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Abstract

The first work[ 1] in my doctoral thesis described a novel rapid and eco-friendly reversible
addition-fragmentation chain transfer (RAFT) polymerization reaction of the N-(2-
hydroxypropyl) methacrylamide (HPMA) monomer under microwave irradiation (MWI). Optimal
conditions for the polymerization such as reaction time, solvents, monomer stoichiometry and
RAFT agents was determined. The polymerization kinetics demonstrated the linear increase in the
number-average molecular weight (Mn) with monomer conversion. Good agreement between the
theoretical and experimental Mn values was verified with pseudo-first-order kinetic plots, with
low dispersities (D < 1.04). Furthermore, this publication demonstrated the ability of MWI to
facilitate copolymer formation by the preparation of relevant copolymers, such as poly(HPMA-b-
bocAPMA), poly(HPMA-b-MABH) and poly(HPMA-b-PDPA) which were used as a base for the
following work in the thesis.

The second[2,3] and third[4] study are devoted to delivery of therapeutic molecules by
using cargo-delivery self-assemblies in the form of polymersomes (PS). Such drug delivery
systems (DDS) potentially minimize the premature degradation of drug, fast clearance from
bloodstream and dosing frequency which leads to lower toxicity. The main advantage of DDS is
the controlled manner of drug release at a specific site via active or passive targeting strategies.
Passive targeting is a preferential accumulation of nanocarriers (NCs) in tumor tissue based on
pathophysiological features (i.e., leaky tumor vasculature and poor lymphatic drainage) of the
growing solid tumor. For passive targeting, suitable particles size (from 10-100nm), surface charge
and surface modification can promote effective extravasation as well as reduced liver capture and
renal clearance. Active targeting refers to ligands’ affiliation to receptors or with physicochemical
engineering of structure for recognition by specific antigen/receptor of targeting cell. More novel
stimuli-responsive programmed specific targeting in combination with previously mentioned
strategies could achieve higher accumulation in tumor and enhance cellular internalization.

Stimuli-responsive drug-loaded polymersomes can respond to the inherent features of tumor
microenvironments (TME), such as extracellular acidosis or higher levels of reactive oxygen
species (ROS) in tumor sites. In this thesis novel TME-responsive amphiphilic block copolymers
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(BCs) based on HPMA were synthesized by a reversible addition-fragmentation chain transfer
(RAFT) polymerization and characterized by standard techniques (‘H NMR and SEC).
Hydrodynamic flow-focusing nanoprecipitation microfluidics (MF) was used in the preparation
of well-defined ROS or pH-responsive PSs. The obtained PSs with desired size (hydrodynamic
diameter - Du ~ 100 nm) were evidenced by dynamic light scattering (DLS), static light scattering
(SLS), transmission electron microscopy (TEM), and cryogenic electron microscopy (cryo-TEM).
PSs loaded with doxorubicin (DOX) were evaluated by the cellular uptake and cytotoxicity in EL4
lymphoma cancer cells. The in vivo biodistribution studies were performed in nude mice using
covalently attached fluorescent dye (DBCO-Cyanine7) to the polymersomes by copper-free, strain
promoted alkyne azide cycloaddition “click chemistry”. The obtained results demonstrated PSs
circulation for a longer time (~ 144h). and accumulation to a greater extent compared to the free
fluorescent probe. In vivo antitumor efficacy was analyzed in mice bearing EL4 lymphoma tumor.
The results evidenced enhanced suppression of tumor cell growth and extended survival rate compared
to the administration of free DOX. Side-effects characteristic of therapeutic treatments based on DOX,
such as hair loss and cardiotoxicity, were remarkably reduced.

The final part of the thesis reports about giant stimuli-responsive PS. Polydimethylsiloxane
(PDMS) microfluidic device casted with sol-gel process with a coating rendered hydrophilic on
selected junction channels was used for preparation of giant non-responsive and stimuli-responsive PS
by w/o/w double emulsion method. The pH-responsive behavior was studied in detail by confocal
microscopy and the results demonstrated the spatial and temporal pH-controlled PS disruption
under simulated relevant physiological conditions. Cytotoxicity studies demonstrated excellent
biocompatibility of produced PS. The giant PS could find application in pH-responsive drug and
gene delivery, microreactors and as a model of artificial cell studies.

Keywords: polymersomes, self-assembly, ROS, drug delivery, stimuli-responsive,
microfluidics, DOX.
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1. Introduction

1.1 Smart cancer nanomedicine

Nowadays, cancer is one of the leading causes of deaths worldwide [5], with increase of new
cases up to 70% for next 20 years. Nanomedicine is a rapidly developing emerging field in cancer
treatment. Contrary to conventional treatment such as chemotherapy, surgery or radiation, which
affects not just the tumor tissue but also healthy tissues, with other collateral damage to human
organism, nanomedicine promises to improve the abovementioned disadvantages. In the field of
nanomedicine, multidisciplinary science combines the knowledge for development of novel
biomedical technologies that are more effective in treating cancer. Effectiveness could be achieved
through solving the current issues that include rapid drug liver/renal clearance, ineffective
response and limited targeting. Multidrug resistance (MDR) [6] is another major obstacle that
reduces the efficacy of cancer treatment which can be reversed by nanomedicine.

The specifically engineered particle “nanocarriers” with size from 10 to 100 nm, high surface-
to-volume ratios, more homogeneous biodistribution and coupled with targeting modifications
may lead to better targeting to tumor tissue. Submicron size of nanocarriers could also provide
accumulation in tumor trough leaky vasculature, with longer intratumoral retention and better
biodistribution. In addition, the ability to release loaded drug from nanocarriers in a controlled
manner should sufficiently reduce the toxicity to healthy tissue. The drug release could be
triggered by external or internal stimuli. To the external stimuli we attribute the temperature
change due to heating, light, electric field, ultrasound or magnetic field exposure [7]. While,
Internal stimuli may include temperature change, the presence of enzymes, pH changes and
concentration of ROS, which are significantly different in diseased tissues, for example in tumor
microenvironment [8]. Various materials can be used for preparation of nanotherapeutic platforms
based on lipids, polymers, viruses or drug-conjugates, the most common systems are represented
in Figure 1. Some of such platforms are already approved by the United States Food and Drug
Administration Agency (FDA) or the European Medicines Agency (EMA) and used in clinical
medicine.
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Figure 1. Schematic representation of conventional nanotherapeutic platforms.

For instance, superparamagnetic iron oxide nanoparticles are a common class of market -
authorized metallic nanomaterials with applications in DDS, diagnostics, imaging and
photothermal therapies. Other examples of inorganic nanoparticles based one silver, gold and
silica, could be engineered with various sizes, geometry and structures like nanospheres, nanorods,
nanoclusters, nanodiscs and nanoshells. Moreover, the nature of such materials provides special
physical, magnetic, and opto-electrical properties. However, inorganic NPs still remain a
challenging issue, since they have unfavorable accumulation in human body, low solubility and
toxicity caused by chemical composition.

Another successful example of nanomedicine is soft matter, which differs from inorganic
NPs by its “softness” that gives alternative drug loading/release mechanisms.
Furthermore, soft matter offers a range of advantages including improved pharmacokinetic and
pharmacodynamic profiles of biopharmaceuticals, protection of drug from different types of
degradation, and biodegradability. Typical representatives of soft matter are lipids and polymers.
Due to the natural origin and ability to self-assemble lipids are desirable materials for use in
nanotechnology medicine. Lipids can undergo self-assembly into various nano-objects: films,
micelles, reverse micelles and liposomes. Naturally, lipids are biocompatible and amphiphilic,
thus a cargo could be loaded in the hydrophobic biomembrane or in the aqueous core.
Liposomes nanomedicine (usually phospholipids) are approved by FDA and EMA.
One of the most commercially successful liposomal anticancer formulation - Doxyl®/Caelyx®
(the first approved liposomal product by FDA in the US) was a pioneer in cancer nanomedicine
treatment. Doxyl® (nanosized liposomal Doxorubicin) demonstrates extended circulation in blood
with higher uptake by tumor, and reasonably reduced cardiotoxicity. Even though, lipid
nanoparticles still have drawbacks like low drug loading, chemical instability, and fast clearance
(by liver or spleen uptake).
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Polymeric nanomaterials are another class in soft matter that was intensively studied in last
decades, due to their ability to encapsulate without chemical interaction almost all types of
compounds like drugs, proteins, contrast agents and antibodies, for biomedical uses. The other
main characteristics of polymers is their versatility and adjustable functionality, that could provide
better stability, controlled drug release, and more specific targeting into tumor sites.

Polymer-drug conjugates (PDCs) are a current group of polymeric nanomedicines that
successfully translated to clinical practice. Block copolymer nanoparticles are next highly
perspective candidate for clinical approval. Their unique feature is the aforementioned response
to external and internal stimuli. The formation of polymeric vesicles — polymersomes is the main
area of research in this thesis.

Despite the exponential growing impact that nanomedicine brought to cancer treatment,
only few products went to the authorized market. Nanoparticle science requires deeper
understanding of processes concerning vehicle/physiological barriers, interactions with liver,
spleen and kidneys, tumor uptakes by specific targeting, and other long-term consequences. These
limitations will be discussed below.

1.1.2 Biological and physical barriers

For effective cancer treatment nanotherapeutics must overcome various bio-physical barriers
(Figure 2).

The first significant biological barrier driven by mononuclear phagocytic system (MPS) is
phagocytic capture by macrophages of the NPs — the opsonization process. Since, nanocarriers are
intravenously injected, they start to interact with thousands of biomolecules, in particular lipids,
proteins and nucleic acids. These interactions may lead to protein corona effect, triggered by
electrostatic contact between charge on nanocarrier and opposite charge of serum protein. In
protein corona state, NPs lose their targeting properties, and after marking them with opsonins
(the protein for phagocytic recognition that is present in blood serum), NPs undergo rapid
clearance within seconds by phagocytic cells (Kupffer cells and hepatocytes) typically from liver,
lymph nodes or spleen. To minimize protein absorption on the surface of nanoparticles these may
be coated with highly hydrophilic N-(2-hydroxypropyl)methacrylamide (HPMA) polymer, that
forms a hydration layer with antifouling properties[9] [10].
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Figure 2. Schematic representation of main physiological barriers faced by passively and actively
targeted NCs. a in the process of extravasation into tumor tissue, NCs encounter endothelial
barriers; the blood—brain barrier is an example. b the major cellular barrier is the uptake of NCs
by the target cells and their escape from the endo-lysosomal system into the cytosol. ¢ clearance
of systematically administered NPs by Kupffer cells as an example of mononuclear phagocytic
system (MPS) [11].

The next barrier is tumor vasculature, in cancer sites the accelerated development of tumor
cells generates new blood vessels for transportation of oxygen, sugar and other nutrients.
Abnormal and irregularly developed blood vessels form gaps between endothelial cells through
which nanosized particles can pass and presumably accumulate. Also, tumor tissue has a less tight
lymphatic drainage than healthy tissue, so the fluid dynamics is different. The combination of
“leaky” vasculature and less efficient lymphatic drainage permit the permeation and retention of
nanoparticles within tumor sites, the so-called EPR effect firstly described by Maeda and
colleagues. [12]

To overcome the tumor vascular barrier and improve NPs accumulation various strategies
can be utilized. For enhancing tumor permeability physical action of ultrasound or hyperthermia
might allow increased local vascular permeability. Another strategy is to use EPR enhancers, such
as nitric oxide donors which work as vasodilators that increase blood flow and open tight
endothelial cells-cell junctions [13].

1.1.3 Targeting strategies

Targeted delivery is an advantageous system for drug-loaded nanocarriers that is more
specifically oriented to cancer cells, thereby healthy cells are more protected from cytotoxic drugs
[14]. The cell targeting could be achieved by passive, active or programmed targeting strategies.
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Figure 3. Scheme illustrating the passive targeting (EPR) and the active targeting into a tumor
[14].

Passive targeting is the most systematically studied strategy, refers to NPs designed for
diffusion into tumor cell and accumulation with enhanced permeation by the above-mentioned
EPR effect. The size of particles is the key factor in passive targeting; depending on the type of
tumor the fenestrations can reach a size up to 2 pm however, the common size for nanocarriers is
in a range of Du < 100 nm. The biodistribution studies revealing the enhanced tumor-accumulation
of sub-micron particles were performed by Matsumura and Maeda, who observed a time-
dependent accumulation of SMANCS, a conjugate of neocarzinostatin and >!Cr -labeled
poly(styrene-co-maleic acid) with molecular weight higher than 60kDa. Additionally, injection of
labeled albumin-dye complex (69 kDa) demonstrated the retention of complex only in tumor
tissue. This principle became a basis for the further development of cancer nano-therapies.
Nevertheless, the EPR effect now is questioned in clinical studies, due to its moderate efficiency
[15]. It could be explained by a heterogeneity of the EPR effect in humans comparing to animal
models for biological experiments. In mice models’ tumors growth is faster with many endothelial
fenestrations, contrary to human tumors that grow slowly with moderate or even absent
fenestrations. Type and size of tumor are also important factors, it is known that in large tumors
blood flow is often obstructed, while small tumors are less heterogenous with more uniform EPR
effect. Such knowledge contributes to development and use of EPR enhancers, for instance
vascular mediators and vasodilators [16]. Recent studies of EPR effect revealed more complicated
mechanisms such as vascular burst in blood vessels, or extravasation that happens by trans-
endothelial pathways [17][18].

Active targeting is a complementary strategy which can work synergistically with passive
targeting for improved overall tumor accumulation and prolonged retention with increased
targeting efficiency. In active targeting the NPs surface is functionalized with targeting ligands,
which favors cell recognition and targeting cell uptake. The ligand-mediated targeting is used for
intracellular delivery of active compounds like high molecular weight proteins, RNA and DNA
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that cannot cross cell membranes to reach required active site by themselves. For successful
binding of nanocarrier decorated with ligands the receptors must be overexpressed on target cells.
The binding affinity of nanoparticles also depends on its architecture and type of receptor-ligand
binding mechanism. Other parameters such as size, shape, molecular weight, concentration and
ligand density can also influence efficacy of treatment [19]. The internalization of nanoparticles
is another important aspect that can be improved by specific ligands that may provide efficient
endocytosis, since endosomal escape of NPs still is a very challenging task, various strategies that
facilitate escape of nanoparticles in cytosol are currently investigated.

The standard principle of choosing target in active targeting is based on disease distinctive
biomarkers, such as CD19 B-lymphocyte antigen (the most targeted marker), or BCMA B-cell
maturation antigen (for multiple myeloma therapy) efc [20]. Other possibility is to use strong
ligand/receptor mechanisms for targeting arduous sites. As example, transferrin ligands that bind
the acetylcholine receptors allow passing of blood-brain barrier for delivery into brain tumors.
Peptides are another potential model, recently it was found that arginylglycylaspartic acid (RGD)
peptides bind avPB3 integrin, a receptor that is highly present in glioblastoma and in TME; F3
peptide is found to bind the nucleolin receptor which is expressed in glioma and endothelial cells,
folic acid binds the folate receptor that is also presented in TME.

The most investigated ligands for surface functionalization of nanoparticles are: antibodies
(monoclonal antibodies — mAbs, bispecific mAbs or antibody fragments — scFv), proteins, nucleic
acids, carbohydrates, folates and aptamers [21].

1.1.4 Specific programmed targeting

Targeting properties of nanocarriers can be combined with the stimuli-responsiveness
which could trigger drug release in a controlled manner at the targeted site. Such targeting stimuli-
responsive nanocarriers possessing mutual properties with enhancement in bioavailability of drug
and reduction of side effects are highly desirable. Stimuli-responsive nanomaterials exhibit
chemical or physical changes in response to external signals; such changes include shift in
macromolecular structure, swelling and dissociation, solubility, fragmentation, and changes in
surface properties. The types of stimuli-responsive NCs are classified by triggers that are either
physical or biological. Physical (external) stimuli are heat, light, ultrasound, magnetic or electrical
fields as mentioned above.

The biological stimuli that might trigger the delivery of active or diagnostic agents are
widely available in nature. The biological or endogenous stimuli are enzymes, ions, and tumor
microenvironment. The last-mentioned tumor microenvironment is a promising target as the
triggering factor is due to its bio-physical differences with normal homeostatic environments.

