying. To initiate
polymerization of the second block, the concentration of CTA1l in macroCTA1l was first
determined by UV—vis spectroscopy. The second block was prepared by polymerization
of the DFEA monomer in dry DMF overnight in an oil bath at 70 °C. The resulting polymer
was purified by the same procedure as that with PHPMA. After the polymerization
was complete, the dithiobenzoate end-group was removed by radical reaction
with AIBN to avoid the influence of the CTA end-groups on the thermoresponsive properties.

Poly(2-methyl-2-oxazoline)-block-poly[ N-(2,2-difluoroethyl)acrylamide] (PMeOx-
PDFEA) was prepared by CROP polymerization of the MeOx monomer and subsequent
RAFT polymerization of the DFEA monomer (Scheme 1). CROP polymerization is a living
polymerization, which also results in polymers with a narrow molecular weight distribution
(Chapter 1.4.1.). In contrast to RAFT, where unfavorable hydrolysis side reactions only occur
with sensitive CTAs, CROP is highly sensitive to even trace amounts of water
in the polymerization mixture. Therefore, the monomer was distilled under an inert argon
atmosphere in the presence of a desiccant (in our case, calcium hydride), and dry acetonitrile
was used as the solvent. The polymerization of MeOx was performed in Ace®
pressure tubes in an oil bath heated to 120 °C for 30 min. After the polymerization,
the cationic living chain-ends ~ were  treated  with  triethylammonium  salt  of
4-cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic ~ acid (CTA2) to form
macroCTA2. The polymer was purified by the same procedure as the previous polymers,
and the concentration of CTA2 was determined by UV-vis spectroscopy at 4 = 308. The second
block was prepared by RAFT polymerization of the DFEA monomer using the same
polymerization conditions and purification methods as those used for the PHPMA-PDFEA
copolymers. The trithiocarbonate end-group was removed by aminolysis followed by Michael
addition.

To describe the unknown properties of the newly developed amphiphilic systems,
all copolymers were prepared with three different block ratios (Table 4, HF1-3 and MF1-3
copolymers). The disappearance of CTA1 and CTA2 was confirmed by NMR spectroscopy
(Figures 14 and 15). The purity of the polymer and the block ratios were determined
by NMR analysis (Figures 14 and 15) using the methylene protons of the CHF» group
of PDFEA (& =5.9), the proton coupled with the carbon atom of the CHOH group of PHPMA
(0 =3.9), and protons of the CH3 group of MeOx (6 =2.1). All prepared polymers were obtained
with a narrow molecular weight distribution and a PDI < 1.20, and the molecular sizes
of the prepared polymers ranged from 10 to 55 kDa. Molecular weights and polydispersity were
obtained using SEC (Table 4, Figure 16).
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Figure 14. The 300.1 MHz 'H

NMR spectra of copolymers HF1 (block ratio PHPMA-PDFEA

2:1), HF2 (block ratio PHPMA-PDFEA 1:1), HF3 (block ratio PHPMA-PDFEA 1:2),
and the CTA1 end-group removal (bottom right). All spectra were acquired using a Bruker
Avance III 600 (or Avance DPX 300) spectrometer operating at 600.2 MHz (300.1 MHz).
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and the CTA2 end-group removal (bottom right). All spectra were acquired using a Bruker
Avance III 600 (or Avance DPX 300) spectrometer operating at 600.2 MHz (300.1 MHz).
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Figure 16. Size exclusion chromatography (SEC) results of the hydrophilic blocks (PHPMA,
PMeOx) and the corresponding diblock copolymers (HF1, HF2, HF3, MF1, MF2, MF3)
with a mixture of a methanolic 5.0 mg-mL ™! polymer solution and sodium acetate buffer (0.3 M,
pH 6.5) (80:20 w %, flow rate of 0.5 mL-min ') as the mobile phase. The SEC instrument uses
an HPLC Ultimate 3000 system (Dionex, USA) equipped with an SEC column (TSKgel
SuperAW3000 150 x 6 mm?, 4 um) and three detectors: UV/Vis, refractive index
(RI) Optilab®-rEX and multiangle light scattering (MALS) DAWN EOS (Wyatt Technology

Co., USA).

Table 4. Physicochemical characteristics of the prepared polymers.

Sample Polymer Block w%of M, My D
name ratios* fluorine (kDa)® (kDa)® (Mw/M,)
MacroCTAl1l PHPMA - - 13.3 12.7 1.05
HF1 2:1 6.7 17.6 15.8 1.11
HF2 PHPMA-PDFEA 1:1 16.9 33.7 31.9 1.06
HF3 1:2 20.7 51.5 48.3 1.07
MacroCTA2 PMeOx - - 8.1 7.2 1.12
MF1 2:1 10.1 12.7 11.9 1.07
MF2 PMeOx-PDFEA 1:1 14.0 16.2 15.3 1.06
MF3 1:2 18.7 24.5 22.8 1.08

“Determined by NMR spectroscopy. "Determined by SEC. “Determined by DLS.

3.1.2. Determination of the self-assembly property
All copolymers exhibited an LCST behavior; above a certain temperature, the polymer

chains, which were dissolved in aqueous environment (150 mM PBS buffered saline), started
to assemble and form larger particles. The change in the hydrodynamic radii (Rn) was measured
in the temperature range from 10 to 50 °C by dynamic light scattering (DLS). The cloud-point
temperature (7cp) was determined as the temperature at which the small polymer chains
with Ry corresponding to a few nanometers formed larger clusters with R, corresponding to tens
of nanometers (Figure 17 and 18). The Tcp was investigated for 3 different polymer
concentrations (1, 5, 10 mg':mL™"); however, the concentration appeared to have only a minor
influence on the 7cp. On the other hand, the Tcp appears to be highly dependent on the ratio
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between homopolymer blocks in the copolymers with PHPMA, in which the higher content
of the more hydrophobic block resulted in the lower 7cp. However, the copolymers
with PMeOx did not show the same trend (Table 5), implying that this effect was also
dependent on the type of hydrophilic monomer, consistent with other studies.'®
The reversibility of these temperature-dependent changes was also investigated. After DLS,
the polymer solution was cooled from 50 °C to 10 °C, and the data were collected. The results
showed that the nanoprecipitation was fully reversible. This is important
for the unimer-nanoparticle equilibrium-based degradability of the particles. The DLS results
are summarized in Table 5.

One of the possible applications is the imaging of tracers accumulated in tumors
via the EPR effect. To accomplish this goal, we selected the polymers HF3 and MF3 (in which
the ratio between hydrophilic and PDFEA blocks is approximately 1:2) as ideally sized
polymeric nanoparticles. To fully determine the properties of these particles, the samples
of HF3 and MF3 were further analyzed by static light scattering (SLS) to obtain the respective
particle molecular weights (M par), radii of gyration (Rg) and nanoparticle densities (p)
(Table 5).

Table 5. Physical properties of self-assembled particles.

Sample name Tcr Ruxo Mypar Ry P
(cO** (nm)* (MDa)* (nm)” (grem™)"

HF1 37 123+ 19 - - -
HF2 31 35+5 - - -
HF3 23 77 +52 66.8 106 0.022
MF1 31 670 +£203 - - -
MF2 30 31+12 - - -
MF3 33 47 + 14 10.4 67 0.013

*Polymer concentration 1 mg-mL"in 150 mM PBS buffer. “Molecular weight of self-assembled
particles. * Determined by DLS. ® Determined by SLS.