1.1.5 Tumor microenvironment targeting

Tumor microenvironment consists of a cellular part that includes tumor cells, stromal cells
like fibroblast, endothelial cells, immune cells, T cells, macrophages, and extracellular matrix
(ECM) components. It is a known fact that extracellular and subcellular compartments of tumor
tissue are more acidic than healthy ones, the reason for it is a dynamic metabolism in tumor with
high glucose consumption and lactic acid accumulation (the Warburg effect [22]). The
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extracellular pH (pHe) in solid tumor sites is 6.0 to 6.8, even lower pH is possible in more
aggressive cancer phenotypes. This knowledge has been considered for engineering pH-
responsive systems. Typically, nanoparticles with size range from 20 to100 nm undergo cellular
internalization via endocytosis, where they face compartments with concrete different pH values.
Values of pH drop from the extracellular media (pH ~ 7.4), to early endosomes (pH ~ 6.0), late
endosomes (pH ~ 5.5) and lysosomes (pH < 5.0), so the kinetics of drug release may be guided by
acidification. These pH gradients were used for the design of pH-responsive drug delivery systems
that can selectively release the cargo at specific tumor site.

Another approach of using TME as a stimuli trigger is the elevated levels of reactive
oxygen species present there. ROS is a class of chemically reactive molecules that are generated
intracellularly in human body by oxygen reduction in mitochondria. ROS mainly includes the
superoxide anion (O2") and hydrogen peroxide (H202), other derived species are singlet oxygen
(02), hypochlorous acid (HOCI), hydroxyl (*OH), and peroxyl (ROO¢) radicals. The role of
reactive oxygen species can be beneficial since they act as signaling molecules in metabolic
pathways. The concentrations of ROS are adequately regulated by homeostasis mechanism. A
number of studies report that overproduction of ROS as a result of oxidative stress was found in
pathological disorders including inflammatory, diabetes, cardiovascular, neurological diseases
and cancer. High level of ROS is persistently exhibited in many types of cancer cells, since they
play a vital role in cancer progression. [23] Therefore, high levels of ROS in cancer tumor make
it more distinctive than the surrounding. The importance of these findings has driven new
promising strategies of smart drug delivery vehicles utilizing ROS as a stimulus in TME.
Considering the abovementioned, the thesis was focused on preparation of nano-assemblies in
form of polymersomes sensitive to unique features of TME such as pH or ROS.

1.2 Soft matter for cancer drug delivery

1.2.1 Liposomes

Liposomes are self-assembled spherical vesicles produced from amphiphilic phospholipids
(Figure 4). The first were prepared from ovolecithin by Bangham et al. in 1965 [24], who initially
named them bangosomes. These swollen phospholipid systems - liposomes lately found
application in drug delivery. Liposomes have a hydrophilic aqueous core which can accommodate
proteins, hydrophilic drugs and siRNA/DNA. The lipid hydrophobic membrane allows the
entrapment of hydrophobic agents. Naturally produced liposomes are the multilamellar vesicles;
more desired unilamellar liposome vesicles (with one lipid bilayer) can be obtained by different
techniques (freeze-thaw, extrusion). The other parameters of liposomes such as charge, size or
morphology can be controlled by modification of physicochemical and biophysical properties of
selected lipids. Lipids can be of natural origin, or synthesized from diverse library of compounds,
the synthesis includes hydrophilic head groups, specific linkers and hydrophobic moieties. The
conventional method for liposomes preparation is film-rehydration[25], followed by sonication or
electroformation; the drug loading can be achieved via active or passive techniques.
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Figure 4. Schematic representation of a drug-loaded liposome and the molecular structure of a
phosphatidylcholine related phospholipid.

In nanomedicine field liposomes are widely represented in delivery of drugs, vaccines and
imaging agents. As a delivery platform liposome demonstrate several advantages like
biodegradability and biocompatibility, non-immunogenicity and ability to carry various active
agents, stimuli-responsiveness, and surface functionalization for ligand mediating targeting.

However, liposomes are associated with several disadvantages such as low solubility, short
stability during blood circulation, drug leakage and possible phospholipid oxidation (hydrolysis).

The stability and prolonged-circulation in blood can be improved by PEGylation (grafting
of PEG on liposome surface). PEGylated lipids (Doxyl®) are the first clinically approved
nanomedicine by FDA for cancer therapy. Incorporation of small molecules can enhance the
solubility and reduce overall toxicity. Increased cohesiveness and reduction of permeability in
lipid membrane could be achieved using cholesterol, that helps to increase packing of
phospholipids.

1.2.2 Polymer nanoparticles

Polymer nanoparticles drug delivery systems received great attention in terms of
improving conventional chemotherapies. Polymers for intravenous drug delivery must be
biocompatible and biodegradable (by erosion, enzymes, dissolution, fragmentation or by
hydrolysis of labile bonds in backbone/crosslinker). The saturated hydrocarbon chains of polymers
were found to be not biodegradable in most living organisms, therefore polymers must be removed
from the body to prevent bioaccumulation. Natural polymers like polysaccharides or proteins and
some synthetic polymers e.g., polyacrylamides, polyoxazolines or polyethylene glycol, can be
cleared through the kidneys (renal clearance). However, kidneys renal filtration has a threshold
for molecular weight ranging from 30kDa to 50kDa for polymers, macromolecules with higher
M, have either slower renal elimination or even extended retention in body. Polymer chemistry,
charge, molecular conformation, flexibility or rigidity also affects the passing threshold.

First reports about biodegradable polymeric NPs appeared few years after liposomes. The
major type of biodegradable polymers are synthetic polyesters, or their derivatives such as

18



poly(lactic acid) (PLA), poly(lactic-co-glycolic acid) (PLGA) and poly(g-caprolactone) (PCL)
[26] which are already FDA approved. For example, PLA and PLGA, the most commonly used
nanoformulations for encapsulation of chemotherapeutics, degrade into small biocompatible
molecules which are also by-products of several metabolic pathways, that are easily metabolized
and cleared by liver or kidneys with minimal toxicity.

The rapid uptake and fast clearance are still the largest issue for polyester NPs, so
stabilizers are needed. The stabilizing outer shell is basically achieved by grafting, conjugating or
adsorbing of highly hydrophilic polymers like poly(ethylene glycol) (PEG), polyvinyl alcohol
(PVA) or poly(N-vinyl-2-pyrrolidone) (PVP) and polysaccharides (usually dextran or chitosan).
Such shell covers extend the circulation time by reducing the opsonization (adsorption of plasma
proteins on surface that interact with MPS), but bring another limitation, for instance PEG and
PVP can undergo thermal/oxidative degradation, PVA has a drawback with associated toxicity.
Essential efforts should be directed to development of new bioinert polymers for improving of
long-term drug delivery applications.

Natural-based polymeric nanoparticles also received a tremendous attention in delivery of
bioactive agents. Natural based polymers include mainly polysaccharides (chitosan, dextrin or
hyaluronic acid) and proteins (keratin, collagen or silk fibroin). Their essential advantages are high
biocompatibility, accessibility, controlled enzymatic degradation, and versatile functionalization
of reactive groups on the native material. Hybrid materials can be prepared by incorporation of
natural based polymers into other native or synthetic materials. Additionally, adjustment of
physico-chemical properties endows them with stimuli-triggered or targeted motifs. The natural
based nanocarriers loaded with small molecules, DNA or proteins found application in tissue
engineering, wound healing, antibacterial therapy and cancer treatment.

Polymer-drug conjugates are macromolecular constructs covalently bound with
pharmacologically active agents, several systems are already applied in clinical practice. The first
synthesis of a polymer-drug conjugate was done in 1955 by Jatzkewitz who prepared a copolymer
of N-vinylpyrrolidone and acrylic acid conjugated with psychedelic alkaloid mescaline using a
dipeptide (GL) spacer. His purpose was to increase the residence time of mescaline in vivo by
using a dipeptide linker for an enzymatic cleavage with release of active agent. [27] In the 1970s
polymer conjugates were promoted by the work of Ringsdorf, Kopecek and Duncan and in 1990
for the first time a polymer-conjugate Adagen was approved for the treatment of severe combined
immunodeficiency disease (SCID). Up to now the field of polymer-conjugates is displaying a
remarkable growth in the development of a variety of engineered materials and responsive linkers.

Indisputably, optimization of polymer-conjugates linkers is a challenging issue since they
should be stable in bloodstream circulation and provide controlled release of the conjugated drug
at a target site. Primary choice for linkers is peptides, hydrazine, azo, acetal, and disulfides. [28]

Polymer conjugates combined with drug and imaging agent are called theranostic agents,
because of the ability to provide diagnosis or imaging simultaneously with therapy. Imaging can
provide information about the state of the target site, and about the localization/biodistribution of
drug simultaneously with treatment.
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Most investigated polymers for PDCs are highly hydrophilic polymers: PEG, PHPMA,
PVP, poly(amino acids) and polysaccharides. Systems based on these polymers demonstrate
higher solubility and stability of conjugated drug, enhanced half-life in blood circulation, potential
stimuli triggered release, and biocompatibility. PEG and HPMA conjugates represent a wide
repertoire of available architectures and functionalities, the simplest linear conjugates are the most
investigated but limited with the numbers of conjugation sites; branched, star-like, multi-armed,
or forked configurations have much more hydroxyl functional groups, with more unique
biomedical properties which in turn expands the scope of application. Several low M, multi-arm
PEG drug conjugates enter clinical trials and are under different development status, such as EZN-
2208 (40kDA PEG-SN38), NKTR-102 (PEG-Irinotecan) or NKTR-105 (PEG-Docetaxel) [29].
PHPMA-drug conjugates are also in demand for PDCs formulations, the first PDC that reached
clinical trials was HPMA conjugated with DOX [30]. The chemotherapeutic drug doxorubicin was
bound to HPMA via peptidyl spacer, for treatment of solid tumors. Multiple reactive groups of
HPMA copolymers were used for attachment of various drugs, several successfully reported are
PHPMA- doxorubicin-aminoglutethimide [31], PHPMA-DOX-dexamethasone [32], PHPMA-
DOX-gemcitabine [33], and PHPMA-DOX-Mitomycin C[34].

1.3 Block copolymer nanoparticles

Block copolymers are widely employed in drug delivery field, especially in delivery of
DOX and PTX. By definition, a block copolymer is a linear macromolecule where the blocks are
distinct polymers that are linked by covalent bond. Block copolymers originated from the
discovery of termination-free anionic polymerization, which is still the best method for production
of highly monodisperse block-copolymers. Typically, block-copolymers are not branched
structures, however various architectures with branches composed of blocks are possible i.e.,
starblock copolymer with a junction of blocks to one single point, which creates three-dimensional
branched architecture. Usually the synthesis of block copolymers is done by living polymerization,
its starts with the synthesis of the first block (homopolymer A), with following addition of a second
monomer (B), which reacts with living active center with growth of the chain that form a second
block (A-B block copolymer). A triblock copolymer can be obtained by addition of one more
monomer.

Currently, block copolymer drug-loaded micelles are under different phase stages in
clinical trials. The well-studied Genexol®-PM a formulation of PTX loaded in monomethoxy
poly(ethylene glycol)-block-poly(D,L-lactide) (mPEG-PDLLA) block copolymer, was approved
in South Korea, Bulgaria and Hungary in 2001, the superiority of this product is high drug
solubilizing capacity (~25%), and higher maximum tolerated doses (MTD) than in the case of
Taxol® (paclitaxel). In clinical phase II, Genexol®-PM tests have been conducted in patients with
breast cancer, pancreatic cancer and with cisplatin for advanced non-small cell lung cancer
(NSCLC). In patients was observed neutropenia, sensory neuropathy and myalgia [35], however
acute hypersensitivity reactions [36] which are common adverse effect for Taxol treatment were
not observed. Currently Genexol®-PM is in Phase IV clinical trials in recurrent breast cancer [37],
and more therapies combined with anticancer drugs are being investigated.
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The PEG-poly(aspartic acid) copolymer, known as NK105with PTX physically entrapped
in micelles with ~23% loading, is an example of poly(amino acids)-based block copolymer
micelles. PEG corona and small size about ~85 nm prolong the circulation time and demonstrate
linear pharmacokinetics (PK) behavior in Phase I for solid tumors [38]. Phase II study of NK105
was done for previously treated advanced or recurrent gastric cancer [39], the result demonstrates
modest activity and tolerability. Phase III clinical study[40] for metastatic or recurrent breast
cancer patients, showed better PK profile.

NKO911 is a micellar formulation of DOX conjugated to PEG-P(Asp), with ~ 45% loading
efficiency. The Phase I study revealed prolonged half-life comparing to free DOX, however
NKO911 demonstrated poor stability in bloodstream, and 400-fold higher plasma clearance
compared to Doxil®.

Also, NC-6300 a conjugate of epirubicin (4'-epimer of DOX), which is favored over DOX
by reduced toxicity, and PEG-P(Asp) via an acid-labile hydrazone bond. The anticancer efficacy
is similar to NK911, but with significant decrease in cardiovascular toxicity, which was
demonstrated in pre-clinical studies on mice xenograft models bearing Hep3B liver orthotopic
tumors. [41] Phase I/ trials are ongoing in Japan for advanced solid tumors or soft tissue sarcoma.

The micelles of copolymer of PEG-poly(L-glutamic acid) with SN38 water insoluble
metabolite of irinotecan hydrochloride identified as NK012, have a size of ~20 nm and ~20 %
loading efficiency. SN38 is an extremely water insoluble compound which was restricted for
market use, encapsulation in micelles of PEG-P(Glu) was the first successful approach for clinical
therapies.

The NK102 demonstrates slow clearance and high tumor accumulation and no sever dose
dependent toxicity in two independent Phase I studies. A Phase I study also was conducted
between NK102 combined with 5-fluorouracil [42] for advanced solid tumors, the therapy was
well tolerated. NK102 is ongoing Phase II in patients with relapsed/refractory multiple myeloma
(RRMM), in some cases long-term disease control was observed.

NC-4016 is another micellar system composed of PEG-P(Glu) stabilized by dichloro(1,2-
diaminocyclohexane) platinum (II) developed for delivery of oxaliplatin for reduced neurotoxicty.
The phase I study was done in US for advanced solid tumor or lymphoma.

Cisplatin antineoplastic drug was also incorporated in PEG-P(Glu) micelles via polymer-
metal complex-formation in NC-6004 (Nanoplatin™), with drug loading ~39 % and ~30 nm size.
In 2006 UK and USA conducted Phase I where NC6004 demonstrated superior anti-tumor activity
in colorectal cancer. Phase II was conducted in Singapore and Taiwan with advanced or metastatic
pancreatic cancer; the NC-6004 safety, tolerability and efficiency was examined in combination
with gemcitabine. Combination of gemcitabine and NC-6004 and gemcitabine alone currently are
on Phase III for treatment of pancreatic cancer, higher overall survival rate is expected [43].

The major challenge in cancer treatment is MDR, only one copolymer has been reported
that can significantly reduce the drug resistance, the PEO-PPO-PEO copolymers (Pluronic ™).

21



SP1049C is a nanocarrier formulation of Pluronic and DOX, prepared by reconstituting DOX with
a 0.9% sodium chloride solution containing Pluronic L61 (0.25% w/v) and F127 (2% w/v) with
final DOX concentration of 2.0 mg/mL. The Pluronic L61 inhibits the P-glycoprotein efflux
mechanism that modulates the activity of drug in MDR cell, and non-ionic Pluronic F127 provides
increased stability with no changes in cytotoxicity. Increased efficacy of SP1049C was
investigated in brain tumor, suggesting its promising use in brain solid tumors. Phase I trial
initiated in Canada 1999, treatment confirmed linear PK profile. The achieved promising
preclinical and Phase I data prompted the Phase II investigations in patients with advanced
adenocarcinoma of esophagus and gastroesophageal junctions in 2002. Trials were performed for
19 patients, 9 patients had a partial response, 8 patients had a minor response or stable disease,
overall objective response rate was 47%.

Block copolymer nanoparticles come a long way to become a promising target delivery
therapy against cancer.

1.4  Giant Polymer Vesicles

Giant polymer vesicles are a novel class of larger scale (1-100 um) self-assembled
structures, that possess structural properties of nanosized polymersomes (1-100 nm) - a polymeric
membrane of amphiphilic diblock copolymer, that can be used for encapsulation of hydrophobic
agents, and an aqueous core for hydrophilic compounds (Figure 5). The polymeric membrane
promotes semi-permeability and by tuning the thickness and overall size of vesicle the
permeability and mechanical stability can be modified, which is a critical parameter for biomedical
controlled release applications. Another distinction of giant PSs is their ability to encapsulate more
various types of cargo such as cells, artificial organelles and nanoparticles. The trigger
mechanisms for release of payload, in addition to those existing for nano-polymersomes (such as
temperature, magnetic field, ultrasound, ROS and pH) are added hypo-osmotic shock, hypertonic
shock or light by encapsulation of photo-cleavable dyes or molecules, that can increase the internal
osmotic pressure by irradiation. Also, giant PSs could serve as an artificial bioreactor for
application in biotechnology and medicine[44].

Another attractive feature of Giant PSs is their use as a biomimetic model, for studying
cellular membranes properties and as an environment for complex biochemical reactions.

Considering the aforementioned, we designed a giant smart functional biomimetic vesicle
sensitive to pH-cellular imbalances for mechanical and biological studies.
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Figure 5. Comparison of nano-sized structures and giant self-assembled polymersome.
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1.5 RAFT Polymerization

The living polymerization is a general method for preparation of well-defined polymers
with low polydispersity (D), control over My (chain length), initiating and end functional groups.
In living polymerization chain termination and chain transfer reactions are essentially eliminated,
which results in constant rate of polymer chains growth which makes chain lengths very similar
(low polydispersity index), leaving only initiation and propagation steps. The precision and control
over molecular weight is of importance for engineering of polymer nanoparticles. Techniques
employed in living polymerization are atom transfer radical polymerization (ATRP), living
cationic/anionic polymerizations, ring-opening metathesis polymerization (ROMP), reversible
addition fragmentation chain transfer (RAFT) polymerization and several other controlled radical
polymerization techniques. Despite the fact that disulfides and sulfides were used as
polymerization initiators in the 50s, and addition-fragmentation mechanism in organic synthesis
was known in the 70s, RAFT polymerization was first described by Thang et al. in 1998 [45], as
the combination of the knowledges accumulated in novel living polymerization. RAFT is
distinguished from other methods by a wide range of compatible monomers and more tolerant
required conditions. The polymerization is based on a reversible chain transfer equilibrium
between active and dormant chains.

The method starts with thermal decomposition of radical initiators, similarly to traditional
radical polymerization, where we obtain the active species Pn". The most common initiators are
2,2’-azobis(2-methylpropionitrile) (AIBN) and 4,4’-azobis(4-cyanovaleric acid) (V501) with the
half-lives typically hours at temperatures between 60 and 80 °C. The propagating species Pn" react
with RAFT agent species (polymeric chain containing the CTA group) which enables equilibrium
between active and dormant species, followed by fragmentation of the generated intermediate and
a new radical R’ Typical chain transfer agents comprise a thiocarbonylthio group, Z-C(=S)-S-R
i.e. dithioesters or trithioesters, where the Z group (phenyl, dodecyl) stabilize the radical
intermediate, while the R group (cyanopentanoic acid, iso-propylcarboxylic acid) must be stable
enough to be fragmented as radical and reactive enough to reinitiate the polymerization; also, the
R group can be used for future functionalization. The next step is re-initiation, where the radical
R’ reacts with another chain transfer agent and forms new propagating agent Pn’. Afterwards main
RAFT equilibrium is established between active propagating species and the dormant species, fast
exchange reactions and equally shared radicals lead to equally growing polymer chains with well-
controlled M, and narrow PDI. Termination of polymerization is achieved by quenching the
reaction mixtures by exposure to air or liquid nitrogen. The whole RAFT polymerization
mechanism is depicted in Figure 6. The retention of thiocarbonylthio groups is responsible for the
living character of polymerization, which makes this polymerization suitable for the formation of
diblock copolymers. The removal or transformation of thiocarbonylthio group can be achieved by
various methods. [46]

Typically, RAFT polymerization is very sensitive to nucleophiles like oxygen, moisture,
or amines, even traces of nucleophilic agents could scavenge radicals, which will result in broader
molar mass distribution, so it is carried on in inert atmosphere with degassed liquids.
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The macroCTA could be prepared not just by RAFT but also by modifying prepared
polymers with CTA molecule (PEG, PMeOx, etc). [47]

The RAFT polymerization was herein used to synthesize well-defined PHPMA-based ROS
and pH responsive block copolymers and their corresponding self-assembled structures were
produced by microfluidics. Microwave irradiation was employed for RAFT polymerization to
overcome some of the drawbacks existing in the conventional heating process.
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Figure 6. Mechanism of RAFT polymerization.

1.5.1 Microwave-assisted RAFT polymerization

Microwave irradiation is a widely employed technique for synthesis in inorganic, organic
and polymer chemistry. The MWI synthesis with rapid and homogenous heating lead to enhanced
rates, yields and purities comparing with conventional heating. [48] Upon optimized conditions
the reactants directly absorb microwave irradiation compared to conventional heating cases where
the heterogeneous thermal energy transfer is conducted via solvent. Vinylic polymers such
styrene, acrylates and (meth)acrylamides polymerized by MWI radical polymerization
demonstrates faster conversion and much faster Rp. Typical conventional RAFT polymerization
reaction times of HPMA range from several hours to days, utilizing the effect of microwave
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irradiation this drawback can be overcome. The attempts to control the HPMA polymerization
was firstly reported by Matyjaszewski using atom transfer radical polymerization (ATRP), the
group of Scales et al. reported the aqueous RAFT polymerization of HPMA with the use of 4-
cyanopentanoic acid dithiobenzoate and 4,4‘-azobis(4-cyanopentanoic acid) as CTA and initiating
species in the presence of an acetic acid buffer solution at 70 °C [49,50]. Herein, we utilized
microwave-enhanced RAFT to perform aqueous polymerization of HPMA and its relevant
copolymers for clinical applications.

1.6 Self-assembly of block copolymers

Block copolymers self-assemble to nanoparticles in aqueous solutions due to poor
dispersibility of the hydrophobic moieties. The hydrophobic blocks tend to avoid their contact
with water hiding into hydrophilic block, which generally lead to creation of a spherical object
with a hydrophobic core and hydrophilic shell. The balance between attractive and repulsive forces
guides the molecules to form an ordered structure - micelles. [51]. Concentration of block
copolymer above which micelles are formed is in surface and colloidal chemistry named critical
micelle concentration (CMC). The size of micelles ranges from 10 to 100 nm. The hydrophobic
core of micelles can be used for solubilization of lipophilic drugs, thus to increase its concentration
in hydrophilic media. The drug loading efficiency depends on many parameters, such as solubility
parameters of drug and polymer and their interaction, block copolymer length, shape, and
volumetric size of the carrier. Also, active agents can be attached to the hydrophobic block by
environmentally responsive chemical bonds, which will trigger the release of the compound in the
target site and it will simplify the renal clearance afterwards.

By tuning or modifying the M. of hydrophobic/hydrophilic blocks several stable self-
assembled morphologies can be obtained. The packing parameter (p) that is related to the size of
both blocks can be used for prediction of self-assembled structure to some extent (Figure 7). Larger
hydrophilic chains in block copolymer will usually lead to assembly into micelles, by increasing
the length of the hydrophobic part wormlike micelles (filomicelles) and polymersomes (vesicles)
will occur.
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Figure 7. Self-assembled structures formed by amphiphilic block copolymers. The type of
structure formed depends on the dimensionless packing parameter, p [52].

The micelles and filomicelles are capable of integrating only the hydrophobic molecules
in the core, while polymersomes are capable of accommodation of hydrophobic compounds in
membrane and hydrophilic in the aqueous lumen. Polymersomes are newer platforms than
liposomes, and they are characterized by increased stability compared to lipid vesicles.

The typical hydrodynamic radius (Ru) of polymersomes ranges from 50 nm to a few pum,
the size can be tuned by modifying the parameters such as amphiphilicity of polymer and by the
methods of preparation. Methods that are used for preparation of PS are thin-film hydration,
nanoprecipitation (solvent-shifting), pH-switch when the block copolymer is pH-sensitive and
more novel PRINT templates, polymer-induced self-assembly (PISA), and microfluidic assisted
nanoprecipitation. By using microfluidics technique highly monodisperse particles with higher
encapsulation efficiency could be obtained, due to precise micromixing control. Moreover, well-
defined polymersomes might provide enhanced chemotherapeutic effects due to more
homogenous biodistribution. This approach was straightforwardly used in this thesis, the PS was
prepared via microfluidic-assisted nanoprecipitation and tested in vitro and in vivo.

An advantage of polymersomes is their ability to deliver a protected payload into
intracellular environment with triggered release, compartmentalization properties, and increased
stability which made them a promising platform for vesicular drug delivery of drugs, genes, for a
relevant clinical application.

Herein, polymersomes responsive to ROS and pH-cellular imbalances were produced by
microfluidics technique and characterized.
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1.7 Stimuli-responsive polymersomes for cancer targeted drug
delivery

1.7.1 Polymersomes responsive to pH-cellular imbalances.

As was mentioned before, in tumor tissues due to vigorous metabolism the pH status in
cellular and sub-cellular levels is more acidic (vide section Tumor microenvironment
targeting), so sensitivity to pH could be efficiently used for targeting tumor tissues and the
intracellular well-defined compartments with strong pH differentiation as well (the pH value in
endosomes may typically drop to ca 5). As an example of extracellular pH change, pHe of
adenocarcinoma and soft tissue sarcoma is ~6.94, thus adenocarcinoma cell lines are the most
reported models for investigation of pH-responsive therapeutic effect. [53]

The pH differences have been widely utilized in formulation of acidic sensitive platforms,
that have three forms of responsive mechanisms: bond cleavage, protonation and gas generation.

Bond cleavage is a system where pH-sensitive chemical bond can be disrupted in presence
of acid with subsequent drug release and it is the most common class of biomaterials with acidic
triggered release. This type of biomaterials preserves the therapeutic payload at normal pH and
effectively releases the drug at acidic pH conditions. In such systems drugs can be attached via
acid labile linker or encapsulated in acid labile nanocarrier. The pH sensitive linkers must be stable
at physiological pH (~7.4) and hydrolyzing at acidic pH (4.5-6.5). The typical organic pH-
sensitive bonds are imines, hydrazones [54], oximes, acetals, coordination metal-organic
frameworks (MOFs), and amides (Figure 8). The polymersomes prepared using these pH-linkers
are widely reported [55].
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Figure 8. pH-sensitive chemical bonds and release mechanisms in the acidic conditions [55].

pH-sensitive polymers based on bond cleavage are promising biomaterials for acid-
responding drug delivery systems, however, there are still many challenges that need to be solved,
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such as biocompatibility of pH-sensitive linkers, stable mass production, and toxicity of
nanocarriers.

Protonation of chemical groups such as carboxylic, phosphoric or sulfonic acids and/or
amines can be utilized for the preparation of pH-sensitive drug delivery systems. The weakly
acidic or basic pendant groups (Table 1) are capable for accepting or donating of protons
depending on their pKa, which in turn cause conformational changes. This ionization and
deionization transitions have a polyelectrolyte nature and allow for tuning the hydrophilicity, that
regulates the precipitation and solubilization, swelling or deswelling and surface
hydrophobic/hydrophilic changes of nanocarriers in aqueous solution.

Table 1. pH-responsive acidic and basic pendant groups.

pH-responsive acidic pH-responsive basic
polymers pendant groups polymers pendant groups
Carboxylic groups Morpholino groups
Sulfonic acid Pyrrolidine
Phosphonic acid Piperazine
Boronic acids Imidazole
Pyridine
Imine

Tertiary amine

Dendritic polymers with amine groups and a natural polymer with suitable chemical
modifications are also a group of widely used pH-responsive systems.

Vinylic polymers, (meth)acrylates and (meth)acrylamides containing tertiary amine
groups were extensively investigated in past decade. Most popular weak basic polymers with
tertiary amine group are poly[(2-diethylamino)ethyl methacrylate] (PDEA) and poly[(2-
diisopropylamino)ethyl methacrylate] (PDPA). In physiological conditions the diisopropylamino
group of the PDPA have pK, = 6.8, which is similar with pH of tumor microenvironment, which
makes it particularly useful in anticancer therapy. Moreover, PDPA-based polymers prepared by
various techniques are commercially available, and can be used in many fields covering the
imaging, diagnostics, theranostics, antibacterial coatings, bio-separations and catalysis.

Herein, PDPA was used for preparation of pH-responsive part in diblock copolymer based
on hydrophilic HPMA, extra and intracellular pH gradients will be used as a trigger for drug
delivery system which will selectively release the transported drug at the specific site of action.

1.7.2 Polymersomes responsive to reactive oxygen species (ROS) imbalances

Reactive oxygen species (ROS) and reactive nitrogen species (RNS) are two types of
oxidative species, that are formed under physiological conditions in living systems. ROS including
H202, 0%+, *OH, ONOO, HOCI  etc., play a double role in human body that is harmful and
beneficial, since they can cause oxidative stress and inflammation events and serve as a signal
molecule in cell metabolic pathways. Imbalances of ROS production are often associated with
various diseases including diabetes, cardiovascular disease (CVDs), neurodegeneration and cancer
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(vide section Tumor microenvironment targeting). Cancer cells due to abnormal proliferation
has increased levels of ROS, especially H20:2 (one of the main components of intracellular oxidate)
with concentration 50—100 pM, while in normal tissue it is 1-5 uM. The H20x2 s less reactive than
superoxide anion and is involved in many physiological processes including hypoxic signal
transduction, cell differentiation, proliferation, and in mediating immune responses, therefore
H202 could act in either the growth or apoptosis of cancer cells. Aberrant production of H202 in
tumors which make TME more distinctive for surrounding encourages the construction of ROS-
specific detections systems, ROS-responsive prodrugs, pro-chelators, theranostic agents, and
intelligent nanocarriers [56].

Delivery systems that demonstrate the leverage ROS sensitivity are capable for targeted
release of therapeutic payloads at sites with high ROS concentrations. The nanoparticles with ROS
triggered response could be prepared by incorporation of sensitive linkers or side groups into the
polymer (Figure 9).
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Figure 9. Oxidation-responsive motifs and their oxidation products [56].

Sulfide groups were the first reported ROS-responsive moiety which was utilized in drug
delivery systems, the first report was done in 2004, with polymersomes of triblock copolymer of
PEG-PPS-PEG [57]. The sulfide hydrophobic moieties could be converted in presence of ROS
into more hydrophilic sulfoxides and sulfones. Currently, sulfur(Il)-containing polymers are
systematically studied including synthesis, self-assembly, ROS triggered response, and biological
activity [58].

Selenium belongs to group of chalcogens (16 in the periodic table), the same group as the
sulfur, which makes them similar in many aspects, such as oxidative transformation of
hydrophobic selenium to hydrophilic selenoxide or/and selenone. Together with redox sensitivity
selenium-based materials also possess the y-irradiation sensitivity, with possible dual response by
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oxidation changes. Even more, the advantage of selenium-based materials is a higher sensitivity
than sulfur or thioethers and faster response, since the C—Se bond (244 kJ mol ™) is weaker than
that of the C—S bond (272 kJ mol "), and the bond energy of the Se-Se bond (172 kJ mol ) is
smaller than the S—S bond (240 kJ moL ™), which makes it more labile. The diselenide bonds are
very attractive motifs for redox-sensitive polymers. Synthesis of selenium-containing polymers
was known since early 1972, with step-growth polymerization as the predominant method. As
example, polymers based on polyselenide hydrophobic block and two hydrophilic PEG blocks
loaded with DOX were prepared for possible biomedical applications. [59] The main limitation of
selenium-based systems is possible toxicity.

Thioketals are another ROS-cleavable moiety, which can be oxidized by hydroxyl radical
or superoxide into ketones and organic thiols. The incorporation of thioketal as linker is used for
fabrication of prodrugs for improvement of drugs selectivity and efficiency. Thioketal-based
polymers were synthesized by various techniques, and used for oral delivery of RNAs, gene
delivery, anticancer drug delivery and ROS-responsive scaffolds [60-62].

The aliphatic polyoxalates (POXs) were firstly reported in early 1930s; they can be
prepared by ROP of cyclic oxalates of 1,2 glycols or by polycondensation of small molecules with
diol group (i.e., 4-hydroxybenzyl alcohol, diethylstilbestrol or curcumin) with oxalyl chloride or
oxalic diesters. Aryl oxalates have been extensively investigated from the 1960s, due to their
peroxide-based chemiluminescence properties [63]. In the presence of H202 oxalates oxidize and
produce 1,2-dioxetanedione or other kinds of high-energy intermediates (HEI), which could
interact with a fluorophore to form an activated complex. The decomposition of complex with
subsequent CO: release leads to decay into ground state of excited fluorophore with emitted
fluorescence. Furthermore, oxalate bonds are highly specific to H2O2. Recent studies that were
done in murine models demonstrate interesting properties such as antioxidant-theranostic agents,
[64] ischemia/reperfusion-targeted nanotherapeutics,[65] and as nanoreactor systems for in vivo
imaging of H2Oz. Attractive properties of oxalate-based polymers are ROS-induced luminesce
with tunable emission by the encapsulation of specific dyes, exceptional sensitivity to H2O2 among
other ROS species, deep-tissue imaging capabilities, and continuous detection of in situ produced
H20: for long times. Oxalate-based system demonstrated a promising perspective for effective
therapeutic delivery to disease sites, however more in vivo studies are necessary in the future.