The DLS measurements yield the hydrodynamic size of the particles, which can be
considered accurate because our particles are spherical objects. To investigate the morphology
of the particles, we employed transmission electron microscopy (TEM) measurements
in addition to the DLS measurements. The samples for the TEM measurements can be prepared
in several ways. First, a solution of the polymers (the chosen concentration was
5.0 mg'mL!ina 150 mM PBS buffer solution) and the tools needed for sample preparation
were heated to 50 °C to ensure that the temperature was above the 7cp during the measurement.
One way to obtain TE micrographs is called fast drying: 2 pL of the solution is deposited
onto a TEM carbon-coated copper grid, and the solvent is removed either by evaporating
in a heated oven at 50 °C or by touching the bottom of the copper grid with a small piece of filter
paper. The second method is cryo-TEM: 3 uL of the solution is deposited onto a holey
carbon-coated copper TEM grid, flash-frozen in liquid ethane, and kept under liquid nitrogen.
The preparation of the TEM samples is very different from the direct measurement
of the solution at a given temperature, as in case of, e.g., the DLS method, which is the main
reason for the different size values.
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Selected examples of polymers evaluated by DLS and TEM are shown in Figure 17
(polymer MF1) and Figure 18 (polymer HF3).
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Figure 17. Self-assembly of MF1 (1% polymer solution in 150 mM phosphate-buffered
saline, pH 7.4): 3D graph of the dependence of the size distribution on the temperature (left),
and TEM image (right).
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Figure 18. Self-assembly of HF3 (1% polymer solution in 150 mM phosphate-buffered saline,
pH 7.4): 3D graph of the dependence of the size distribution on the temperature (left),
and CryoTEM image (right). The peak with the increased intensity at 23 °C is attributed
to anomalous micellization.
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The results showed that both polymers (PMeOx-PDFEA and PHPMA—-PDFEA) formed
substantially larger particles when the amount of hydrophilic monomer was higher
(note copolymers MF1 and HF1 in Table 5) and smaller particles when the amount
of PDFEA was higher (copolymers MF3 and HF3). The particles of both polymers prepared
at a ratio of 1:1 were unstable during the TEM sample preparation; moreover, DLS did not
provide very comprehensive information. However, the results obtained for the other polymers
were very interesting. The morphology of the polymers prepared with different block ratios was
exactly opposite to the expected morphology estimated morphology based on the packing
theory (Figure 10). The results show that the morphology of self-assembled particles is quite
extraordinary traditional micelles or vesicles. In this study, we proposed the theory that these
particles are based on nanogels that are physically crosslinked via hydrogen bonding between
amide groups. This theory was supported by the DLS, TEM and additional SLS results
of the HF3 and MF3 polymers (Table 5). The first indication was the size of the particles
(by DLS and SLS): the particles were too large to be considered simple micelles. The second
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indication was the very low density of the particles (determined by SLS, Table 5), which
indicated a nanogel or vesicular system. However, vesicular particles can be distinguished
by TEM due to their nonuniform distribution, which was not observed in our micrographs.
The last indication was the molecular weight of the particles (Mwpar), indicating
that approximately 500 —1000 polymer chains comprise one nanoparticle, while micelles
usually contain approximately 10 —100 polymer chains.

Moreover, we hypothesized that our polymers could be described according to the “plum
pudding” model of an atom. Most of the volume of the particles is formed by hydrated
hydrophilic blocks whose chains are swollen and extended in aqueous environments, and within
this hydrophilic gel (the “pudding”), smaller pockets of hydrophobic blocks (the “plums”) are
noncovalently bound to each other. This theory was based on the morphological arrangement
to explain the size ratio of the blocks versus the size of the particles: Polymers with a larger
amount of PDFEA blocks contain insufficiently long hydrophilic polymer segments and form
larger particles (and vice versa). However, this theory was shown to be wrong in a subsequent
and more detailed study of the inner structure of these particles, where we proposed a rather
uniform distribution of both polymer blocks throughout the particle volume. These results are
described in more detail in Chapter 3.2.

3.1.3. Biocompatibility studies

The selected samples HF3 and MF3, which were characterized by an ideal size
and monodisperse particle population as well as the highest content of fluorine among all
the samples (important for '°F MRI purposes), were further evaluated in several in vitro studies.
As previously mentioned, the reversibility of self-assembly is a very important property to avoid
slow particle degradation and bioaccumulation in living organisms. On the other hand,
if the stability of the particles is too low, the system can degrade too fast and fail to accomplish
the intended task. A common method to determine the stability of the system is the assessment
of the so-called critical association concentration (CAC, Chapter 1.5.9.). Solutions
of the copolymers for measuring the CAC were prepared by direct dissolution in cold
phosphate-buffered saline (PBS, 150 mM, pH 7.4) at a concentration range from
1to 10° mgmL™'. The CAC was measured using pyrene as a fluorescence dye, which
undergoes a spectral change in response to a change in the environment (hydrophobic core
of the particle versus water solution). The CAC was then determined as the intersection between
the decay curve, corresponding to the decrease in the particle concentration, and the stational
curve, where the particles are no longer present. The resulting CAC of HF3 was 51.6 mg-L ™",
and the CAC of MF3 was 26.2 mg-L!, both of which were considered sufficient
for the intended applications.

To assess the biological properties, the cytotoxicity of the polymers was studied.
The copolymers HF3 and MF3 did not show any significant cytotoxicity even at the highest
tested polymer concentrations of 1 g-L™! towards all tested cell lines (HeLa - human cervical
carcinoma, J774A.1 - murine monocyte/macrophage, HF - primary fibroblasts
and SU-DHL-5 - human B lymphoblast). Subsequently, we measured the interaction
of the polymers with red blood cells to rule out a possible hemolytic effect of the polymer.
The HF3 copolymer induced no hemolysis after a 3-, 6- or 24-h incubation at 37 °C within
the tested concentration range (i.e., 100 to 800 pg:mL™'). The MF3 copolymer caused
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no observable hemolysis after a 3-h incubation within the tested concentrations. However,
the onset of hemolysis (i.e., values ranging from 2 to 4%) was observed at longer incubation
times (6 and 24 h) and higher polymer concentrations (200, 400, and 800 pg-mL™).
This behavior might be caused by the amphiphilic character of the polymers; however, the level
of hydrolysis as well as the high concentration were not relevant for the intended application.
In conclusion, the polymers were considered nontoxic based on the cytotoxic results
of the samples at relevant concentrations.

3.1.4. °F relaxation times, MRS and MRI measurements

Finally, the suitability of polymers HF3 and MF3 for ’F MRI applications was studied.
The first measured parameter was the Ti of '°F nuclei. Interestingly, no noticeable change
in the ’F T) relaxation times was observed with the phase-transfer of the polymers
in the solution. The main reason could be that the physically crosslinked nanogels still contain
a rather high concentration of water molecules inside their cavities (in contrast to, e.g., a micelle
with a highly hydrophobic core). Further MR spectroscopy experiments showed
the dependence of the signal on the temperature (Figure 19). However, the temperature effect
was negligible for MRI purposes.

The possibility of using the polymer as a '’F MRI tracer was experimentally confirmed
by measuring aqueous polymer-containing phantoms with various tracer concentrations
and total acquisition times. At a relatively short total acquisition time (17 min 4 s), even
the most diluted sample (3.3 mg:mL™") could be detected (Figure 19). The thermoresponsive
nanogels appeared to have a fairly high sensitivity as '°F MRI tracers even in their solidified
state and thus could be considered a very promising diagnostic tool that, after further
modification, could be employed in more advanced applications.
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Figure 19. Temperature-dependent MR spectrum (top) and the MRI of phantoms (bottom).
The MRS was acquired for the highest polymer concentration of 50 g-L"!. The "’F MRI is
displayed for three different acquisition times.

3.2. Investigation of the inner structure of poly(2-methyl-2-oxazoline)-b-
poly[N-(2,2-difluoroethyl)acrylamide] copolymer

3.2.1. The aim of this study

The poly(2-methyl-2-oxazoline)-b-poly[N-(2,2-difluoroethyl)acrylamide] self-assembled
nanoparticles with a ratio of 1:2 (copolymer MF, in a previous study MF3) showed great
potential in biological applications as diagnostic tools. The morphology and internal structure
of the particles should therefore be thoroughly investigated. In general, these investigations are
also helpful to gain insight into the temperature-dependent self-assembly behavior
of copolymers composed of hydrophilic and thermoresponsive blocks. Many studies focusing
on biomedical applications describe amphiphilic particles as simple micelles or vesicles;
however, a thorough description of the system is usually missing. In this study, we investigated
the morphology of MF-based particles using various techniques. In our previous study,
we proposed the structure of the particle as a physically crosslinked nanogel with the areas
of accumulated PDFEA (plums) stabilized by a hydrophilic polymer gel (pudding)
(Chapter 3.1.). In this study, we revealed that the particle structure was rather unorganized;
however, the interaction between the monomers suggested the separation between
the PDFEA and PMeOx blocks. Moreover, we found that the whole system was formed initially
from small micelle-like structures, which are present above the cloud point temperature (7cp).
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The presence of thermoresponsive homopolymer chains, however, caused the formation
of larger aggregates interconnected through hydrophobic networks and hydrogen bonds, which
contained large amounts of solvent (Figure 20).

PDFEA i
r/\V/\./V PMeOx ‘ﬁ'ﬁ“‘

. PMeOx-block-PDFEA

Figure 20. Schematic illustration of the thermoresponsive MF3-based particles.