Boronic acids are a unique class of ROS responsive biomaterials because of their reactivity
toward H202. The phenylboronic acid and it’s derivates used as a building blocks in construction
of functional polymers, prodrugs and networks with great potential in catalysis, sensing,
separation, imaging and drug delivery. The mechanism of oxidation was proposed by Kuivila et
al. in the 1950s. The phenylboronic acid or ester is exclusively sensitive towards H202, with
cascade reaction in which phenol and boronic acid as the oxidation products are formed.
Arylboronic acid or arylboronic ester-based polymers can be prepared via polymer post-
modification methods, step-growth polymerization of the phenylboronic ester-based monomers,
and RAFT polymerization of the phenylboronic ester-containing vinyl monomers. Upon exposure
to H202 such ROS-responsive polymers undergo the subsequent self-immolative elimination,
where they either degrade totally or the properties are changing significantly.

31



The sensitivity only to H20: of which the levels are highly elevated in tumor
microenvironment, has a great potential for the effective delivery of antitumor agents into specific
cancer sites. Considering the aforementioned, the thesis was driven for the preparation of novel
phenylboronic based polymersomes for the delivery of chemotherapeutic drugs into TME sites,
the H202 scavenging ability was evaluated, and the deprotection/degradation mechanisms were
studied by various techniques. The system was prepared taking advantages based on the biological
and physical barriers. Since biocompatibility is a key factor for biomaterials, in vitro and in vivo
studies were performed.

1.8 Preparation methods of polymeric nanoparticles by self-assembly

1.8.1 Nanoprecipitation (Solvent displacement technique)

The nanoprecipitation is an essential example of one of the most commonly used
techniques for the preparation of self-assembled polymer nanoparticles for biomedicine. It is
characterized by mild procedural conditions, simplicity, high encapsulation efficiency, low
number of possible contaminants and good reproducibility. For the preparation of nanoparticles
amphiphiles and non-amphiphiles with surfactant can be used. Nanoparticles formation proceeds
from polymers than are not toxic as monomers or solvents, which makes it more preferable for
clinical translation.

Nanoprecipitation is a low-energy mixing process based on self-diffusion, where solvent
and nonsolvent phases must be miscible. The solvent phase contains organic solvent with polymer.
The nonsolvent phase consist of water or buffer solution, which can be supplemented with
surfactants such as PVA, Pluronic™ F-127, etc. The addition of solvent phase into stirred
nonsolvent phase can be immediate, stepwise or dropwise by controlled rate. The self-assembly
of nanoparticles occurs by precipitation due to their decrease of solubility in aqueous solution. The
removal of solvent from the system is achieved by evaporation, dialysis or lyophilization with
finalization of particles formation.

Varying the parameters such as type of solvent, speed of phase mixing, the
organic/aqueous phase ratio, temperature and concentration of polymer can be used to tune the
final size distribution of the nanoparticles. The nanoprecipitation technique is very
straightforward, facile, and a fast process which is crucial for the biomedical applications.

1.8.2 Hydrodynamic flow focusing nanoprecipitation microfluidics (MF)

Microfluidics is an emerging field for the production of particles, droplets, capsules and
multiple emulsions. Among other common techniques such as nanoprecipitation, film-rehydration
and electroformation, microfluidics allows more controlled and precise way for the production of
highly monodisperse polymeric structures including micelles, worms and vesicles.

Microfluidics nanoparticle preparation systems with high shear micromixing and
hydrodynamic focusing methods give precise particle sizes in the range of ~20 nm to 500 nm. The
microfluidics use continuous and controllable laminar flow for the production of high-yield and
high-quality nanoparticles. The superior control over the size, shape and morphology of particles
enables greater reproducibility and scalability. These substantial improvements in nanoparticle
generation are highly valued in pharmaceutical industry compared to conventional batch methods.
In this thesis, for production of well-defined nanosized polymersomes was used the commercial
microfluidic chip from Dolomite company (Figure 10).
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Figure 10. Dolomite setup of the micromixing chip with two water inputs and one polymer
solution input.

The mixing time (Tmix) for the hydrodynamic flow focusing using a two-dimensional model
is estimated according to equation 1:

w? 1
Tmix = 55 Gy “

where D is diffusivity of the solvent, w is channel width, and R is the ratio of flow rate of the
polymeric stream to the total flow rate of water. For D ~ 10° m?*s™ and w = 125 um equation 1
predicts a mixing time in the range of 0.6 to 7 ms for typical flow ratios (R = 0.04 - 0.8) in this
device. Particles sizes can be finely tuned by changing the flow ratios between the organic and the
aqueous phase, the slowest flow gives the smallest particles which was explained by the decrease
in the Tmix. Furthermore, besides the lower particle sizes a decrease in the width of the particle size
distribution is observed compared with the bulk nanoprecipitation process. The NPs produced
using this microfluidic device always presented size distributions with dispersity below 0.1 when
measured by dynamic light scattering.

Superior properties of microfluidics open wide frontiers for applications in the field of
drug delivery, small bio-reactors, organ-on-chips, etc.

1.9 Preparation methods of giant polymer vesicles by self-assembly

1.9.1 Water-In-Qil-In-Water (W/O/W) Double Emulsions by Microfluidics

Giant polymer vesicles are a novel class of self-assembled particles, giant PS possess the
same properties as polymersomes like hydrophobic membrane and aqueous core, but with
enlargement of compartments, since the overall size of giant PS size ranges from 1 pm to 500 um.
Thus, giant PS could be used for encapsulation of micron-size cargo such as: lysosomes, cells,
immune cells, microreactors, and artificial organelles. Moreover, incorporation of pH-sensitive
polymers in formation of giant PS allows the triggered release of loaded cargo at specific pH sites.
In such pH-responsive giant polymersomes the release in acidic environment occurs due to rupture
of membrane wall.
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Another unique perspective for giant PS is the use of its biomimetic properties as artificial
cell/protocell, to study the cell membrane properties (endo/exocytosis, cell adhesion, membrane
permeation) and for artificial living simulation of complex biochemical reactions (RNA
expression, protein expression and selective catalytic transformation).

Traditional methods for preparation of micron-sized giant PS are electroformation and
thin-film rehydration, however these methods due to spontaneous assembly of diblock copolymers
have a large size distribution and poor drug encapsulation profiles.

Microfluidics offers a highly controlled and reproducible way to produce giant
polymersomes on chip. This method involves forming water-in-organic solvent-in-water double-
emulsion droplets (Figure 11), followed by slow evaporation of organic solvent to let the diblock
copolymer form a membrane [66].

Figure 11. Scheme of double emulsion drop with partial wetting of the organic phase on a
polymeric layer of block copolymer. [67]

Microfluidic devices for production of giant PS are glass capillary devices, 3D-printed
devices, and poly(dimethylsiloxane) (PDMS) systems based on soft-lithography process. Glass
capillary systems have difficulties in channel design and customization. Devices which are done
by 3D printing up to now have another properties limitation, such as material properties, precision
of channel lengths, but they are promising candidate for the future of microfluidics. PDMS devices
fabricated by soft lithography can be performed with wide ranges of sophisticated channel designs
with high accuracy. However, PDMS can be used directly only with a limited range of solvents
such as alcohols and oils. Since PDMS has poor chemical resistance and swells in contact with
many organic solvents, additional cover of the channel must be applied involving, e.g.,
methyltriethoxysilane (MTES), (3-aminopropyl)triethoxysilane (APTES) or tetraethoxysilane
(TEOS). In this work was used TEOS-modification which produced durable glass-like layer,
which significantly increased the resistance of PDMS channel wall. For the production of giant
PS also should be modified the wettability of downstream channels for this purpose PVA was used
for rendering of selected channels in spatially controlled way.

Herein, the poly[2-(diisopropylamino) ethyl methacrylate-b-poly(ethylene-glycol)
prepared by RAFT in combination with poly(1,2-butadiene)-b-poly(ethylene oxide) was used for
the production of homogeneous pH-responsive giant PSs.
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1.10 Methods for characterization of polymers and their assemblies

1.10.1 1D and 2D NMR measurements

'H or *C NMR measurements are a straightforward method for determination of the polymer
composition and its purity. NMR spectroscopy involves three main steps: first the sample is placed
inside of the instrument, where magnetic nuclear spins are aligned in constant magnetic field, then
the sample is exposed to a powerful short-term RF pulse, finally the emission of absorbed RF
energy is transferred to computer where it is processed with the Fourier transform in order to
obtain the spectrum. Therefore, the NMR analysis determines the molecular structure by
interaction of nuclear spins when they are placed in powerful magnetic field. 'H-NMR
spectroscopy has been employed as one of the most important techniques for studying the
molecular weights of polymers and copolymer composition.[68—70]

"H-NMR spectroscopy has been successfully used for the kinetic study of RAFT polymerization.
To obtain the kinetic information, data of the overall monomer and copolymer conversions versus
time of reaction is used.

1.10.2 Size exclusion chromatography (SEC)

Gel-permeation chromatography (GPC) or SEC is a separation technique that is commonly
used to separate macromolecules by their hydrodynamic size. In SEC, effective separation is
achieved inside of a column packed with beads with pores of a given size, which retain small
molecules by diffusion and exclude the large molecules. The first approach to separate high
molecular weight polymers was proposed by J.C. Moore in 1964, with the use of porous cross-
linked polystyrene material with controllable pore sizes. Later on, this material was replaced with
more advanced gels like dextran polymers (Sephadex) or agarose (Sepharose) etc.

Thus, SEC has also the possibility to evaluate dispersity by determining of molar mass and
polymer size which made SEC a very advantageous technique for polymer chemistry. The SEC
measurements are based either on a calibration curve with known standards, or alternatively
absolute molecular weight can be detected with appropriate detectors such as RI detector, light
scattering and/or viscosimetry detectors without a known calibration standard.

1.10.3 Dynamic light scattering (DLS)

Dynamic light scattering is a technique which determines the size distribution of nano- and
micron-sized particles in a solution [71]. The principle of measurement is based on the fluctuation
of the intensity of scattered light on optical inhomogeneities in solution due to volume elements
with polymer and without. The fluctuations occur due to Brownian motion of small particles which
is a random motion of the particles suspended in the solution as a result of their collisions with the
solvent molecules of the fluid. When a source of light is applied which interferes with particles
causing scattering in all direction directions (Rayleigh scattering) the resulting fluctuations in
scattering intensity are recorded in short time intervals, collected and analyzed.

The recorded information is analyzed by an autocorrelator, which compares changes of light
intensity over time (Figure 12).
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Figure 12. Hypothetical dynamic light scattering intensity for two different samples with
different particle sizes [72].

The dynamic information of the particle size is obtained from the autocorrelation function
of the recorded intensity fluctuations by various algorithms. The rate of Brownian motion is related
to the translation diffusion coefficient D, that can be determined from a first-order autocorrelation
function. The autocorrelation function with subtracted baseline is a simple exponential decay
according to equations (2), (3), and (4).

g' (g; ©) = exp(—T1) )
I =q¢?D, 3)
q= 4ﬂ%sing 4)

where g! (q; 7) is the field autocorrelation function for wave vector ¢ and delay time 7, and 7" is
the decay rate (the inverse of the correlation time), n, is the refractive index, 4 is laser wavelength,
and 6 is scattering 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). The value of the diffusion coefficient is then used to
determine the hydrodynamic radius Ru of the spherical particles using the Stokes-Einstein
equation (5),

kgT
~ ennRy
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t

where kB is the Boltzmann constant, 7' is the absolute temperature of the solution and # is the
viscosity of the solution.

1.10.4 Static light scattering (SLS)
Static light scattering is a technique that measures the intensity of the scattered light of
macromolecules or proteins in solution to obtain the average molecular weight Mw. Comparing
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with DLS the SLS is not monitoring the Brownian motion of particles, instead it involves
recording the amount of light scattered either at one or many of angles and/or for different sample
concentrations. By measuring the scattering intensity at different angles, it is possible to calculate
of the root mean square radius of gyration, also called R¢. By varying the concentration, the second
virial coefficient 42 can be calculated. For the full characterization of Mw from the light scattering
intensity in solution many parameters must be known: the laser intensity, the quantum efficiency
of the detector, full scattering volume, refractive index (RI) of the sample, RI increment and solid
angle of the detector. However, all commercial instruments are calibrated with a strong scatterer
typically toluene and the refractive index increment can be measured by a differential
refractometer.

For monodisperse polymer particles the common way for calculation of parameters is the
Zimm equation.

Kc _ 1
AR(B,c) M,

<1 + @ + 00(q4)> + 24,c + 0(c?) (6)

where ¢ is the scattering vector for polarized light, ¢ is the solution concentration and AR (6, ¢)
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 least at 4 concentrations and for several angles
(multiangle light scattering - MALS). The obtained results are used for the so-called Zimm plot
(double extrapolation of the Zimm equation to zero angle and zero concentration), from which we
can derive the radius of gyration (Rc), second viral coefficient (42) and molecular mass (Mw).

By combining dynamic and light scattering measurements it is possible to obtain the
structural parameter or the so-called p-ratio that provides the indication of the scattering particle

topology and is simply defined as:
— Re
P =z

For spherical objects like micelles the p < 1, for vesicles it is o> 1 and for coils p> 1.7

(7

1.10.5 Electrophoretic Light Scattering (ELS)

In polymer chemistry the ELS measurements are used to determine the average zeta
potential ({) of the self-assemblies in dispersion. For ELS measurements a dispersion with
particles is introduced in the cell with two electrodes, afterwards an electrical field is supplied to
the electrodes, particles or molecules having a net charge, or more precisely, a net zeta potential,
migrate towards the oppositely charged electrode at a velocity linked to their zeta potential. The
ELS instrument measures the electrophoretic mobility (Ug) and converts the value to {-potential
(mV) through the Henry’s equation:

Uy = 2¢ {an(ka) (8)
where ¢ is the dielectric constant of the medium and 7 its viscosity. Furthermore, f(ka) is the
Henry’s function that involves Smoluchowski assumption that f{ka) = 1.5.
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1.10.6 Small-angle X-ray scattering (SAXS)

SAXS is a type of small angle scattering techniques, that is used for investigation of
various substances structures including macromolecules and self-assembled aggregates. That
technique measures the small deflection with angle of 0.1-10° of a collimated beam after occurring
collision with macromolecules in the size range of mesoscopic scale (1 - 100 nm). Advantages of
these technique are possibility to get unique information in real time regarding the size, shape, and
the spatial relationship of macromolecular self-assemblies (such as micelles, worms, vesicles or
aggregates). SAXS utilizes X-ray beams which are scattered by sample, X-ray beam sources are
widely available but not very suitable for thermo-unstable samples due to the heat that me be
induced by the X-ray beam. Despite that, SAXS is a powerful technique for structural
characterization, however, only Rc could be extracted as a direct data, for other characteristics a
modeling approach is required.

1.10.7 Transmission electron microscopy (TEM)

A transmission electron microscopy is a technique that uses a beam of electrons to
visualize the specimen to form an image. TEM has significantly stronger magnification then light
microscopes (thousands of times smaller objects) owing to the smaller de Broglie wavelength of
electrons. Transmission electron microscope is an instrument that is commonly used for analysis
of morphology and structure at nanoscale level in fields of physical, biological and polymer
chemistries. The first TEM was created by Max Knoll and Ernst Ruska in 1931[73], their merits
were awarded the Nobel Prize in physics. TEM instruments have an enormous array of operating
modes that are conventional imaging (with various contrast settings), scanning TEM (STEM),
diffraction, spectroscopy, and their combinations. TEM is a primary tool for visualization of the
macromolecular assemblies. Sample preparation is a crucial step in TEM, firstly sample is
deposited onto TEM grid (made from carbon, copper or polymer) and upon fast drying (e.g.,
evaporated in a heated oven, freeze-dried) the solvent is removed. Drying is a risky technique of
soft matter, since images of a dried sample are not representing the sample in liquid environment.
In order to increase the contrast which is preferable for soft matter staining techniques are used.
A staining usually performed with heavy metals, the most popular choice for polymers is negative
staining with uranyl acetate (UAc) and phosphotungstic acid (PTA). The negative staining is
useful for identification of hollowness or solidness of an object, measuring of membrane-thickness
and better contouring. However, fast drying and staining are not precise methods since the
properties of the analyzed sample may have changed during the process. Visualization of a sample
in its native state can be performed with cryo-TEM. [74-76] In this technique the sample is
deposited onto on a lacey or holey carbon coated grid, and vitrified in a thin layer of solvent by
freezing in liquid ethane or liquid nitrogen. Since vitrification is a very fast process in which the
sample is fixed in current state without dehydration, it is the most similar conditions to
macromolecules assemblies in aqueous solution. Cryo-TEM images could suffer from low rates
of sample freezing, low contrast of the sample (size result does not contain the solvation layer of
the particles), and contamination by hexagonal and vitreous ice. However, it is the most
advantageous and suitable technique to study soft matter systems. As assumption, TEM and cryo-
TEM are the mostly used techniques for the direct structural information of nano-objects as a
supplement to data from light scattering methods.
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1.10.8 Forster Resonance Energy Transfer (FRET):

The FRET principle considers the non-radiative energy transfer between a fluorescent
donor and an acceptor. This method is used for studies related to nanoparticle-based systems,[77]
drug-drug carrier compatibility [78] or membrane fusion processes[79]. The energy transfer
efficiency (E) is highly dependent on the distance between the donor and acceptor in the FRET
fluorophore pair, as well as lifetime of the dyes. In fact, since the energy transfer depends on the
inverse sixth power of the intermolecular distance the pair distance should be in the range of 1-10
nm.

The FRET efficiency is mathematically described by equation 9 where R, is the Forster
distance between donor and acceptor at which the FRET efficiency is 50 % and R is the donor-to-
acceptor separation distance. The FRET efficiency can also by determined using equation 10
where 7p4 and 7p are respectively the fluorescence lifetime of the donor in the presence and in the

absence of an acceptor.
_ _RS
E=mr Q)

E=1-24 (10)

)

2. Aims of the thesis

The aims of the thesis involve several consequent partial tasks leading to polymersomes

and giant vesicles with advantageous properties for biomedical uses:

1) Development of more rapid and eco-friendly RAFT polymerization of [N-(2-
hydroxypropyl)methacrylamide] HPMA by microwave irradiation. Preparation of
relevant PHPMA copolymers by RAFT MWI with possible application in clinical
medicine as high-potential hydrophilic alternatives to polyethylene oxide.

2) Preparation of pH-responsive poly([N-(2-hydroxypropyl)] methacrylamide)-b-poly[2-
(diisopropylamino)ethyl methacrylate] polymer system to respond to the inherent
features of tumor microenvironments, such as extracellular acidosis. Manufacturing of
the pH-responsive self-assemblies by microfluidics loaded with DOX and testing in
vitro and in vivo.

3) Synthesis of different ROS-responsive polymers based on hydrophilic PHPMA and
hydrophobic phenylboronic acid pinacol ester methacrylates with following
characterization and degradation studies. Production of ROS-responsive monodisperse
polymersomes by microfluidic flow-focusing method, with subsequent in vitro and in
vivo experiments.

4) Manufacturing of pH-Responsive giant polymer vesicles based on a polyethylene
glycol-b-poly[2-(diisopropylamino)ethyl methacrylate] via polydimethylsiloxane
(PDMS) microfluidics for biomedical applications.
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3. Microwave-assisted RAFT polymerization of N-(2-hydroxypropyl)
methacrylamide and its relevant copolymers

The PHPMA is a water-soluble (highly hydrophilic), nonimmunogenic and nontoxic
polymer which is frequently used as a macromolecular carrier for low molecular weight drugs,
especially anticancer chemotherapeutic agents. PHPMA drug conjugates are under intense
research with applications in different treatment delivery systems, while PHPMA copolymers are
considered as a perspective alternative with higher composition variability and enhanced targeting
delivery. Also, PHPMA is a good candidate for replacing poly(ethylene oxide) (PEG), because of
the immunogenic reactions reported for PEG. [80,81]

The PHPMA and its copolymers is mainly synthesized by CLRP. As was mentioned in
chapter 1.5.1 the first attempt of controlled PHPMA polymerization was done by Matyjaszewki
et al. [49] using ATRP, however the resulting copolymers had high molecular weight distributions
and low conversions. The optimization of HPMA polymerization by ATPR with improved
conversion, product dispersity and M, control was recently reviewed by [82]. RAFT aqueous
polymerization of PHPMA copolymer with defined molecular weight and low D was reported in
2005 by McCormick et al. [83] In 2013 Ozdemir et al. [84] reported on RAFT of PHPMA and its
copolymers in DMF and MeOH by conventional MWI at 70C° using 4-cyano-4-
(((ethylthio)carbonothioyl)thio)pentanoic acid as chain transfer agent and AIBN as an initiator.
Nevertheless, in this study the homopolymerization was investigated only in MeOH with relatively
low conversions ~40 %.

Although to date, the RAFT technique has been widely employed for the polymerization
of PHPMA and its copolymers [85-87], the polymerization times are still relatively long, from
several hours to almost a day. In order to improve this issue microwave irradiation was applied.

Microwave irradiation has presently been successfully applied to organic synthesis,
material science, polymer chemistry, and other disciplines. During the past decades, the
microwave-assisted synthesis has been effectively used for CRLP as an alternative to conventional
thermal heating methods. Results demonstrated a higher conversion of monomers, faster Rp, and
excellent control over molecular weight distributions. [88-90] Microwave assisted RAFT
polymerization in addition to aforementioned advantages, sufficiently accelerates the process and
thus leads to reduction of overall time of reaction, to minutes or hours depending on the target
weight-average molecular weight (Myw). The favorable effect of MWI on RAFT polymerization
was demonstrated for styrene [91,92], methyl methacrylate [93], methyl acrylate [92], N-
isopropylacrylamide  [94],  diallyldimethylammonium  chloride = (DADMAC) [95],
vinylcyclicsilazane [96] and vinyl pyridines [84] monomers.

Herein, we investigate the preparation of PHPMA homo- and copolymers by microwave-
assisted RAFT polymerization. For the microwave-assisted RAFT polymerization of HPMA in
various solvents we used the commercial and commonly used 4-cyano-4-
(phenylcarbonothioylthio)pentanoic acid (named CTA1l) and the synthesized 4-cyano-4-
(((ethylthio)carbonothioyl)thio)pentanoic acid (named CTA?2) in the presence of 4,4'-azobis(4-
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cyanovaleric acid) (V-501) as an initiator (Scheme 1). We investigated various stoichiometric
ratios between the monomer, CTA and initiator.

V-501, 75°C, DMSO,

el oMy

NH tert:BuOH and/or H,O PHPMA-MCTA1

o HO

OH CNS S

§7 HOJ\/\‘/ \[Sr ~ o} oN ..

HPMA monomer CTA2 HOWxY ~
o NHS

V-501, 75°C, DMSO,
tert-BUOH and/or H,0 g/ PHPMA-mCTA2

HO

Scheme 1. General synthetic procedure for MWI-assisted RAFT polymerization of the monomer
HPMA to produce PHPMA-mCTAs using 4-cyano-4-(phenylcarbonothioylthio)pentanoic acid
(CTA1) and 4-cyano-4-(((ethylthio)carbonothioyl)thio)pentanoic acid (CTA2) as RAFT agents.

In addition, we produced several copolymers, thus illustrating the “livingness” of the
system. MWI-RAFT homopolymers and copolymers were compared with standard preparation by
a conventional heating method. Optimal conditions for the preparation of PHPMA homopolymers
(named PHPMA macroCTAs — PHPMA-mCTA) and PHPMA-based copolymers using MWI-
assisted RAFT polymerization were established.
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Scheme 2. RAFT-mediated synthesis of diblock copolymers via MWI. (A) PHPMA-b-bocAPMA
(BC1), (B) PHPMA-b-PMABH (BC2) and (C) PHPMA-b-PDPA (BC3).

3.1  Synthesis of monomers and RAFT agent.

The monomer HPMA was synthesized according to reference [97]. N-(3-Boc-
aminopropyl)methacrylamide (boc-APMA) was obtained commercially. N’-Methacryloyl tert-
butyl carbazate with a protected hydrazide bond (MABH) was synthetized according to reference.
[98] The RAFT agent 4-cyano-4-(((ethylthio)carbonothioyl)thio)pentanoic acid (CTA2) was
synthesized according to reference. [99]

3.2 Instruments and analyses

Microwave-mediated RAFT polymerizations were done on a Biotage Initiator Sixty microwave
system. The CTA, monomers, PHPMA homopolymers and their copolymers were evaluated by
"H NMR (Bruker Avance 600 MHz spectrometer with CDCI3, methanol-d4 or D20 (acidified
with DCI; pH ~ 3.0) as the solvent at 295 K. The molecular weight characterizations were
performed by SEC using an HPLC Ultimate 3000 system (Dionex, USA).
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3.3 Results and discussion
3.3.1 Kinetic study of microwave-assisted RAFT polymerization of HPMA

Several parameters must be evaluated and optimized for the preparation of well-defined
PHPMA homo- and copolymers via MWI RAFT polymerization. It is necessary to carefully select
the CTA for successful RAFT polymerization in microwave. The chosen CTAs (based on
dithiobenzoates and trithiocarbonates), are known to be compatible and generally work well in the
polymerization of methacrylates and methacrylamides [87,99]. Targeted molecular weight was
25,000 g'mol™! for PHPMA (due to threshold of renal clearance and avoiding polymer
accumulation) envisaging further biological applications. [100]

For the kinetic studies we used a stock solution of HPMA (1.2 g, 3.99 x 107> mol at DP
175), CTA and initiator V-501 (JCTA]J/[I] 1/0.5 and 1/0.2) in certain amounts of DMSO, tert-
BuOH and/or DI water. An aliquot (1 mL) from a stock solution was transferred to several glass
vials equipped with a magnetic stir bar and purged for 30 minutes with Argon. The MWI-RAFT
experiments were conducted at 70 °C, with a reaction time ranging from 60 min to 12 h. At
different time points, the polymerization was stopped and reaction mixture was quickly quenched
in liquid nitrogen. The sample solution (20 uL) was directly analyzed by '"H NMR spectroscopy.
By comparing the remaining monomer concentration to the initial monomer feed, the monomer
conversion was calculated. The remaining fraction of the sample solution was precipitated into
cold acetone or an acetone/ether mixture 3/1 (v/v), dried, and analyzed by SEC.

In the first series, for the MWI-RAFT polymerization of HPMA, DMSO (aprotic solvent)
was chosen due to its solubility properties. The selected molar ratio was:
[M)/[CTA]J/[I] = 175/1/0.5 with quite high initiator concentration, the resulting conversion data,
Mn and dispersity (D) are summarized in Table 2.

As can be seen, for the CTA1 the maximum conversion was only ~25%, no linear increase
of molecular weight in time, and poor dispersity. From the third hour of kinetic study, the Mn
values were closer to each other, indicating that longer polymerization times are not required for
these selected reaction conditions. Slightly better situation was observed for CTA2, the monomer
conversions reached were ~75%, however, low-quality control over the molecular weight and
relatively low dispersity (P < 1.2) were reached. As observed for CTA1, the similar molecular
weights obtained within 4 h and 5 h for CTA2 demonstrate that conversion reached its maxima
for these selected reaction conditions, and no longer polymerization time is needed. A possible
reason for the limited conversion and obtained dispersity could be the selected solvent that might
cause negative impact on the polymerization process.
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Table 2. Conversion data, number-average molecular weight (Mn) and dispersity (D) for MWI-
assisted RAFT polymerization of HPMA. DMSO was used as a solvent in the presence of CTA1
and CTA2 with V-501 as initiator at molar ratio [M]/[CTA1]/[I]=175/1/0.5 and
[M]J/[CTA2])/[1]=175/1/0.5 for target Mn ~ 25 000 g-mol ™.

Time Conv.? Mn g Mn_SEC D
) (%) 'H NMR (g-mol™)
(g-mol™)

CTA | 11 3065 5550 1.1
1 2 20 5340 7 100 1.08
3 25 6 600 8 200 1.08
4 24 6 350 8 500 1.07
5 25 6610 8 400 1.06
CTA | 12 3155 5220 1.18
2 30 7490 6 140 1.14
3 50 12 300 11120 1.15
4 75 18 340 15 330 1.09

5 70 17 130 16 700 1.1

# Determined by '"H-NMR analysis.
b Theoretical Mn = [M]o/[CTA]o x conv. X Mw mpmat+ Muw cta

Newly, Thang et al. investigated the effect of solvents on the conventional thermal RAFT
polymerization of HPMA [101]. The authors conclude that the intra- and inter-molecular hydrogen
bonding between polymer chains in aprotic solvents has a negative influence (poor controllability)
on the RAFT polymerization process (Figure 13). The deviation from linearity in aprotic solvents
like DMSO might be attributed to radical loss, which is most likely due to radical-radical
termination, which results in dead chains and hence low conversions.
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Figure 13. Influence of the protic and aprotic solvents for the RAFT polymerization of HPMA.
[101]

It should also be noted that MWI absorbed by the solvents may have an impact on
polymerization. The ability of solvents to convert MW energy into heat is determined by the so-
called loss tangent (tan 0), where for DMSO, tan ¢ = 0.825, that is classified as ultrahigh MW
absorption [102]. High MW absorption solvents have been observed to cause considerable chain-
end loss during RAFT polymerization, possibly as a result of accidentally high starting
temperatures in the reaction medium, which leads to chain transfer or other side reactions during
polymerization [103]. Indeed, during first kinetic experiments with DMSO, it was not possible to
achieve good control (in particular, low D) for both CTAs. In order to find appropriate reaction
conditions other solvent with less microwave absorption were investigated for achievement of
better control (i.e., low D, predictable molar mass, faster polymerization times) over the
polymerization of HPMA.

For the next kinetic study we selected terr-BuOH, a moderately polar solvent with a
slightly lower ability to convert MW energy into heat (tan 6 = 0.80) comparing to DMSO; this
makes it very attractive for use in MWI synthesis which might provide faster reaction rate.
Moreover, tert-BuOH 1is a nontoxic and relatively inexpensive solvent that was never used in
MWI-RAFT HPMA polymerization. Therefore, we tested the efficiency of ter#~-BuOH at the same
molar ratios as those used for DMSO - [M]/[CTA]/[I] = 175/1/0.5. The results are shown in Table
3. Despite that for the CTA1 the conversion was increased to ~52 % and up to 80 % for CTA2,
the molecular weight was not controlled during the first 5 h of polymerization in both cases. As
before, there was no consistently good agreement between theoretical and experimental molecular
weights, however, the obtained P values obtained were slightly improved.
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Table 3. Conversion data, number-average molecular weight (Mn) and dispersity (D) for MW-
assisted RAFT polymerization of HPMA. Tert-BuOH was used as solvent in the presence of CTA1
and CTA2 with V-501 as initiator in molar ratio [M]/[CTA]/[1]=175/1/0.5 for target Mn ~ 25 000
g-mol™.

Time Conv.? Mn m" Mn SEC D
(h) (%) 'H NMR (g-mol™)
(g'mol™)

CTA 1 38 9900 9 999 1.03
1 2 44 11415 9 700 1.20

3 48 12 940 11 000 1.10

4 52 13 440 14 145 1.03

5 50 12 930 12 460 1.04

CTA 1 25 6270 9340 1.05
2 2 80 19 480 20490 1.13

3 68 16 600 18 380 1.05

4 71 17 321 20 000 1.07

5 70 17 080 19 000 1.11

# Determined by '"H-NMR analysis.

b Theoretical Mn = [M]o/[CTA]o x conv. X My spmat Mow cta

Still the targeted Mn (~ 25,000 g-mol ") was not reached within a short time, indicating a
slow rate of polymerization (Rp). This problem might be related to inappropriate ratios between
CTA and initiator, [CTA]/[I] = 1/0.5. Indeed, it is a well-known fact that concentration of active
species influences the Rp in RAFT polymerization, whereas decrease of total active species
concentration has a positive impact on Rp. Due to fast propagation rate for acrylamide monomers
such as HPMA with use of initiators with high efficiency or decomposition rate the Rp might be
fast with even low initiator concentration [104,105].