3.2.2. Investigation of the morphology by light scattering methods

The temperature dependence of the size distributions was first measured by DLS in several
solvents (H2O, D->O, and PBS in H>0) to account for the fact that different solvents may be
required in various experimental methods. The measurements in D>O were particularly
important as a reference for our SANS and NMR measurements. The importance of these
considerations has already been described in several studies.'**'*® The results showed that
the parameters of our system were dependent on the solvent composition to some extent,
as indicated by a shift of Tcp from 33 °C in H>O to 31°C in PBS and to 25°C in DO
(Figure 21). The DLS data clearly showed the transformation from a free polymer in solution
below the Tcp (size 4 nm) into two populations of particles, small particles (approx. 10 nm,
population 1) and the larger assembled nanogel particles (30-50 nm, population 2). In PBS,
an additional population of larger assemblies was observed above the Tcp. This result can be
explained by the well-known aggregation behavior of particles with a hydrophilic shell, which
tend to form larger clusters.'?

To avoid the risk of introducing errors of magnitude, we represent our data obtained from
dynamic light scattering as intensity-based size distributions (Figure 21). However,
we have to keep in mind that the scattering intensity is directly proportional to the third power
of the particle size. Therefore, larger particles scatter much more light than smaller particles,
and thus, the intensity-based size distributions may be skewed towards larger particles.
However, the smaller particles might constitute the majority of the sample mass.
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Figure 21. Temperature dependence of the intensity distributions of Ry obtained from DLS

of our MF sample in (a) H20, (b) D20, and (c) PBS.

We further investigated the system by performing SAXS and SANS experiments. Below
the Tcp, the calculated radius of gyration Ry for the population of free polymer chains was
12.07+0.13 nm. Given the width of the DLS distributions and the difference between
Rg and Ry, this was in good agreement with previous results. The generalized Gaussian coil
function was used for the calculation of Ry and the sample exhibited a Flory exponent
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of approximately 0.52, which was in agreement with the SANS data and indicated that
the copolymer existed in a good solvent with rather relaxed and well-solvated chains.
The SAXS and SANS results above the 7cp provided information about the smaller population
(population 1) in the DLS spectrum. With increasing temperature, the PDFEA chains in this
population became less mobile, and the polymer collapsed into smaller assemblies.
This behavior was observed from the obtained data by means of the evolution of the Flory
exponent v of the present polymer coils with increasing temperature from v=0.560
at 15°C to v=0.368 at 42 °C (Figure 22). This shift is in accordance with general polymer
theory, which predicts a Flory exponent of v=0.6 for polymer chains in good solvent
and v=0.3 for polymer chains in poor solvent. The overall behavior could be described
as the formation of a loose sphere of radius 15+ 1 nm with an internal structure represented
by Gaussian chains. The radius of gyration of the internal coils was 1.3 £0.7 nm.
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Figure 22. Evolution of the Flory exponent v with increasing temperature as calculated
from SANS experiments.

Additionally, we used a concentration series measurement to calculate the excess scattering
amplitude. Based on this measurement, we obtained the molar mass of the particles
in population 1 as Mypar=3-10°g-mol! and a swelling degree of almost 80%. Given
the calculated Rg=15+1nm and Mypsr=23-10°gmol!, we determined the number
of aggregated particles in population 1 as Nage=122. Based on these results, the smaller
population of particles (the minority population) was considered micelles. SANS and SAXS
measurements are specific and precise for samples with one population and smaller particles
in general. Therefore, we decided to characterize the larger population (population 2)
with additional methods. However, the precise description of population 1 as micelles was vital
to revealing the possible equilibrium between the formation of small particles and the higher
molar mass nanogel assemblies.

3.2.3. Advanced NMR methods

To characterize our assembled nanogels (population 2) on the atomic level and the inner
core of these particles, we used NMR experiments to determine the interaction between
the monomers and the solvent.

First, we determined the loss of mobility of atoms after self-assembly by comparing
the overall integrals of the corresponding peaks in the NMR spectrum with increasing
temperature (Figure 23). The results showed that the mobility of the PDFEA atoms decreased
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by approx. 45%, while only a marginal decrease in the mobility was observed
for the hydrophilic PMeOx. This result suggested that the PDFEA blocks constituted a rather
condensed part of the particles, while the PMeOx blocks maintained their flexibility and were
solvated.
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Figure 22. 'HNMR spectral assignment of MF copolymer sample, acquired at 25°C
in HoO/D,0 mixture (volume ratio 9:1) (top) and the NMR signal intensities as a function
of temperature (bottom).

We investigated the inner structure of the particles using a NOESY experiment,
which reveals the spatial proximity of hydrogen atoms that are separated by no more than
5 A (Figure 23). The NOESY experiment allowed us to determine the interaction between
the monomers and answer the question of whether the different types of monomers are
in close proximity to or separated from each other. The NOESY signals of the protons in amide
group F3 of the PDFEA block were compared with all the other protons of this block.
The remarkable cross-peak between the F3 and F1/F2 protons supported the idea of hydrogen
bonds between the amide groups of the PDFEA monomer. This arrangement brings sidechain
end-groups closer to the backbone and allows for tight packing of thermoresponsive blocks
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inside the particles. Finally, no interaction between the different copolymer blocks was
observed. The sidechain interactions occurred exclusively between blocks of the same type.
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Figure 23. NOESY spectra of polymer MF in a HoO/D>O mixture (volume ratio 9:1).

Additionally, we measured the translational self-diffusion coefficients by means of a pulsed
field gradient NMR method (DOSY). Our data showed that the diffusion coefficient of each
block was slightly different; the measured diffusion constants of the PMeOx block were larger
than those of the PDFEA block (Figure 24). The results supported the previous measurement
results, where we prove the separation of the blocks within the particle and showed
that the PMeOx retained its mobility inside the particle.
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Figure 24. Self-diffusion coefficient of the particular blocks of the MF block copolymer
at various temperatures.

Finally, we evaluated the '"F NMR signal to confirm the suitability of the system
for the '°F MRI experiments. The obtained signal at approximately —123 ppm at different
temperatures is shown in Figure 25. By heating the polymer from 20 to 45 °C, the polymer
integral decreased due to polymer aggregation, but surprisingly, the signal decreased by only
20%. This result indicated that the effect of precipitation on the '°F signal integral was much
less significant than that observed in 'H NMR (the signal decreased to 45% of its original
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magnitude) in the same CF;H moiety. Additionally, we observed a slight broadening
at the signal foot, which suggested the presence of an additional signal component with short
T> relaxation. This result indicated the presence of larger particles. The difference between
fluorine and proton spectra can be explained by the relaxation properties of '°F atoms
in the CHF> group, which differ from the 'H atom. Therefore, !°F NMR spectroscopy may allow
for the observation of larger polymer aggregates than '"H NMR spectroscopy.
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Figure 25. '°F NMR spectra of the MF copolymer at different temperatures. Spectra at higher
temperatures show increasing linewidth.

3.3. Thermo- and ROS-responsive theranostics using '’F MR imaging

3.3.1. Polymer design, synthesis, and characterization

We modified the previous system based on the PHPMA-PDFEA diblock copolymer
with a block ratio of 1:2 (in the previous study, polymer HF3) to enhance its possible
application from an imaging tool to a smart theranostic system. The polymer was modified
by incorporation of a functional amine moiety into a thermoresponsive block (Scheme 2).
These functional groups can then be further used to tune the LCST behavior of the polymer
resulting in stimuli-responsive degradation of the particles for possible drug release (DR).
In our case, we modified the polymers with a ferrocene moiety using a reaction of the amine
moiety with the NHS ester of ferrocenecarboxylic acid. Ferrocene is sensitive to oxidation:
it can be oxidized in an oxidative environment by reactive oxygen species (ROS), which are
abundant in inflamed tissues or malignant cells. The oxidation of neutral ferrocene
to ferrocenium cations changes the solubility of the polymer in water (increases
the hydrophilicity) and causes the degradation of the self-assembled polymers under
physiological conditions.
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2) Synthesis of diblock copolymers HF1, HF2 and HF3
1) Synthesis of PHPMA macro initiator Feﬂ
COOH OH
HQ F, BocHN
F 1. MacroCTA, DMF, AIBN K
NC 70 °C, overnight
- s tBuoH,ABN HN._O ¢ N £ = ovemio e
+ — NH
o s={ 70°C. 7h )L (CHp)1CH,| |0 o 2. TFA,1 h,RT
) , §7 g TAMETR _7/ 3. FcCOOH, DCC, NHS, 0 °C
H3C(H,Chy4 / /
HPMA CTA MacroCTA
DFEA BocAEA HF1-3

Scheme 2. Synthesis of the thermo- and ROS-responsive theranostic system via two-step
RAFT polymerization.

The amphiphilic diblock copolymers containing the ferrocene moiety, poly[N-(2-
hydroxypropyl)methacrylamide]-block-poly[ N-(2,2-difluoroethyl)acrylamide-co-N-[2-(N -
ferrocenylamido)ethyl]acrylamide] (PHPMA-PDFEA-FcAEA) with a 1:2 ratio and various
contents of HF1-HF3 (0.5 to 3.0 mol. %) were prepared by the same procedure as polymer
HF3in Chapter 3.2.1. by two successive RAFT polymerizations using
4-cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid as the chain-transfer agent
and o,0'-azoisobutyronitrile (AIBN) as the initiator (Scheme 2). The modification
from the previous procedure was the incorporation of a small amount (0.5 — 3 mol. %)
of the N-(2N’-Boc-aminoethyl)acrylamide monomer into the thermoresponsive PDFEA block
as a statistical copolymer. Both RAFT polymerization and purification of the resulting
polymers were conducted under the same conditions as in Chapter 3.2.1. After polymerization,
the Boc- (tert-butyloxycarbonyl) protective group was removed under acidic conditions
(10% trifluoroacetic acid) and then neutralized and purified by LH-20 Sephadex gel
chromatography. The concentration of amino groups was determined using the reaction with
2,4,6-trinitobenzene-1-sulfonic acid and measured by UV-vis according to the literature.'*®
Afterwards, the amino groups were reacted with the ferrocenecarboxy-N-hydroxysuccidimide
ester to form the resulting polymer HF1-HF3 with different ferrocene contents.

The structure, purity of all copolymers and the ratio between two blocks were determined
by 'H NMR spectroscopy (Figure 26) using the signals of the protons of the CHF, moiety
of PDFEA (6 =5.9 ppm) and the proton in the CHOH moiety of PHPMA (o = 3.9 ppm).
Narrow molecular weight distributions (dispersity P < 1.20) and molar masses (Table 6)
of all copolymers were determined by size exclusion chromatography (Figure 26).

Table 6. Composition and physicochemical properties of the prepared polymers.

0, 0,
Polymer  Block ratic® M,” (kDa) M," (kDa) (MW?MH) 1\;:)110 r/;nzf r::ocfn‘;f
PHPMA - 8.68 8.02 111 - -
HF1 1:1.8 32.3 26.3 1.2 16.7 0.49 +0.12
HF2 1:1.9 29.1 26.0 1.1 18.0 0.80 = 0.12
HF3 1:1.8 34.0 27.9 1.2 16.6 2.63 +0.66

Determined by '"H NMR spectroscopy?, SEC® or ICP-MS-MS®.
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Figure 26. "H NMR spectrum of polymer HF2, measured in MeOD-dy (cpo1= 16.7 mg-mL™"),
NS=32, D1=30.00s, acquired on a Bruker400 MHz spectrometer. Size exclusion
chromatography (SEC) traces of the prepared polymers PHPMA-b-P(DFEA-BocAEA)
1-3 using an HPLC Ultimate 3000 system (Dionex, Sunnyvale, USA) equipped with
an SEC column (TSKgel SuperAW3000 150 x 6 mm, 4 um) with a methanol and sodium
acetate buffer (0.3 M, pH 6.5) mixture (80:20 v/v, flow rate of 0.6 mL min™') as the mobile
phase.

3.3.2. Determination of the thermo- and ROS-responsive solution behavior

To determine the thermoresponsive self-assembly of the copolymers HF 1-HF3 in an aqueous
environment, we assessed the dependence of the hydrodynamic radii (Ry) on the temperature
by DLS (Figure 27, gray trendline). In addition to the DLS measurements, transmission
electron microscopy (TEM) images of one of the copolymers (HF1) at two different
concentrations were obtained (Figure 28). The measurements were performed
in a phosphate-buffered saline (PBS) solution (pH 7.4) as the simplest biologically relevant
model in the temperature range of 10 to 50 °C. The results revealed the formation of spherical
polymeric nanoparticles very similar to the previous system (Chapters 3.1. and 3.2.); therefore,
additional methods to determine the structure were not necessary. In general, the added
ferrocene moiety did not significantly influence the self-assembly behavior of these polymers.
The diameter (Rp) of the particles was approximately 30 to 40 nm, and the cloud point
temperature (7cp) of all three polymers was 34 °C. By comparison, the cloud point temperature
of the corresponding polymer without ferrocene in Chapter 3.2. was lower, probably due
to the higher content of the thermoresponsive PDFEA (the ratio was higher than 1:2).
The initially increased Ry (~ 80 nm) corresponded to the previously mentioned formation of
particle clusters.'*’

To determine the ROS-responsive behavior, we oxidized the ferrocene moiety and measured
the size distributions in response to temperature changes by DLS (Figure 27, red points).
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The oxidation of ferrocene can be realized in many possible ways. Macroscopically, the process
can be observed as a color change from yellow-orange to greenish to blue.!*-15%15L.152 However,
for our intended application, we simulated the conditions of tumor tissue for in vitro
measurements with hydroxyl radicals and acidic conditions (pH 5.0), representing
the well-known environment in most tumor tissues.* For this purpose, we measured
the samples in acetate buffer (pH 5.0) with the added hydrogen peroxide (0.003 to 0.01 vol. %)
and a catalytic amount of CuCl-2H0 to accelerate the oxidation (Fenton oxidation reagent!?).
The data showed that all three polymers could not generate particles in the oxidized state
at the measured temperatures. Finally, we also titrated a hydrogen peroxide solution of our
sample under neutral conditions to determine the concentration of H>O- at which the particles
decompose. A concentration of 0.1% H20O. was sufficient for the polymer with the lowest
concentration of ferrocene to decompose, indicating the high sensitivity of the system to even
a slightly oxidative environment. Generally, the particles can switch between self-assembled
and disassembled states upon oxidation under physiological conditions; therefore,

the polymeric particles could potentially release encapsulated drugs into ROS-rich tissues.
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Figure 27. DLS determination of the particle size as a function of temperature. Graphs A), B)
and C) show the thermoresponsive behavior of polymers HF1, HF2 and HF3 in their oxidized
and nonoxidized forms. The gray points show the particle formation in the neutral conditions
(PBS), where the ferrocene moiety is in the reduced state. The red trendline shows the simulated
condition of tumor tissue, in which ferrocene is oxidized. Graph D) shows the titration
of particles based on polymer HF1 in neutral conditions with H>O» to simulate the oxidative
environment and particle degradation with increasing concentrations of H>Ox.
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Figure 28. TEM micrograph of polymer HF1 particles. Left: polymer concentration 1 mg-mL"!,
right: polymer concentration 10 mg-mL".

3.3.3. F relaxation, MRS and MRI

The suitability of a contrast agent to be used in routine 'F MRI techniques is highly
dependent on several key parameters. First, it is beneficial if the '°F atoms are chemically
and magnetically equivalent (this ensures a very intense and narrow peak of the '°F signal);
their concentration should be as high as possible. Second, the choice of applicable
F MRI scanning techniques and therefore the quality of the image is highly dependent
on the 7> and T>" relaxation properties of the fluorine atoms. For purposes of routinely used
MRI scanning techniques (e.g., RARE and FLASH),'** the 7> should exceed 10 ms.?’ Short
T» relaxation requires the use of particular sequences, such as ultrashort echo time (UTE)*®
or zero echo time (ZTE)*® sequences, that are very hardware-demanding techniques.

It should be noted that these parameters can change rather drastically under different
conditions; therefore, they should be measured under conditions closely resembling the in vivo
environment. It is known that the aggregation of polymers may lead to a significant decrease
in the '°F signal, partially due to the significantly faster 7> relaxation times in aggregates,®*
ultimately decreasing the intensity of the signal from the contrast agent. However, we did not
observe any significant '°F signal broadening as a result of aggregation, consistent
with previous reports of similar materials.'> Therefore, we measured the T) and T relaxation
times at 37 °C in 150 mM PBS buffer (pH 7.4) to simulate physiological conditions using
the standard '°F NMR instrument.'’