The amount of initiator, V-501 was reduced by 2.5 times in relation to CTAs, with all the
other parameters kept constant. At this molar ratio Rp was still quite slow, with highest M at 12 h;
however, the HPMA dispersity and conversion in case of both CTAs proceeded in a controlled
fashion, producing polymers with low D, as seen in Table 4.
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Table 4. Conversion data, number-average molecular weight (Mn) and dispersity (D) for MW-
assisted RAFT polymerization of HPMA. Tert-BuOH was used as solvent in the presence of CTA1
and CTA2 with V-501 as initiator in molar ratio [M]/[CTA]/[1]=175/1/0.2 for target Mn ~ 25 000
g-mol™.

Time Conv.? Mn m" Mn SEC D
h) (%) H NMR (2'mol™)
(g'mol™)
CTA | 16 4330 4400 1.13
1 2 20 5340 6410 11
3 29 7 620 7700 1.10
4 40 10 390 9100 1.07
5 49 12 666 10 000 1.10
12 88 22 540 22760 1.03
CTA | 15 3870 2900 1.16
) 2 5 450 6133 1.10
3 34 8 430 7 400 1.13
4 49 12 035 12 890 1.04
5 60 14 680 15 000 111
2 91 22 125 26 320 1.04

# Determined by '"H-NMR analysis.
b Theoretical Mn = [M]o/[CTA]o x conv. X My ipma+Mw cta
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For the CTA1 and CTA2 with molar ratio [M]/[CTA]/[I] = 175/1/0.2 in tert-BuOH, the
controlled living character of polymerization was demonstrated by plotting the natural logarithm
of the total monomer conversion versus time. The pseudo-first-order kinetic plot showed a linear
trend in the increase of M, with conversion and low dispersity (D ~ 1.03 to 1.04 at the 12 h time
point), however, CTA2 exhibits more controlled behavior (red lines, Fig. 14B) than that observed
for the polymerization using CTA1 (blue lines, Fig. 14A and Table 4). Good agreement between
theoretical and experimental molecular weights was achieved, as well (Figure 14).
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Figure 14. (A) Semilogarithmic plots and (B) molecular weight and dispersity vs conversion of
microwave-assisted RAFT polymerization of HPMA in fert-BuOH.

The obtained SEC chromatograms of homopolymers PHPMA-mCTA1 (Figure 15A) and
PHPMA-mCTAZ2 (Figure 15B) demonstrate a monomodal distribution, as indicated by the overlap
of the SEC traces. SEC traces showed a shift to lower retention time as a function of
polymerization time, indicating an increase in molecular weight (Table 4). These results proposed
that MWI- RAFT polymerization of HPMA in fer-BuOH at selected stoichiometry proceeds in a
controlled manner, with exceptional results for CTA2.
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Figure 15. SEC chromatograms in MeOH/acetate buffer of the PHPMA-macroCTA1 (A) (CTAL,
in Table 4) and (B) PHPMA-macroCTA2 (CTA2, in Table 4) with molar ratio ((M]/[CTA]J/[I] =
175/1/0.2) at varying polymerization times.

We next explored the opportunities for using water as a solvent for clean process and to
prevent pollutions. Numerous publications report the use of water as an environmentally benign
solvent for chemical reactions with the application in MWI as a solvent. [106,107] Water is readily
available, nontoxic, and nonflammable solvent for use in organic synthesis. Moreover, water is a
medium MW-absorbing solvent with a loss tan ¢ of 0.123 [102], that makes it very suitable for
MW-assisted synthesis. Additionally, HPMA monomer is highly soluble in aqueous medium, that
makes water an excellent solvent for MWI-RAFT polymerization of HPMA. Therefore, the same
set of experiments with molar ratio [M]/[CTA]/[I] = 175/1/0.2 for both CTAs was performed but
with water as a solvent. The polymerization was carried out for different times (0.5—4 h). The
kinetic plots of Ln([M]o/[M]:) for both CTAs versus polymerization time, demonstrates excellent
linearity for CTA2 (Figure 16A). The conversion of the HPMA monomer versus molecular weight
and dispersity was also linear, indicating that polymerization proceeded in a well-controlled
manner (Figure 16B).

Table 5. Microwave-assisted RAFT polymerization of HPMA in water. Conversion data, number-
average molecular weight (Mn) and dispersity (P) for MWI-assisted RAFT polymerization of
HPMA. V-501 as the initiator in a molar ratio of [M]/[CTA]/[1] = 175/1/0.2 for the target Mn
~ 25000 g-mol ",

Time (h) Conv.2 (%) Mna"'HNMR (g'mol™’) Mn,SEC (g'mol™") D

CTA1 0.5 20 5340 2530 1.95
1 28 7295 10420 1.08
1.5 36 7796 14950 1.05
2.0 47 12060 17950 1.04
3.0 58 14810 22040 1.04
4.0 56 12810 22750 1.05
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CTA2 0.5 12 3150 4300 1.19

1 40 9875 9000 1.16
1.5 50 12280 12400 1.13
2 61 14920 15600 1.09
3.0 71 18970 19200 1.08
4.0 80 21080 24200 1.09

2 Conversion data determined by '"H NMR analysis. ® Theoretical Mn = [M]o/[CTA]o x conv. x
MywupmA + M CTA.

25- ® [CTA1]/[V-501] = 1.0/0.2

A ~ -0 B ® [CTA2J/[V-501] = 1.0/0.2 [
o] L, R
’ -011=1/0. o 80
° 204~ = ~M,NMR )
1,0 o 70 ° 4
[ ] —_
- =
o -60 & ] %
= 08+ ° o o = E 154 ° P
g Lso § = yo
= ¢ o 2 9 4 Q
= 06 o ° 40 & = P
=2 > x 104 e -
= - e (o] c & “®
5 .
8 300 =
04 0. 29
o 20 5 L7 —_— 1,6
o2 S o’ 13
> 10 e @@ © 08 00 o o© Ho
0

Ed
°
o

T T T T T T T T T T T T T
1,5 2,0 25 3,0 3,5 4,0 0 10 20 30 40 50 60 70 80 90

o
=)
o |
o
-
=}

Time (h) Conversion (%)

Figure 16. (A) Semilogarithmic plots and (B) molecular weight and dispersity versus conversion
of microwave-assisted RAFT polymerization of HPMA in water.

As seen, PHPMA-mCTA prepared in water was obtained with a higher conversion, and
the polymerization time was four times reduced (Table 5) comparing with that in DMSO (Table
2) or tert-BuOH (Table 3 and 4). At this reaction conditions, we finally obtained the desired target
Mn (~ 25,000 g-mol ') within a comparatively short period of time (4.0 h, CTA2).

SEC measurements were performed for all samples from the kinetic study by MWI in
water. The variations in the elution profiles of PHPMA-mCTA1 and PHPMA-mCTA2 are
depicted in Figure 17 (A) and (B), respectively, and the maxima of the different peaks (Mn) are
presented in Table 5.

The unimodal SEC traces of homopolymerization in corresponding ratios proceeds in a
controlled manner; similar results were obtained with tert-BuOH for both CTAs and in water for
CTAZ2, shifts towards higher molecular weights in SEC traces indicates good livingness and
control during the synthesis of the macroCTA RAFT agents (Figure 17B).
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Figure 17. SEC traces in MeOH/acetate buffer of PHPMA-mCTAI1 (a) (CTA1, Table 2) and
PHPMA-mCTAZ2 (b) (CTA2, Table 2) at varying polymerization times.

Although the Mn values acquired by SEC for CTAI1 are reasonable, pseudo-first-order
kinetic plots were not reached, and the Mn values obtained by NMR differed significantly from
those obtained by SEC. This difference could happen due possible degradation of CTA1 in water
at 70 °C (due to its aromatic moiety) [108], and the chain-end functionality of the growing chain
might have been compromised. The UV and RI traces would be similar for samples with low
dispersity (UV reflects terminal dithiobenzoate and therefore number of molecules while RI
reflects mass of molecules, which is dependent not only on number, but also molecular weight of
the molecules) and if almost all the polymer chain would contain dithiobenzoate group, however,
if the fraction of dead chains is increased (i.e., those not containing a dithiobenzoate moiety at
their end), then deviation between UV and RI traces would appear. Such deviation could be
evaluated by observing discrepancies among the SEC-UV, SEC-RI and SEC-LS data [104]; truly,
discrepancies especially among the SEC-UV and SEC-RI were observed for the CTA1 hinting
that the growing chain from CTA1 could be compromised (Figure 18 A).
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Figure 18. SEC chromatograms (LS - black, UV - green and RI - magenta) in MeOH/acetate
buffer of the PHPMA-macroCTA1 (A) (CTA1, in Table 5) and (B) PHPMA-macroCTA2 (CTA2,
in Table 5) at polymerization time of 4h.
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As comparison, the same experimental set ([M]/[CTA]/[I] = 175/1/0.2) was performed by
the conventional heating method, with water as a solvent (Table 6).When compared to MWI
(Table 5), the acquired results reveal a slightly slower reaction rate, broader dispersities, and
homopolymer conversion (~48 % for CTA1; ~65 % for CTA2, Table 6), indicating that MWI via
RAFT in water is a preferable solution for obtaining HPMA homopolymers.

Table 6. Conventional thermal heating RAFT polymerization of HPMA in water. Conversion
data, number-average molecular weight (Mn) and dispersity (D) for MWI-assisted RAFT
polymerization of HPMA. V-501 as the initiator in a molar ratio of [M]/[CTA]/[1]=175/1/0.2 for
the target Mn ~ 25 000 g-mol™.

Time Conv.” Mngs® "H NMR Mn, SEC b
(h) (%) (g'mol™) (g-mol™)

CTAl 0.5 3 1030 - -
1 14 3 800 6 045 1.39
1.5 25 6 540 9 866 1.17
2.0 25 6 540 12210 1.08
3.0 38 9 800 16 880 1.08
4.0 48 12310 16 610 1.09
CTA2 0.5 10 2900 4756 1.55
1 25 6 850 7910 1.25
1.5 35 9 500 12 350 1.10
2 45 12 120 14 800 1.09
3.0 59 16 100 19 300 1.07
4.0 65 17 400 17 860 1.11

2 Conversion data determined by 'H NMR analysis. ® Theoretical Mn = [M]o/[CTA]o X conv. X Mwupmat Mw cta

3.4 Synthesis of PHPMA-b-bocAPMA, PHPMA-b-PMABH and PHPMA-b-PDPA
copolymers via MWI.

3.4.1 Microwave-assisted block copolymerization.

Finally, by growing a second block via MWI-assisted RAFT polymerization, the
livingness and end-group functionality of the previously synthesized PHPMA-mCTA2 were
demonstrated. Several monomers were selected such as N-(3-Boc-aminopropyl)methacrylamide
(bocAPMA) (B1, Scheme 2), N -methacryloyl tert-butyl carbazate (MABH) (B2, Scheme 2) and
2-(diisopropylamino)ethyl methacrylate (DPA) (B3, Scheme 2). These monomers can readily
polymerize with other vinylic monomers and already have been tested in several biological in vitro
and in vivo experiments. Thus, B1 and B2 contain fert-Boc protected multifunctional groups in
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their composition that could be deprotected to a free amine with several reagents including
HCI/MeOH, Me3Sil, or heat (185 °C) for subsequent "universal" post-reaction modifications for
a variety of applications, such as small interfering RNA (siRNA) delivery [109] or for imaging
and diagnostics by functionalization of B1 [110]; B2 is a successful pH-labile hydrazone linkage-
based copolymer of HPMA that can be functionalized with various drugs for pH-controlled
activation [111]. B3 is an highly-pH-sensitive monomer that undergoes a hydrophobic/hydrophilic
transition within a small pH window of 6.30 < pH < 6.95, which is similar to the pH of tumor cell
microenvironment and makes the block copolymer useful for supramolecular self-assembly
towards several structures for numerous applications [2,112—115].

The mCTA2 was chosen because it produced best results in the kinetic studies. The BCs
were successfully obtained (Table 7) with desirable Mn values, as determined by the SEC traces
towards lower elution volumes, indicating an increase in molecular weights (Figure 19). 'TH NMR
spectroscopy was used to determine the composition of each BC copolymer. The 'H NMR spectra
of the diblock copolymers (BC1 — Figure 19) show a singlet signal at chemical shift 4.8 ppm
corresponding to the protons of —OH group from the HPMA repeating units. The peak is
overlapped by the signal corresponding to residual methanol-ds. The broad singlet signal at & =
3.9 ppm (d) 1s attributed to the methine proton from the -CH—(OH) group. Furthermore, the signal
corresponding to methylene protons from the pendant group (—C(O)-NH-CH>—) at & = 2.9-3.3
ppm, marked as (c), overlaps with signals from -NHCH>- (f and h) methylene protons of
bocAPMA monomer repeat units. The spectrum also demonstrated a broad characteristic signal
for methylene protons from the main polymer chain at 6 = 1.70 ppm, labeled (a) ((CH3)C—CH>—),
which is overlapped by -CH2-CH>-CHaz- (g) methylene protons at 6= 1.55-2.1 ppm and signals in
the range & = 0.8-1.3 ppm (b and e) typical of methyl groups from the PHPMA backbone ((CH3)C—
CHaz—) and the pendant group (CH3>—CH(OHR)), respectively. Strong signal at 5= 1.45 ppm is related
to methyl protons (CH3)3- (i) of bocAPMA side-chain. Moreover, a broad signal was also detected
at 7.3-7.7 ppm (—C(O)-NH-) for the amide groups in the composition of both blocks.
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Figure 19. '"H-NMR spectrum of PHPMA-b-bocAPMA diblock copolymer (BC1) in
methanol-da.
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For BC2 — the characteristic proton signals corresponding to the monomer repeating units
from the PHPMA-h-PMABH diblock copolymer are assigned in the 'H NMR spectra given in
Figure 20. As can be seen, no big difference was observed in comparison to the Figure 19, due to
the similar chemical structure. The number-average molecular weight Mn (NMR) of the
corresponding BC1 is shown in Table 7.
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Figure 20. '"H-NMR spectrum of PHPMA-b-PMABH diblock copolymer (BC2) in methanol-da.

The characteristic proton signals corresponding to the monomer repeating units from the
PHPMA-b-PDPA diblock copolymer (BC3) are assigned in the "H NMR spectra given in Figure
21. The number-average molecular weight Mn (NMR) of the correspond BC2 is represented in
Table 7.
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Figure 21. 'H-NMR spectrum of PHPMA-b-PDPA diblock copolymer (BC3) in acidic D20.
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Along with NMR, was performed SEC measurements in order to evaluate Mn (Figure 22).

Table 7. Experimental conditions and macromolecular characteristics of the block copolymers
prepared via microwave-assisted RAFT polymerization.

Sample [M]o/[CTA]o/[I]lo0 Time Conv. Mn,NMRE¢ Mn, SEC D
() (%)  (gmol) (g'mol™)?

PHPMA29-mCTA2 100/1/0.2 3 932 4130 4410 1.04
PHPMA9-b- 75/1/0.5 6 962 15500 25000 1.06
bocAPMA4; (BC 1)
PHPMA 9-b- 75/1/0.5 6 302 12208 22200 1.38
PMABH44 (BC2)
PHPMA9-b-PDPA34 75/1/0.5 6 45> 11851 13720 1.14
(BC3)

*Determined by 'H NMR spectroscopy in methanol-ds or using end-group analysis.
*Determined by 'H NMR in acidic D20 using end-group analysis.

¢ Mn was calculated via '"H NMR spectroscopy according to Mn = (nMU x M,, HPMA) + (nMU
X My monomer) + My cTA.

dDetermined by SEC in MeOH/acetate buffer, pH 6.5, 80/20 vol%.

It is noteworthy that lower conversion was observed for BC2 and BC3 for the growth of
the second block. Since the same PHPMA-mCTA was used for the growth of BC1 (~ 96%
conversion), we hypothesized that this result could not have been caused by low reinitiation
efficiency of the macroRAFT agent nor by decreased reinitiation efficiency due to the molecular
weight of the macroRAFT agent (hindrance effect); the cause of low conversion remains unclear,
and still is a subject for investigation.

PHPMAy-b-PMABH,, ~—
——= PHPMA,-mCTA2

PHPMA,-b-PDPA,,

PHPMA,;-b-bocAPMA,; ~t—.

3.5 4.0 45 5.0 55 6.0 6.5
Retention time (min)

Figure 22. SEC chromatograms in MeOH/acetate buffer of the PHPMA29-mCTA2 (black lines)

PHPMA29-b-bocAPMA47 (blue lines), PHPMA29-b-PMABHa44 (red lines) and PHPMA29-b-
PDPAs4 (green lines) diblock copolymers (Table 7).
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By way of comparison, the block copolymers were made using the conventional heating
method under identical conditions. The obtained results demonstrated the obtention of the BCs
with generally broader dispersities and lower or similar conversions (~30% for BC1; 20% for
BC2; 50% for BC3, Table 8) if compared with synthesis via MWI (Table 7). The observed
differences between theoretical molecular weight (NMR) and experimental molecular weight
(SEC) could be due to SEC's strong dependence on the calibrant, solvent, and column, as well as
the fact that it is a relative method requiring a molecular weight detector, as opposed to NMR,
which is an absolute primary method requiring no calibration [116].