The results showed an expected decrease in the relaxation times with increased ferrocene
content (Table 7). The T> was above the threshold value for the '°F MRI sequences for polymer
HF1 and HF2 (7> = 17 ms), indicating their suitability for currently used '°F MRI scanners.
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Table 7. T and 7> relaxation times of '°F of all three polymer solutions in a 9.4 T field at 37 °C
in PBS-D>0 buffer (150 mM, pH 7.4). All points were fitted with R* > 0.998.
Polymer 77 (ms) T> (ms)
HF1 460 £4.0 16.9+0.6
HF2 458+6.0 11.0+04
HF3 305+10.0 7.0+£0.6

Based on our results, we decided to use polymer HF1 for further measurements due
to its well-defined self-assembly properties®> and its suitable 77 and 7> relaxation times
for 'F MRI purposes. However, our results indicated that the ferrocene content might differ
considerably without severely changing the 7cp or MR properties (the particle size can change).

Subsequently, various concentrations of the polymer with the best MR relaxation properties
(HF1) were dissolved in a 150 mM PBS solution. The phantom measurement revealed
a 'F MRS signal change upon changing the temperature. The signal was measured at room
temperature (24 °C, red trace) and at body temperature (37 °C, blue trace). No significant signal
decrease was observed wupon heating (and particle formation), which 1s ideal
for 'F MRI purposes.

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
-78 -80 -82 -84 -86 -88 -90 -92 -94 -96 -98 -102 -106 -110 -114 -118 -122 -126 -130 -134
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Figure 29. Top: '°F MRS spectrum of the HF I polymer with trifluoroacetic acid as the chemical
shift reference at 24 (red trace) and 37 °C (blue trace). Bottom: /n vitro phantom
'H MR and !°F MRI images at different polymer concentrations.
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3.3.4. Biocompatibility and drug release study

The selected polymer HF3 was further analyzed by means of a cytotoxicity experiment with
several relevant cell lines. Polymer HF3 did not decrease the viability of any of the studied cells
below 70% (Figure 30); the noncytotoxicity of the polymer towards all the tested cell lines
within the concentration range used (0.125 — 2.0 mg-mL ') was confirmed.
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Figure 30. Viability of different cells (IMS90 and HT1080) with increasing concentrations
(0.125-2.0 mg'mL") of polymer HF3.

The developed system should exhibit the ability to release drugs in the presence of ROS;
therefore, we decided to further analyze this mechanism in an in vitro study with perfectly
spheroidal cancer cell clusters called “spheroids”. These clusters are well known to create their
own ROS-rich and acidic microenvironment due to solid tumor-like hypoxia. In this study,
we monitored the proliferation of cancer cells in the presence of a polymer formulation
with a cytostatic drug (doxorubicin, DOX) or with an inhibitor of proliferation (GSK-429286).
The perfectly symmetrical 3D structure of the cancer cell clusters allowed us to quantify
the effect of the compound as well as its distribution with high precision.

To provide comprehensive data, we first determined the polymer’s ability to encapsulate
hydrophobic drugs (DLs) and determined the concentration limit for the particle assembly. !>
The DL study was carried out by determining the drug-loading factor fp;, and entrapment
efficiency factor fgg, calculated with equations (14) and (15).

m
for = fre -100% (14)
mpolymer + mdrug,II
m
for = ——21- 100% (15)
mdrug,l

where My o1ymer 18 the mass of the polymer, mgryg; is the mass of drug added to the system
(cumulative mass of the drug within both the aqueous phase and polymer phase), mgryg 1 18
the mass of the drug in the formulation, and m, is the mass of the aqueous phase. The DL was

measured for three different concentrations of rifampicin in the presence of polymer
(1.0 mg'mL™" in 150 mM PBS buffer) at 37 °C by ultracentrifugation (Table 8). The DL was
measured for four different concentrations of doxorubicin (DOX) and inhibitor (GSK 429286)
in the presence of polymer (1.0 mgmL™" in 150 mM PBS buffer, pH =7.4) at 37 °C
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by ultracentrifugation. The lowest concentration of the drug measured (0.025 mg of the drug
for 1.0 mg of polymer) resulted in fee = 93.75% (DOX) and fee = 72.6% (GSK 429286), which
corresponded to the approximate concentrations used in the following in vitro measurements,
proving efficient drug encapsulation during these experiments.

Table 8. Data obtained from the DL study for polymer HF1 at a concentration of 0.1% m/v
in PBS buffer, pH 7.4, and with DOX/GSK 429286 as the drug at concentrations of 0.10, 0.05
and 0.025 mg-mL "

Doxorubicin
Mgrug,1 (mg) 0.10 0.05 0.025
Maryg,n (mg) 0.03 0.03 0.02

fee (%) 31.7 62.8. 93.8
foL (%) 3.09 3.04 2.29
GSK 429286

Mgryg, (mg) 0.10 0.05 0.025
Marugn1 (mg) 0.03 0.02 0.02

feg (%) 32.5 37.5 72.6
foL (%) 3.14 1.84 1.78

The lowest concentration of the drug measured (0.25 mg of rifampicin for 1.0 mg
of polymer) resulted in an fgg ~71%. The critical association concentration (CAC) was
measured using the same method as in Chapter 3.1., using Nile red (NR) as the fluorescent
probe. The fluorescence spectra of the samples were recorded (Aex/ Aem = 485/636 nm)
and plotted as a function of polymer concentration. The CAC was determined as the intersection
between two fitted linear functions and was 15.7 mg-L".

After determining the DL and CAC, we performed a drug release study. First,
an experiment with the cytostatic drug DOX was performed to determine the distribution
of the drug in the 3D spheroids by fluorescence. The distribution of the drug can provide
information about the availability of the drug encapsulated in the polymeric particle (Figure 31)
in comparison to the free drug. The DOX distribution was determined by directly adding
doxorubicin (at a final concentration of 10 uM DOX) to the control medium or the medium
with 0.2 mg-mL ™" of polymer after embedding in 3D collagen; the resulting micrographs were
obtained after 3 h. The results showed that the low-molecular weight drug could easily penetrate
through the clusters of cells into the core of the spheroids; however, the presence of the drug
encapsulated within the nanoscale particles appeared to have no impact on the distribution
of cytostatic drugs. In conclusion, our results suggested that the drug penetration was
on the same scale for the DOX-polymer formulation and free DOX, which was used as a control
measurement.
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Free DOX Polymer + DOX

Figure 31. Micrographs showing the distribution of free DOX (left) and DOX-polymer
formulation (right) in the 3D spheroidal cluster of cancer cells. After 3 h,
the doxorubicin-associated fluorescence in the spheroids was imaged by a 10x objective using
the Thunder Imager configuration of a Leica DMi8 microscope (excitation 470 nm). For each
spheroid, the image represents a maximum projection of 100 stack images.

The second experiment was performed with cell proliferation inhibitor (GSK-429286)
to evaluate the efficiency of DR by comparing the activity of the free inhibitor
and the inhibitor-polymer formulation (Figure 32). The experiment was performed with two
different concentrations of inhibitor (1 and 10 uM inhibitor solution) with duplicates to provide
a statistical distribution (Figure 33). Images of the spheroids were taken immediately
after embedding into the medium and 24 h after embedding. Four different cultivation media
were prepared. The first one was a control medium containing 1 pL-mL~' DMSO to ensure
that DMSO did not affect the proliferation (this additional DMSO content is further addressed
as DMSO); the hydrophobic inhibitor has to be applied as a DMSO solution. The first control
medium allowed us to observe and quantify the free proliferation of spheroids for comparison.
The second cultivation medium was a control medium containing free inhibitor (applied
as a DMSO solution at a final inhibitor concentration of 10 uM) to observe and quantify
the relative inhibition of the proliferation by the free inhibitor. The third medium was a control
medium containing the polymer (polymer concentration 0.2 mg-mL™' in DMSO) to establish
any possible impact of the polymer on the experiment. Finally, the last medium contained
the inhibitor-polymer formulation (polymer concentration 0.2 mg-mL™" with 10 uM inhibitor),
for which the relative inhibition of proliferation was quantified and compared to the control
media. After 24 h, the control groups without the inhibitor proliferated naturally; neither the free
polymer nor DMSO affected the proliferation. Compared to the control groups, the results
showed that the inhibition of the spheroid growth in the group of the free inhibitor
and inhibitor-polymer formulations occurred to the same degree at both tested inhibitor
concentrations (Figure 32 and 33). This result implied that the polymer effectively released
the inhibitor under the tested conditions, which mimicked the conditions in the cancer cell
environment.
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Figure 32. In vitro spheroid proliferation study. Left: Control medium with DMSO and control
medium containing free inhibitor GSK-429286 (10 puM). Right: The polymer solution
(0.2 mg'mL™! with DMSO) and medium with inhibitor-polymer formulation (polymer
concentration 0.2 mg-mL™! with 10 pM concentration of inhibitor). Images were taken using
the microscope immediately after immersion into the medium and 24 h after immersion.
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Figure 33. Evaluated relative invasion index of the spheroids in different media. The gray trend
corresponds to the control media (medium containing DMSO and medium containing free
inhibitor GSK-429286 at concentrations of 1 or 10 pM), compared to the blue trend,
corresponding to the polymer solutions (medium with free polymer and DMSO, medium
containing polymer with encapsulated inhibitor GSK-429286 at concentrations of 1 or 10 uM).
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3.4. Thermo- and pH-responsive injectable implants with the ’F MR imaging
modality

3.4.1. Polymer design, synthesis, and characterization

We prepared random thermoresponsive copolymers composed of three different
monomers: thermoresponsive  N-(2,2-difluoroethyl)acrylamide (DFEA), hydrophilic
N-(2-hydroxyethyl)acrylamide (HEAM) and pH-responsive
N-[3-(1H-imidazole-1-yl)propyl]acrylamide =~ (ImPAM), copolymerized via  RAFT
polymerization (Scheme 3). While the N-(2,2-difluoroethyl)acrylamide units ensured
the '°F MRI contrast and LCST properties of the copolymers, the pendant imidazole moieties
ensured their pH-responsive character and provided the ability to tune the LCST at different
pH values (an example of the LCST switch of one of prepared polymers is shown in Figure 11).
Finally, the N-(2-hydroxyethyl)acrylamide units were used to modulate the polymer
hydrophilicity. These polymers can be applied as injectable implants (depots
with an encapsulated drug) for slow drug release (DR) in situ and accelerated release at lower
pH (tumor, inflammation). Recently, an injectable fluorinated thermo- and pH-responsive
polymer with a high concentration of fluorine for use as universal '°F MRI tracer was reported
in a communication.®® However, the in vivo redissolution/bioerosion of the reported polymer
implant under physiological conditions ranged from slow to virtually nonexistent, which limits
its possible biomedical applications. Therefore, we introduced the hydrophilic monomer
at various ratios to obtain polymeric implants with different dissolution rates while overcoming
the main issue of biocompatibility observed in the previous system. The dissolution rates were
summarized in a detailed pharmacokinetic study, which leads us to suggest a variety of possible
applications for this type of system.

Thermoresponsivity
l 19F MRI tracer
O NH
w0 T ks
O + HN CTA 16 h

+ HN
@ DMF, 70 °C x
@ Hydroph|I|C|ty
pH-responsivity Tunable dissolution

Scheme 3. Synthesis of thermoresponsive random copolymers as a theranostic for '°F MRI via
RAFT polymerization.

Copolymers poly {N-(2,2-difluoroethyl)acrylamide-co-N-[3-(/ H-imidazol-1-
yl)propyl]acrylamide-co-N-(2-hydroxyethyl) acrylamide} (P(DFEAM-ImPAM-HEAM)) were
prepared by reversible addition-fragmentation chain-transfer (RAFT) copolymerization with
the corresponding monomers and 4-cyano-4-(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic
acid as the chain-transfer agent (CTA) (Scheme 3). The RAFT copolymerization was
performed at 70 °C in an argon atmosphere overnight using dry DMF as the solvent. Afterward,
the resulting copolymers were purified using the same procedure as all previously described
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polymers. The copolymers were prepared with five different monomer unit ratios (Table 9,
copolymers F1-F5) and compared to polymer FO from a previous study.®® The structure, purity
of all copolymers and the ratio between particular monomers were determined
by 'H NMR spectroscopy (Figure 34) and the HSQC method (Figure 35). Narrow molecular
weight distributions (dispersity P < 1.20) and molar masses (Table 9) of all copolymers were
determined by size exclusion chromatography (Figure 34).

Table 9. Composition and physicochemical properties of the prepared polymers.

Fluorine
Polymer Polymer composition® content M, (M,/M,)
(mol. %) (wt. %) (kDa)®
DFEA ImPAM HEAM
F0°% 92 8 0 25.8 41.9 1.10
F1 88 7 5 24.8 37.8 1.12
F2 84 8 8 23.6 37.9 1.09
F3 76 9 15 21.4 32.8 1.19
F4 70 9 21 20.2 43.7 1.05
F5 58 9 33 16.3 47.4 1.09

“Determined by "H NMR spectroscopy, ®and SEC.
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Figure 34. 'H NMR spectrum of polymer F2, measured in DMSO-ds (cpoi = 0.5 mg'mL™),
NS =32, D1 = 30.00 s, acquired on a Bruker 300 MHz spectrometer. Size exclusion
chromatography (SEC, top right) traces of the prepared polymers F1-F5 using an HPLC
Ultimate 3000 system (Dionex, Sunnyvale, USA) equipped with an SEC column (TSKgel
SuperAW3000 150 x 6 mm, 4 pm) with a methanol and sodium acetate buffer (0.3 M, pH 6.5)
mixture (80:20 v/v, flow rate of 0.6 mL min™') as the mobile phase.
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Figure 35. HSQC-edit of copolymer F1 (25 mg in DMSO-ds, 550 puL), NS =2, D1 = 1.50 s,
2048 to 512 points in spectrum; external projection was used. Red traces correspond to CH»
groups, and blue traces correspond to CH groups.

3.4.2. Thermo- and pH-responsivity

The intended mechanism of polymer administration is shown in the schematic illustration
in Figure 36. Polymers at lower pH values of = 5.0 (biologically well-tolerated) should dissolve
in water, which allows for the injection of their aqueous solution into the body without
any obstruction of the needle during administration. After administration, the solution
is exposed to the interstitial fluid within the tissue with the pH value 7.4, which has high
buffering capacity immediately increasing pH of the injected liquid to neutral.!’”-158
If the polymer is coadministered with a hydrophobic drug, it remains physically entrapped
(or dissolved in this separated phase), forming a polymeric drug-containing depot.
Additionally, it has already been mentioned that the pH in certain tissues is lowered (e.g., tumor
tissues tend to have pH = 6 due to the Warburg effect or in inflammation), which could
accelerate the local release of the coadministered compound.
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Figure 36. (Left) Illustration of the pH-dependent LCST behavior of the proposed polymers.
(Right) Schematic illustration of '°F MRI contrast implant formation.

The LCST behavior of the prepared polymers was evaluated by turbidimetry at physiological
pH (pH 7.4) and acidic pH (pH 5) (Figure 37, Table 10). Large differences in the LCST
(Table 8) were observed when switching from physiological to acidic conditions, which is
beneficial for the intended application. In general, the prepared polymers generated precipitated
implants under physiological conditions and dissolved at pH 5.0. With increasing amounts
of hydrophilic N-(2-hydroxyethyl)acrylamide monomeric units, the 7cp increased. The results
showed that the polymers with 7cp values within the required range were the copolymers F1,
F2, and F3. Even though F3 precipitated at approximately 37 °C at pH 7.4, this temperature
was sufficient for the formation of precipitated implants. The phase transition of most
hydrophilic copolymers (F4, F5) occurred within a temperature range much higher than body
temperature, and these copolymers were therefore not suitable as injectable implants; however,
polymer F4, with the fastest expected dissolution rate, was used as a reference material.

Table 10. Corresponding cloud point temperatures, 7cp, of the synthetized copolymers FO-F5
in aqueous environment at two different pH values.

Tcp (°C)
Polymer
pH 7.4 pH 5.0
F0°% 22 43
F1 27 60
F2 31 71
F3 37 ~ 85
F4 54 ~ 85
F5 =67 ~ 85
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Figure 37. Transmittance (AL = 600 m) of the polymer solutions FO-F5 (cpoi= 5.0 mg:mL™")
as a function of temperature at pH 5.0 or 7.4. The gray horizontal lines refer to transmittance
levels of 30% and 70% and were omitted for clarity.

3.4.3. ’F NMR spectroscopy and relaxation properties of the copolymers

The chemical shifts of all the described copolymers range from -125 ppm —124 ppm, which
is a relatively unique chemical shift among the common °F MRI tracers (e.g., perfluorocarbon
usually has chemical shifts —80 to —70 ppm). This enables the possible simultaneous
measurement of two (or more) different fluorinated tracers if required. Moreover, the chemical
shift is far from the isoflurane peak, which is used as an anesthetic. Nevertheless, the most
important information about our system and its suitability for 'F MRI purposes are
the 71 and 7> relaxation times and changes in the signal as a result of aggregation.
The T and 7> relaxation times were measured with a 4.7 T MRI scanner at 37.0 °C and
pH 5.0 and 7.4 (Figure 38). Both 71 and 7> in the given magnetic field (4.7 T) were
approximately 380 + 50 ms (they were equal within the margin of the experimental error) for all
polymers in both their nonaggregated (pH = 5.0) and aggregated forms (pH = 7.4). These results
showed that the polymers had exceptionally good relaxation properties, with great potential
as very promising, highly sensitive tracers.