Table 8. Experimental conditions and macromolecular characteristics of the block copolymers
prepared via conventional thermal heating RAFT polymerization.

Sample [M]o/[CTA]o/[]o Time Conv.? Mn NMR*  Mn SEC D
(h) (%) (g'mol ™) (g-mol™)

PHPMA2o-mCTA1 100/1/0.2 3 93 4130 4 410° 1.04

PHPMA9-b-bocAPMA4; 75/1/0.5 6 30 4 850 10 600° 1.11
(BC1)

PHPMA9-b-PMABH44 75/1/0.5 6 20 8 140 10 300° 1.44
(BC2)

PHPMA9-b-PDPA34 75/1/0.5 6 50 10 582 12 190° 1.32
(BC3)

“Determined by 'H NMR spectroscopy in methanol-ds and acidic D,O using end-group analysis; ® Mn was calculated

via '"H NMR spectroscopy according to Mn = (nMU x M upma) + (mMU X Mw monomer) + Mw c1a; “Determined by
SEC in MeOH/acetate buffer, pH 6.5, 80/20 vol %.

4.  Preparation of pH-responsive poly([N-(2-hydroxypropyl)]
methacrylamide)-b-poly[2-(diisopropylamino)ethyl methacrylate]
polymer system to respond to the inherent features of tumor
microenvironments, such as extracellular acidosis.

4.1  Introduction

As was mentioned, cancer causes 1 in 6 deaths worldwide, according to most recent survey
by the International Agency for Research on Cancer reported that the global mortality caused by
cancer is approximately 9.6 million in 2018 (21% higher than in 2008) [117]. This number is
predicted to be 19.3 million by 2025 [118], calling for immediate improvements in cancer
therapies [119].

The current cancer treatments include surgery, radiation and chemotherapy, however, these
procedures cause side-effects that damage healthy tissues.

Chemotherapeutic therapies are still one of the most important cancer treatments, but
developing novel techniques to improve efficacy while reducing side effects remains a challenge.
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Anthracycline doxorubicin (DOX), one of the most often used chemotherapeutic drugs, is
effective in the treatment of lymphoma, acute myeloid leukemia, and breast cancer.

The main limitation of this chemotherapeutics is short blood circulation time,
cardiotoxicity, and unavoidable exposure to normal tissues that kills healthy cells [120]. Recent
efforts have embraced the construction of nanoparticles that can navigate in the body and deliver
anticancer medications to tumor locations, improving therapeutic efficacy while lowering overall
toxicity. Therefore, DOX-based nanoparticles are currently considered as a promising candidate
for overcoming such noteworthy drawback. Mainly, DOX-loaded nanoparticles are administrated
intravenously, upon intravenous injection nanomaterials quickly covered on their surface by
biomolecules that are present in body fluids leading to formation of “protein corona” (vide section
biological and physical barriers). This adsorption influences the nanoparticle’s physicochemical
properties, including hydrodynamic size, surface charge and aggregation behavior, which leads to
rapid clearance. This undesired barrier could be overcome by using a coating with highly
hydrophilic polymer such as N-(2-hydroxypropyl)methacrylamide (HPMA). Another obstacle is
the preferred accumulation, which can be solved by passive tumor targeting strategy which utilized
previously mentioned EPR effect (vide section Biological and physical barriers), typically
nanocarriers with Du < 100 nm can diffuse across cancer tissues resulting in enhanced permeation

and retention (Figure 23).
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Figure 23. Schematic representation of the accumulation of polymersomes in tumor sites due to the

EPR effect.

Advances in controlled-living polymerization processes have recently encouraged the
preparation of a wide range of macromolecules with controllable architecture, functionality,
composition, and topology, allowing the engineering of self-assemblies with controllable
membrane thickness, flexibility, size, permeability, and, most importantly, responsiveness [121—
123].

As was discussed earlier the polymersomes (PSs) can be made responsive to pH of tumor

microenvironment which has a slightly acidic pH (6.5~6.8), depending on the tumor type (vide
section 1.1.5 Tumor microenvironment targeting). [124,125].
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Therefore, the DOX-loaded pH-responsive polymersomes are capable of transporting the
cargo while navigating through healthy tissues (pH ~ 7.4), and rapidly releasing the payload in
tumor microenvironment (the slightly acid pH), which is presumably a suitable strategy to enhance
the therapeutic efficacy, with reduction of DOX side effects. For this goal we used a design of the
amphiphilic diblock copolymer prepared by RAFT, based on hydrophilic PHPMA and
hydrophobic pH-responsive poly(2-(diisopropylamino)ethyl methacrylate (PDPA) as building
units for polymersomes. The PDPA completely dissociates when the pH drops below its pKa ~ 6.8
in less than a second [112]. As was mentioned, the polymer poly(N-(2-hydroxypropyl)
methacrylamide (PHPMA) was chosen as the hydrophilic stabilizing segment due to its protein-
repelling characteristics (which presumably restricts protein adsorption) and prolonged blood
circulation lifetime. [126,127].

Although the utility of pH-responsive polymersomes for cancer treatment is obvious,
current polymeric vesicle manufacturing techniques typically result in polydisperse assemblies
with poor control over average size. [128]. Moreover, the presence of multiple morphologies is
often observed. This problem can be avoided by producing the assemblies via microfluidics. The
control over the mixing conditions enables high reproducibility, narrow size distribution and the
precise tuning of the nanostructures size [129]. Encapsulation of drugs into size-defined and
monodisperse PSs can improve cellular uptake due to a more consistent biodistribution of the
therapeutic agent in the target site. The herein prepared DOX-loaded pH-responsive
polymersomes were characterized by DLS, SLS, small-angle X-ray scattering (SAXS), and
imaged by cryo-TEM. The effectiveness of the DOX-loaded PSs was tested in vitro by the cellular
uptake analysis and cytotoxicity study, and in vivo by assessing the biodistribution of the
assemblies and their antitumor efficacy in mice bearing EL4 lymphoma model.

We aimed at fundamentally contributing to cancer nano-therapy by designing DOX-
loaded, stimuli-responsive polymeric vesicles (polymersomes) capable of responding to the

inherent features of tumor microenvironments, with possible enhancement of the therapeutic
outcomes, and reduction of the side-effects of the widely used DOX (Figure 24).
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Figure 24. Schematic illustration of the preparation of pH-responsive polymersomes based on
PHPMA-b-PDPA block copolymers loaded with DOX by microfluidics and the in-vivo approach
for a treatment with prepared formulation of a lymphoma tumor of a mouse.

4.2  Synthesis of monomers and RAFT agent

Firstly, the HPMA was synthesized as previously mentioned (Figure 25), secondly, the CTA-
Azide was synthesized from the derivatization of the 4-cyano-4-(phenylcarbonothioylthio)pentanoic
acid (CTA-OH) with 3-azido-1-propanol according to the chemical route given in Figure 26.

HO cl HO
NH; —_— N
Na,COs, DCM

N-(2-hydroxypropyl)

amino-2-propanol
prop methacrylamide (HPMA)

Figure 25. Synthetic approach used to synthesize HPMA.

$ CH; ¢y N3._~_OH TICHS CN
O o A eSO NS
S DCM, EDC, DMAP S
0 0°C (2 h), RT. overnight L. ! 0
CTA-COOH CTA-Azide

Figure 26. Synthetic route used in the synthesis of the CTA-Azide.

FTIR (Figure 27) revealed the existence of the azide group in the CTA-Azide, and it was used
as a chain transfer agent to generate the first segment of the block copolymers.

% Transmitance (a.u.)

—— Azide CTA
—— 3-azido-1-propanol
—— macroCTA HPMA azide

70 T T
1800 2400 3000 3600

Wavenumber (cm™)

Figure 27. FTIR spectra of 3-azido-1-propanol (precursor) and CTA-azide. The arrows indicate the
corresponding chemical groups.

Afterwards, the azide-terminated PHPMA macroCTA was synthesized (Mn = 5000
g-mol”!, Mw/Mn = 1.06), purified, characterized by '"H NMR and SEC (Figure 28), and further
used as chain transfer agent for polymerization.
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Figure 28. 'H NMR spectrum of PHPMA macroCTA acquired in MeOH-d4 (left) and SEC traces
for PHPMA macroCTA synthesized via RAFT in MeOH/acetate buffer pH 6.5 (80/20 v/v) (right).

At higher temperatures (~ 70 °C), the azido group is known to undergo 1,3-cycloaddition
to carbon double bond, which should be avoided in the polymerization process. [130-132].
However, this problem could be diminished in methacrylamide monomers (such as HPMA)
because of their low reactivity and the presence of a methylene group on the monomer's double
bond, resulting in steric hindrance and preventing undesirable side reactions. [132—134] In the
obtained final products azide groups were proven by FTIR and by 'H NMR where methylene
(CH2) groups (m, 1, k) were visible next to the azide group. (Figure 28). Furthermore, the azide
group functionality was also validated by the successful coupling of the DBCO-cyanine dyes by
a copper-free click chemistry (see below).

The second block was then produced by RAFT using the PHPMA macroCTA, as
illustrated in Figure 29. The molecular weight characteristics were evaluated by SEC (Table 9,
Figure 30). The hydrophilic-to-hydrophobic weight ratios were determined using 'H NMR
(representatively available for PHPMA35-b-PDPA75 in Figure 30).
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- ,ﬁ\ s Ny o s
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/
OH—(
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(B)
N
o~
\”J 7/ NJ/\/\OJ\/?/f b \(@
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> 14- Dloxanc/ MeOH (60/40) OH—(
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PHPMA -h-PDPA ; block copolymer

Figure 29. Synthetic route used in the synthesis of azide-terminated PHPMA macroCTA (A) and of
N3-PHPMAm-b-PDPAn diblock copolymers (B).

60



Table 9. Synthetic parameters and molecular weights of the synthesized PHPM Am-b-PDPAn block

copolymers.
Block [M]o/[CTA] Mn SEC b Conversion Yield wt (%)
Copolymer  o/[I] (g.mol") (%) (%) PHPMA
PHPMA3s-b- 50/2/1 10600 1.25 69 53 53
PDPA2s
PHPMAs3s-b- 100/2/1 14200 1.09 68 58 35
PDPA43
PHPMAs3s-b- 150/2/1 21000 1.05 72 56 24
PDPA7s5
I:lf g
L
ey 104 . s —- PHPMA,b-PDPA,
" J:\t:oélo 3 ) ' 17\ =+ PHPMA,b-PDPA,,
Ho—d &h k be+g ‘g T |I|lll 17 PHPNALDPDPA,
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Figure 30. "H NMR spectrum of PHPMA35-b-PDPA75 diblock copolymer obtained in D20/DCI (pH
~ 2) (left) and SEC traces in DMF for PHPM Am-b-PDPAn diblock copolymers synthesized via

RAFT (right).

The summary of data in Table 9 shows the production of block copolymers with narrowly-
distributed molecular weights (PDI < 1.25) ranging from 10.6 to 21.0 kDa with various PDPA
content for further preparation of thermodynamically stable polymersomes. The pH-responsive
block copolymers behavior was assessed by (-potential titration and representative results are

shown in Figure 31.
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Figure 31. {-potential (squares) and light scattering intensity (spheres) as a function of pH for
PHPMA3s-b-PDPA7s block copolymer in water at initial copolymer concentration ¢ = 1.0
mg-mL!.

The obtained results clearly indicated that the pKa of the synthesized block copolymer
(PHPMAS35-b-PDPA75) is in the range 6.8-6.5, which agrees with data from literature. [135]
Accordingly, PDPA chains are protonated at pH < 6.5, as suggested by the positive {-potential
values and reduced light scattering intensity (open circles). Typically, the degradation of
PHPMA-b-PDPAn nanoparticles leads to the appearance of two populations of scattering objects:
free molecularly dissolved block copolymer chains, and a very small number of large aggregates.
[135]

4.3 Manufacturing and Characterization of the Polymersomes

Polymersomes are efficient active agent carrier particles that are used as a clever platform
for drug, gene and protein delivery. [136] The control over particles size and polydispersity is
critical for effective therapies. With the advent of the microfluidic technique, new opportunities
for production of nanostructures with a number of advantages including non-excessive
consumption of expensive chemicals and high, solid and fast throughput controlled by high-
precision equipment. Additionally, by using micromixer platforms the encapsulation of
hydrophilic and hydrophobic substances can be accomplished. [129] However, the approach was
only seldom studied for the production of PDPA-based polymersomes. [128] Considering the
aforementioned, the self-assembly of the diblock copolymers as polymeric vesicles was conducted
using a microfluidic chip with a micro-mixing design (Figures 32 A-B) for the manufacturing of
either DOX-free and DOX-loaded polymersomes. For proper dissolving of the amphiphilic
diblock copolymer was selected THF/MeOH 80/20 v/v as the organic phase to dissolve the three
block copolymers and PBS (pH 7.4) as the aqueous phase. The self-assembly of PHPMA35-b-
PDPA26 (f ~ 53%) produced small particles (Figure 32 E) with average size that is incompatible
with polymersomes (Du = 30.6 nm).

Core-shell nanoparticles (micelles) were probably obtained due to the high content of
hydrophilic PHPMA in the copolymer chains. With increase of hydrophobic content, the diblocks
PHPMA3s5-b-PDPA4s (f ~ 35%) and PHPMA3s-b-PDPA7s (f ~ 24%) predominantly produced
polymersomes as confirmed by TEM (Figures 32 F and G, respectively).
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Furthermore, the structure sensitive parameter value (Rc/Ru ~ 1) are trustable experimental
evidence (Table 10) with the presence of the hollow spheres (polymersomes). However, self-
assemblies made from PHPMA3s-b-PDPA4s constantly form small particles together with the
polymeric vesicles and therefore, we have decided to use the block copolymer PHPMA3s-b-
PDPA7s5 which demonstrated single morphology. In order to investigate the influence of the flow
rates on the final properties, the aqueous flow rate was a chosen as a variable parameter (50, 100

and 200 uL.min!) while the flow rate of the organic phase (100 pL.min™") was kept constant (Table
10 and Figure 32.)

Table 10. Physicochemical characteristics of the PHPMA3s5-6-PDPA 75 polymersomes produced by
microfluidics.

Flow Rate Dy (nm) De (nm) p = Dc/Dy PDI ¢ (mV)
(WP/OP)
50/100 179.2 168.2 0.94 0.05 4.1
100/100 151.0 161.0 1.06 0.06 35
200/100 113.8 123.4 1.08 0.06 3.8

—@~ Flow Rate 50/100
(C ) —O~— Flow Rate 100/100
—{>— Flow Rate 200/100

Normalized Intensity (a.u.)

(D)

Ke/R " (10* mol.g™")"™

@ Flow Rate 200/100
<> Flow Rate 100/100
154 O Flow Rate 50/100

T T T T T
200 300 a0 500 600
o (um?)
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Figure 32. Microfluidic chip (A) used for the production of the polymersomeé with micro-mixing
chambers (B). Distributions of Ru for PHPMA3s-b-PDPA7s polymersomes produced using
different flow rates (C). Analogous static light scattering data (1/Isc vs. g2) data (D). TEM images

of PHPMA3s-b-PDPA2s (E), PHPMA3s-b-PDPA43  (F) and PHPMAS3s-b-PDPA7s  (G)
polymersomes engineered by microfluidics at aqueous/organic phase flow rate 200/100.

The significant advantage of microfluidics is highly precise control over the mixing
conditions which enabled the generation of highly reproducible polymersomes across different
batches, low polydispersity (PDI < 0.1), and precise control over the size.

The data presented in Table 10 and Figure 32 C show that the size of polymersomes
decreases with increasing flow rate. This happens due to reduction in mixing time between phases,
which results in faster aggregation kinetics and smaller particles. As the width of the focused
stream is decreased by increasing the flow rate of the water streams, causing the decrease in the
diffusion length between the polymer solution and the water, which leads to faster mixing between
the phases and faster nucleation and aggregation occurs, therefore smaller polymersomes are
produced. The TEM image of PHPMA3s-b-PDPA7s polymersomes prepared with a flow rate ratio
0f200/100 is shown in Figure 32 G and illustrates the engineering of quasi-monodisperse vesicles.