The effect of polymer aggregation on the signal was further investigated with 400 MHz
NMR spectroscopy (9.4 T). The ’F NMR signal was measured in three different solutions,
PBS (pH 5.0 and 7.4), FBS or EMC gel, at two different temperatures, 20.0 °C and 37.0 °C.
Afterward, the integrals and amplitudes of the polymer signals under different conditions were
compared (Figure 38). The results showed only a mild effect of aggregation on the overall
measured signal integral and slight signal broadening. The signal broadening was more
pronounced in the spectra of the more hydrophobic polymers such as polymer
F1 with the lowest amount of hydrophilic HEAM monomer (Figure 39). Moreover,
the presence of naturally occurring proteins in biological media (FBS and EMC gel) did not
cause any additional signal broadening above the Tcp, and the broadening was similar to that
in buffer solutions.
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Figure 38. Left: Summary of the relaxation times of F1-F4 under a4.7 T field at 37.0 °C (mean
value + SD based on the fitting residue). Right: Relative '°F signal amplitude in buffer
with pH 5.0 or 7.4 or in FBS or EMC gel after a change in temperature from 20.0 °C to 37.0
°C.
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Figure 39. 'F NMR scans of F1-F5 (cpol = 15.0 mg'mL™"! in 40 mM phosphate-buffered saline,
pH =7.4), DI = 8.00 s, NS = 64, measured at 20.0 °C and 37.0 °C with a Bruker Avance III
400 MHz spectrometer (Bruker, Billerica, USA). The slight change in the chemical shifts
observed at different temperatures is due to solvent (D20O) locking.

3.4.4. In vivo '°’F MR imaging and implant dissolution

With the aim of injecting the prepared copolymers into the body to form implants or depots
with the encapsulated drugs for slow drug release in mind, we investigated the fate
of the implants in vivo. We could easily observe the dissolution via 'F MRI, a precise
and quantitative method for the investigation of the pharmacokinetics of the implant dissolution
mechanism and rates. To obtain data for this kind of study, the polymers F1-F4 were injected
subcutaneously (SC) and intramuscularly (IM) into healthy

rats and monitored
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by '°F MRI (Figure 40, top). The obtained results were compared to those of polymer
FO from a previous study®; they were also compared with the concentration scale
from a phantom measurement of polymer F3 in 150 mM PBS buffer, pH 7.4
(Figure 35, bottom).

Hour 5 Day 1 Day 7 Day30 Day150 Day275

;. :;".,

NO
"°F SIGNAL
DETECTED
n fote ¥
S \“f
'H/ *F-RARE of phantoms © © 0 ©

Polymer concetration (mg/mL) 100 50.0 25.0 125 6.25 1.56 0.00
Fluorine concentration (mg/mL) 214 10.7 535 268 1.34 0.33 0.00
Measured signal (relative) 1000 554 296 164 52.4 0.0 0.0

Figure 40. Top: Merged 'H and '°F MR images of rats injected with fluorinated polymers.
Images were acquired at 5 h, 1 day, 7 days, 1 month and 9 months after administration.
Since the image (*) from day 1 was not available, an image from day 4 was used instead.
Bottom: Phantoms with a decreasing concentration of F3 polymer in 40 mM PBS (pH 7.4),
merged 'H/'F-RARE images (17 min acquisition).

To quantify the '°F signal, we collected the data from MR spectroscopy, MRI signal intensity
(signal-to-noise ratio) and MRI-assessed implant volume and converted these data into specific
pharmacokinetic data. However, as seen in Figure 41, the compared pharmacokinetics
evaluation of the MRS data (top left) and the pharmacokinetics evaluation of MRI
signal-to-noise data (bottom) showed that the most accurate way for quantification was
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MR spectroscopy. The reason is that the MRS can evaluate the absolute integral of the '°F signal
of the measured implant, while the MRI signal and MRI-assessed implant volume are more
prone to be influenced by the geometry of the implant and other factors. Therefore, to interpret
the dissolution constants (Figure 41, top right), we used the MRS pharmacokinetic evaluation.
As previously mentioned, the PDFEA-based polymers appear with a unique chemical shift
in the MR spectrum, which does not interfere with the '°F MR signal of isoflurane (a fluorinated
inhalation anesthetic) used in this in vivo experiment (Figure 42).
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Figure 41. Top: "’F MR spectroscopy performed on the thigh of a rat with a 4 cm circular
"H/'F RF surface coil, dissolution kinetics of polymers FO-F4 as a function of time. Parameters
are the Aygs and t; /, of the polymers, the fitting-based SD, and the fitting R 2 Bottom: '°F MRI
signal-to-noise dissolution kinetics of polymers FO0-F4 after subcutaneous injection
as a function of time. Demonstration of 1¥-order kinetics during Phase 3 including data of more
complex behavior in Phases 1 and 2. Standard deviations are not shown for clarity.
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Figure 42. An in vivo "°F spectrum at 4.7 T; the polymer signal and isoflurane signals can
be observed. The gray rectangle shows the measured area during the MRI experiments

(-125.4 to —118.4 ppm). No apodization was involved.

After the injection, the '°F MR spectroscopic signal of the polymeric implant was detected.
The administration was followed by a decrease in signal intensity over a short period
(2to 3 days), which was also observed in a similar study with radiolabeled
poly(N-isopropylacrylamide (PNIPAM) injected as an implant.'>* We characterized this initial
decrease in the signal by the parameter Amrs (Figure 41, top right), which was more significant
for the more hydrophilic polymers, indicating that dissolution into the blood and subsequent
elimination occurred quickly during the first phase. After the first period, the polymer
dissolution followed pseudo-1*-order kinetics (Figure 41).

We suggested a possible mechanism of implant dissolution based on the parameters
from the kinetic study, as shown in Figure 43. As reported in several studies, during
aggregation, thermoresponsive polymers tend to adhere to the cell membrane and bind
to tissue.'®>1%! It has also been shown that thermoresponsive polymers may be retained
inorganisms for a rather long time period; e.g., poly(N-isopropylacrylamide
with My, =28 kDa, Ticst = 32 °C was retained after IM administration with a half-life
of t1/, = 50 days, which is in agreement with our findings. 159 The proposed mechanism showed
that the cellular binding and dissolution into the blood were parallel processes; therefore, during
the first period, when the polymer was not bound to the tissue, the signal decreased rapidly.
The second phase consisted of a short and steady elimination of the tissue-bound polymer,
which could be described with 1%-order kinetics.
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Figure 43. Proposed mechanism of polymer implant formation, interactions with tissues
and their kinetics.

In conclusion, the kinetic parameters can be altered by changing the composition
and by altering the LCST of the polymer. To demonstrate this effect, we plotted the parameter
from the pharmacokinetics study and polymer 7cp as a function of the hydrophilic monomer
concentration (Figure 44). With increasing hydrophilicity, the Tcp of the polymer at a given
pH increased linearly, and the dissolution constant k. increased (in other words,
t1/2 decreased). The parameter Aygs, describing the portion of the tissue-bound polymer,
decreased with the amount of hydrophilic monomer due to faster elimination of the polymer
before binding to tissue.
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Figure 44. The resulting parameters of the synthetized copolymers as a function of the polymer
composition. Parameters are evaluated from the MRS-assessed implant volumes
after subcutaneous administration.

In general, the easiest way to quantify the dissolution rate of an implant is through
its biological half-life, which for our polymer ranged from 30 days to more than 250 days.
Interestingly, copolymers F3, with a 7Tcp close to body temperature, and F4, with a Tcp much
higher than body temperature, showed very slow dissolution rates, as it would be in the case
for diffusion-driven dissolution, suggesting that these polymers can partially bind to tissues
as well. These findings open new possibilities for these polymers, such as tissue labeling
for transplantations or tissue engineering. However, the mechanism of dissolution is only
a proposition for further and more thorough study, and data from different thermoresponsive
polymers are also required.
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Finally, a rat with injected polymer F3 was subjected to a clinically used 3 T MRI scanner
capable of measuring both 'H MRI and "”F MRI. The resulting image is shown in Figure 45,
demonstrating the potential of our tracer to be used in clinical practice.

Figure 45. In vivo experiment with the clinically used 3 T MRI showing merged '°F MRI (red)
and 'H MRI (grayscale).

3.4.5. Drug Release (DR)

To determine the ability of encapsulating and releasing a hydrophobic drug, we performed
a simple DR experiment (Figure 46). For this experiment, we selected F1 as the experimental
group and F4 as the control group since F4 did not form implants under physiological
conditions. As a hydrophobic drug, dexamethasone (DXM) was used because it can be applied
locally as an anti-inflammatory glucocorticoid; achieving its sustained release provides
therapeutic value for a number of orthopedic applications. As a lipophilic drug, DXM can be
encapsulated in the lipophilic aggregated state of the polymer, but its solubility (approx.
80 mg-L) is still high enough for the compound to be detectable using HPLC with a UV-vis
detector. In this experiment, the polymers were dissolved in a solution of DXM, transferred
into a minidialysis kit and placed into a beaker with 25 mL of preheated (37 °C) PBS buffer.
Small aliquots (20 pL) of the external liquid were taken, and the contents were analyzed using
the previously mentioned HPLC device.

In both experiments, the DXM concentration in the external phase increased rather quickly
during the initial phase (approx. 5 h), corresponding to the nonencapsulated polymer. After this
first phase, significantly slower release was observed; less than 10% of the drug was released
per day (with #12= 2.2 d). Therefore, given the in vitro results, we can assume that our system
can be used for the controlled release of hydrophobic drugs.
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Figure 46. Drug release from the 50 mg depot in vitro; the plot shows the concentration
of dexamethasone released from the depot as a function of time.

3.4.6. Biocompatibility study

To prevent undesirable reactions in the rats during the in vivo study with the prepared
polymers, their cytotoxicity towards several cell lines was analyzed. None
of the F1-F5 copolymers within the concentration range (8-1000 pg-mL™") decreased the cell
viability of all tested cell lines below 70%, confirming the noncytotoxicity of the polymers
(Figure 47).
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Figure 47. Viability of different cells (J774A.1, Hs 738. St/Int and BEAS-2B) with increasing
concentrations (0-1000 mg-L™") of polymer F1-F5.

The biocompatibility of the polymers was further studied during the in vivo '°F MR imaging
experiments in rats (Figure 48). Blood samples were taken and evaluated once a week
at the beginning of the experiment and then once a month for the polymers with the longest
dissolution times. A standard blood test was performed to assess the activities of aspartate
aminotransferase (AST, EC 2.6.1.1) and alanine aminotransferase (ALT, EC 2.6.1.2)
and the concentrations of bilirubin, creatinine, and albumin to ensure that there was
no pathology or organ damage. Another indicator of pathology or discomfort is steady
or decreasing weight; therefore, the weights of the rats were monitored during the experiment.
All mentioned biomarker values were consistent throughout the experiment and within
the range of the control group, indicating that the polymers had a minor to negligible influence
on the rat health.
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Figure 48. Tested biomarkers of systemic toxicity: body weight, albumin, ALT, AST, blood
bilirubin and creatinine.

At the end of the experiment, the rats were sacrificed, and the sites of the implant formation
were assessed to determine if there was any pathology. A histological examination
was performed (Figure 49). Both investigations showed no pathology, implying
that the polymers should be biocompatible in all aspects.
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Figure 49. Histological examination of the tested animals: liver, kidney, spleen, muscle
after administration and contralateral muscle of the groups F1 and F2 1 year
after administration. Stained with hematoxylin and eosin and Verhoeff-Van Gieson stain;
all images are magnified 200 times.
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3.5. Summary of the developed '°F MRI tracers and their applications

In this section, we review the main advantages and the importance of '°F MRI as a highly
promising method, which has emerged in clinical practice over the last few decades.
On the other hand, this section also summarizes the main drawbacks and obstacles such as the
low sensitivity and lipophilicity of '°F MRI tracers as well as the possible way to overcome
these problems. The main idea is to summarize the commonly used perfluorocarbons (PFCs)
developed for medical purposes and their '"F MRI properties and compare them
to macromolecular fluorinated structures. Macromolecular '°F MRI tracers are more advanced
and can be tailored to meet the demands of the desired clinical application, which is highly
advantageous for use in '"F MRI. A detailed description of the MRI method, parameters
of contrast agents and tracers, summary of the commonly used PFCs, macromolecular tracers
and their synthesis as well as a smart theranostic systems with '"F MRI modality
are summarized in  the Introduction, Chapter 1. The future perspectives
of '°F MRI and developing tracers are summarized in the Conclusion, Chapter 4.%
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4. Conclusion

We described and thoroughly investigated following poly[(N- 2,2-difluoroethyl)

acrylamide] (PDFEA) based systems:

1.

The self-assembled thermoresponsive polymeric physically crosslinked nanogels suitable
as a tracer for ’F MRI with high loading of magnetically equivalent fluorine atoms
(18.7 —20.7 wt. %). The system was based on amphiphilic diblock copolymers with two
different hydrophilic blocks — PHPMA or PMeOx, respectively. The structure
of the particles was highly dependent on the block ratio, the size of the nanogels formed
after heating from room to body temperature may be fine-tuned in a wide range.
The in vitro ’F MRI experiments reveal the excellent sensitivity of the copolymer contrast
agents, while the nanogels were shown to be noncytotoxic for several cell lines. Polymer
(PMeOx-block-PDFEA 1:2, MF), with the size ideal for medical applications
(tens of nanometers) was selected for further study. The architecture and internal structure
of assemblies prepared by heating up the aqueous solution of selected polymer was
determined by various physicochemical methods (DLS, SLS, SANS, SAXS,
'H and ”F NMR, NOESY, DOSY). The polymer was shown to form complex
nanoparticular structures both above and the cloud point temperature. We found out that
there exists equilibrium between molecularly dissolved polymer chains, micelle-like
structures, and larger aggregates. The formation of larger aggregates is then strongly
dictated by the solvent properties as evidenced by varying behavior in different solvents.
Furthermore, the larger aggregates were determined as physically crosslinked nanogels
with the loosely formed network of hydrophobic blocks interconnected by hydrogen bonds
whose hydrophobicity forces them out of the aqueous environment as demonstrated
by the calculated Flory exponents. This network is then probably shielded by swollen
hydrophilic PMeOx, binding high amounts of water, behaving as coils in a good solvent.
Finally, our measurements of '°F NMR showed that polymer provides measurable fluorine
signal even in the aggregated state. In conclusion, the measured parameters are
in an agreement with those for a suitable '°F MRI tracer.

We modified the previously described system based on PHPMA-block-PDFEA 1:2,
HF polymer with a few molar percent of ferrocene moieties in order to prepare
a thermoresponsive system capable of controlled disassociation (and subsequent drug
release) upon oxidation under certain conditions to obtain a theranostic system. Ferrocene
was selected due to its well known sensitivity to oxidative environment. After oxidation
to ferrocenium cation, it affects the amphiphilic character of the polymer and the particles
are dissembled. We observed the self-assembly and disassembly with the change
of temperature and after oxidation of ferrocene by DLS. The suitability for '’F MRI was
determined by collection of relaxation times, MRS and phantom measurement, which
shows good sensitivity. The drug release of the hydrophobic drug was tested in vitro
in the presence of tumor cells, naturally forming the oxidative environment. Results
showed that the polymer is capable of effective drug release under these conditions.

We prepared a wide range of injectable PDFEA-based implants that can be easily
visualized via '"F MRI with equipment that is used in clinical practice, containing
imidazole moieties as a pH-responsive monomer and hydrophilic monomers to tailor
the polymer dissolution times. The suitability for '’F MRI was determined by collection
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of relaxation times, MRS and phantom measurement, which shows a good sensitivity.
Finally, we performed in vivo experiments confirmed that the addition of a hydrophilic
monomer to the polymer results in these multiresponsive polymers having a tunable
dissolution rate and we used the data to propose the mechanism of aggregated implant
dissolution in a biological system.

In summary, our polymer tracers contain a high content of equivalent fluorine atoms
(all of them fit into the chemical shift window of interest, -124 nm), efficient mobility
in aggregated state resulting in suitable relaxation times (varied according to certain
modification, e.g. ferrocene significantly lowered the 7> relaxation times), adequate solubility
in water, modifiable structure for targeting and controlled release and reliable pharmacokinetic
and pharmacodynamic properties, including biodegradability and elimination after the probe
fulfills its task.
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