The values of the structure sensitive parameter (p = Rg /Ru), ranging from 0.94 to 1.08
obtained with DLS and SLS, also indicate the prevalence of highly hydrated objects that are
compatible with hollow spheres (vesicles). The Rg values were taken from the SLS data in Figure
32 D.

Once the conditions for the preparation of the drug-free pH-sensitive polymersomes were
established, the same procedure was used to prepare polymersomes containing doxorubicin and
cyanine dyes for biodistribution studies and FRET. The polymeric vesicles loaded with DOX (95.0
nm) were slightly smaller in size compared to DOX-free polymersomes (101.7nm) according to
DLS (Figure 33 A), however, narrow (PDI < 0.10) polydispersity was observed in both cases
(Table 11). The size of obtained PS is preferable for nanomedicines that need to circulate for a
long time and accumulate in tumors. [137,138] For the colloidal nanocarriers the slightly
negatively charged surfaces are suitable, as higher positive or negative values are usually
associated with rapid blood excretion.[139] According to {-potential values the polymeric vesicles
are effectively shielded by the PHPMA shell through steric forces. The free-loaded and dox-loaded
polymersomes of PHPMA3s-b-PDPA7s were evaluated by SAXS (Figure 33 B) and imaged by
cryo-TEM (Figures 33 C and D) [3].
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Figure 33. DOX-free and DOX-loaded PHPMA35-b-PDPA75 polymersomes: size distribution
obtained by DLS (A) and analogous SAXS profiles (B), cryo-TEM images for DOX-free (C)

and DOX-loaded (D) assemblies.

Table 11. Structural features of the prepared DOX-free and DOX-loaded polymersomes.

Entry Du PDI? t(nm)®  # (nm)° ¢ LC (%)* EE (%)¢
(nm)? potential
(mV)*
DOX-free 101.7 0.06 10.7 4.5 -8.8 - -
polymersom
es
DOX-loaded  95.0 0.08 10.8 4.4 -3.9 9.8 53.1
polymersom
es
Cy3-Cy5 90.3 0.07 - - -10.4 - -
labeled
polymersom
es
Cy7-labeled  92.2 0.05 - - -11.3 - -
polymersom
es

a) Measured by DLS; b) Measured by SAXS; ¢) Measured by ELS; d) Measured by HPLC.

The well-defined SAXS profiles (figure 33 B) confirm the polymeric vesicles structure.
The proper fitting was possible only when bilayer vesicles shape factor was used with the thickness
of the PHPMA shell in contact with water (zh = 4.5 nm) and the thickness of the PDPA layer (# =
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10.7 nm) as variable parameters. DOX loading had almost no effect on these dimensions (th = 4.4
nm and # = 10.8 nm, respectively). The cryo-TEM images also displayed vesicular structures with
diameter~ 70-90 nm, that is in rational agreement with the size distributions acquired by DLS
(Figure 33A). The data from cryo-TEM usually undersize relative to DLS, since the last one’s
measurements are based on intensity of light scattering in solvated state, while cryo- TEM gives
number-average of diameters. Moreover, on cryo-TEM images was observed DOX crystals in the
aqueous core of DOX-loaded polymersomes (Figure 33 D), that is typical for the liposomal
formulations containing DOX. [140,141]

In order to supplement the assembly-disassembly investigations FRET measurements were
performed. The FRET refers to non-radiative energy transfer process between an excited-state
fluorescent donor (Cy3) and a ground-state acceptor (CyS5). The aim of this study was to
investigate the self-assembly/disassembly process in different pH conditions according to the
FRET principle. The copper-free click chemistry was used for covalent attachment of cyanine dye
pairs cyanine 3-DBCO (Cy3-DBCO) and cyanine 5-DBCO (Cy5-DBCO) to the block copolymer
and microfluidics was used for the polymersomes using a mixture 80:10:10 m/m/m of PHPMAs-
b-PDPA7s, Cy3-PHPMA3s5-b-PDPA7s and Cy5-PHPMA3s-b-PDPA7s. A schematic representation
of the click chemistry reaction between the Cy3 and Cy5 dyes with the azide groups on the surface
of the polymersomes represented is in Figure 34 A. The coupling and formation of dual fluorescent
Cy3-Cy5 polymersomes was evaluated by Fluorescence Lifetime Correlation Spectroscopy
(FLCS) measurements (Figure 34 B, C). The diffusion time values obtained (1o = 3.69 ms for the
Cy3 channel and o = 3.53 ms for the Cy5 channel) are very similar, demonstrating that both dyes
were successfully conjugated to the block copolymer chains and are thus incorporated in the self-
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Figure 34. Representation of the click chemistry reaction between Cy3, Cy5 and the block
copolymer (A), fluorescence correlation spectroscopy data for Cy3-Cy5-PHPMA35-b-PDPA75
polymersomes collected in Cy3-channel (Aex = 485 nm and Aem = 505 nm) (B) and Cy5-channel
(Aex = 640 nm and Aem = 655 nm) (C).
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FRET efficiency was calculated using Equation 10, the distributions are shown in Figure 35.
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Figure 35. FRET efficiency histograms of Cy3-Cy5-polymersomes incubated in phosphate buffered
saline pH 7.4 (gray bars), acetate buffer pH 5.5 (green bars) and acid solution pH ~ 3.0 (blue bars).

The FRET efficiency of Cy3-Cy5-polymersomes at pH 7.4 was E = 53.5 + 0.2 and when
assemblies were subjected to pH 5.5 and 3.0 it increased to 80.0 = 0.1 and 80.2 £+ 0.1 respectively.
These values certainly reflect changes in the structure of the polymersomes mediated by various
pH environmental conditions. The changes in both 7p4s and 7o caused by disassembly of
polymersomes, due to protonation of PDPA at pH < pKa ~ 6.8, with possible subsequent
reorganization of free chains in which highly hydrophobic dyes Cyanine 3-DBCO and Cyanine 5-
DBCO are sheltered in order to avoid the contact with the polar solvent. In such self-organized
nonpolar environment within free block copolymer chain the inter dye distance is considerably
reduced, thus increasing the FRET efficiency. The obtained data indicate that pH-dependent
behavior of PHPMA3s-b-PDPA7s polymersomes can be exploited for the delivery of therapeutic
agents into sites of action with specific slightly acidic microenvironment.

4.4 In Vitro Evaluations of DOX-Loaded Polymersomes

The DOX loading content (LC) and encapsulation efficiency (EE) were determined by
HPLC. The quantities were determined by using an analytical curve with a linear response in the
range 0.001 - 0.5 mg. mL™'. The values were calculated using the following equations:

1 00 =S a
BE (o) = 2Ky o 2
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The loading content of DOX into polymersomes and the encapsulation efficiency were
found to be 9.8 % and 53.1 %, respectively (Table 11). After that, the DOX release profiles were
tested in simulated physiological conditions (pH 7.4), pathophysiological conditions (pH ~ 6.5)
and the acid environment of endosomes and lysosomes (pH ~ 5.5); the data are presented in Figure
36 A. The DOX release rate is much faster at slightly acidic environments, due to protonation of
the PDPA block, with release of ~ 70-80 % of the encapsulated DOX within 24 h and 80-90 %
after 48 h. At physiological pH = 7.4 DOX-loaded polymersomes demonstrate stability with 22 %
of DOX release at first 24 h. This study indicates that at pH > pKa, pH-responsive polymersomes
are stable and capable of transporting anticancer drugs into the bloodstream without significant
drug leakage.

Further, polymersomes were used for cellular uptake and cytotoxicity experiments, with
EL4 lymphoma and Jurkat cells. The equivalent amount of free DOX additionally was used in cell
studies as a standard comparison.
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Figure 36. Cumulative DOX release from PHPMA3s-b-PDPA7s polymersomes at different pH
(A); Cellular uptake of free DOX and DOX-loaded assemblies as determined by flow cytometry
(MFT per 10,000 events) after 2h incubation time with EL4 lymphoma and Jurkat cells (B); EL4
lymphoma (C) and Jurkat (D) cell viability after 72 h of contact with free DOX and DOX-loaded
polymersomes. # in B represents non-significant differences (p < 0.05).
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DOX cellular uptake was assessed using its intrinsic fluorescence intensity. The findings
show that regardless of whether DOX is encapsulated or not, the amount of DOX uptaken by cells
is similar. However, presumably only free DOX can be internalized by cells via the diffusion
pathway, whereas PS loaded with DOX may be internalized by endocytosis due to their size. The
in vitro anticancer performance of DOX-loaded polymersomes was then evaluated in both cell
lines and compared with free DOX. The ICso values for EL4 lymphoma cells are 0.034 and 0.021
pg.mL! for DOX-loaded assemblies and free DOX and 0.064 and 0.036 ug.mL"!, respectively for
Jurkat cells, resulting in an efficient cytotoxic effect. The slightly lower ICso values for free DOX
may be related to its ability to diffuse across cell membranes [142] for Jurkat cells. The relatively
identical values demonstrate that the assemblies effectively carry the chemotherapeutic drug to
both cell types, resulting effective cytotoxicity.

4.5  Biodistribution of PHPMAss-b-PDPA7s Polymersomes in Nude Mice:

Due to low molecular weight (543 g.mol™") and amphiphilic character, DOX is known to
accumulate preferentially in highly vascularized organs [143]. Accumulation of DOX with
following oxidation damage usually leads to an increased rate of apoptosis in cardiac myocytes
and consequent cardiotoxicity. [144] The fluorescent dye DBCO-Cyanine7 (Cy7), which can be
detected in deep tissues in vivo, was used in the biodistribution assays. [145] The self-assembled
vesicles were made using a 1:1 w/w of PHPMA3s5-b-PDPA7s and Cy7-PHPMAS3s-b-PDPA7s with
no changes of the final size and polydispersity (Du= 92.9 nm; PDI = 0.05). Figure 37 shows a
diagram of the Cy7-labeled polymersome and the chemical structure of the block copolymer
coupled to the Cy7-DBCO dye.

The female athymic nude foxnlnu mice were chosen for the assay due to lack of body hair
as a result of reduced number of T cells caused by the deterioration or absence of thymus. Mice
treated with free Cy-DBCO in saline or Cy7-labeled polymersomes, were scanned utilizing a
Bruker In vivo Xtreme instrument combining optical and X-ray small animal imaging system at
different time points.
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Figure 37. Representation of the click chemistry reaction between Cy7 and block copolymer
PHPMA3s5-b-PDPA75 (A) and chemical structure of Cy7- PHPMA3s5-b-PDPA7s.
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Figure 38. In vivo biodistribution analysis of Cy7-polymersomes (A) and free DBCO-Cy7 dye
(B) as a function of time (the white circles assigns the tumor area) in mice bearing EL4 T
lymphoma tumors; Mean fluorescence intensity (MFI) as function of time monitored in vivo at
tumor region of nude mice bearing EL4 T lymphoma tumor (C); ex vivo Cy7-polymersomes
accumulation in different organs and in EL4 T lymphoma tumors after 7 days of administration
(D); ex vivo images of organs (1: tumor; 2: heart; 3: small intestine; 4: large intestine and cecum;
5: liver; 6: kidneys; 7: lungs; 8: spleen) after 7 days of administration of Cy7-polymersomes (E)
and free DBCO-Cy7 dye (F). ** indicates statistical significance p < 0.05 between groups
provided by one-way ANOVA; n = 3 mice/group.

After the injection of free Cy7 and Cy7-PHPMA3s-b-PDPA7s fluorescence intensity
remains similar for 0.5 h, but the signal for the free dye fades significantly more quickly and
almost completely disappears after 24 h. Moreover, Cy7-PHPMA3s-b-PDPA7s polymersomes are
able to circulate in the bloodstream for at least 7 days after injection as evidenced by fluorescent
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signal from tumor region (Figure 38 C). This data corresponds to the literature about regarding
polymersomes circulation half-life that is at least 48 hours, which is much longer than free DOX
(30 min - 3 h). [143,146] Animals was sacrificed at 144h by cervical dislocation, and their organs
were imaged ex vivo for biodistribution analysis.

The highest amounts of Cy7 levels were found in the liver and spleen (Figure 38 D), but
increased accumulation is also observed in the tumor region. Probably, the colloidal carriers' long
blood circulation time permits them to accumulate in the tumor location. The lowest amount was
found in the heart, implying that cardiotoxic effects should be reduced. Block copolymer
nanoparticles are typically seen in high concentrations in the liver and spleen. [147,148]

4.6 In Vivo Antitumor Activity

For the in vivo therapeutic experiments, we selected female black C57BL/6J mice with
EL4 lymphoma tumors that were treated with DOX-loaded polymersomes. Figure 39 shows the
tumor volume, body weight change, and survival rate.
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Figure 39. Tumor volume (A), body weight change % (B), and Kaplan-Meier survival plot (C) as
a function of time for mice treated with saline, DOX-loaded PSs and free DOX at 5 mg.kg! DOX
or equivalent according to the legends (the data are given as mean = SD; n=7). The arrows indicate
the administrations. Lactate dehydrogenase - LDH (D) and serum creatine kinase - CK (E) levels
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after free DOX and DOX-loaded PSs administration (third injection) in mice bearing EL4
lymphoma tumors (the data are given as mean + SD). Quantification of CD4+ cells in peripheral
blood during the chemotherapeutic treatment using free DOX and DOX-loaded PSs (F). # non-
significant difference (p < 0.05); ** statistically significant difference (p < 0.05); *** statistically
significant difference (p < 0.005). Polymersomes were denoted as PSs.

In the group with untreated mice (saline) EL4 lymphoma tumor uncontrollably and rapidly
grow in volume, resulting in death of the entire group within 22 days (Figure 39 C). Treatment
with free DOX does not lead to a reduction in tumor volume, and considering the short the half-
life of free DOX [143,146] the fast clearance of the therapeutic agent is probably associated with
the rapid tumor growth. Treatment with free DOX, on the other hand, increased survival time by
10-14 days. The presence of ulcerated and necrotic tumors was observed in the control group
(saline) and the group treated with free DOX. On the contrary, a significant suppression of tumor
growth was observed when mice received treatment with the DOX-loaded polymersomes.

Due to quicker tumor growth, the body weight increased significantly in the control and
free DOX-treated groups, whereas body weight was maintained in the group treated by DOX-
loaded PHPMA35-b-PDPA7s vesicles during the first 20 days.

The animals looked healthy and regained weight thereafter. Most importantly, the survival
rate in the treated group was maintained at 100% without deaths within the experiment's timeframe
(40 days), confirming the efficacy of the DOX-loaded pH-responsive assemblies in reducing
tumor growth and prolonging the survival time of the mice. This outstanding result can probably
be attributed to the longer circulation time of the nanomedicines compared to free DOX, as shown
in the data presented in Figure 38, as well as the pH-responsiveness of PDPA, which enables
triggered and rapid release of DOX in a slightly acidic environment. In addition, hair loss was
observed in the flank caudal region in the groups treated with free DOX. Hair loss is one of the
side effects of chemotherapeutic treatments with doxorubicin. Fortunately, in the groups treated
with DOX-loaded vesicles mice did not experience hair loss.

To assess in vivo toxicity, blood samples were taken after the third injection (day 8) and
CK and LDH levels were measured (Figure 39 D, E). Cardiotoxicity is one of the key drawbacks
of therapeutic treatments based on DOX.[120] Quantification of these specific enzymes (LDH and
CK) released by cardiac myocytes when they are damaged is important to identify cardiotoxic
effects. The data presented in Figures 39 D and 39 E show significantly higher CK and LDH levels
in plasma of the free DOX treated group, indicating cardiotoxic effects. When DOX was
encapsulated into the polymersomes, the levels were noticeably lower.

Finally, of CD4+ cells were quantified by flow cytometry during chemotherapeutic
treatment. Figure 39 F depicts the number of CD4+ cells found in mice administered with saline,
free DOX, or DOX-loaded vesicles. CD4+ cells are involved with the generation of T helper cells;
hence they play an important function in the immune system. The level of CD4+ cells in untreated
mice (saline) was remarkably low, less than 7% after 21 days of treatment. During the first two
weeks of treatment, the number of CD4+ cells in mice treated with free DOX remained stable.
Thereafter, it decreases, leading to a loss of therapeutic response presumably related to the
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clearance of free DOX, which subsequently leads to an increase in tumor volume, as shown in
Figure 39 A. On the other hand, treatment with the pH-responsive DOX-loaded polymersomes
leads to an increase in the percentage of CD4+ cells during the experimental period (40 days),
suggesting that anti-tumor T-cell immunity also supports tumor suppression.

These results highlight the potential of DOX delivery into solid tumors using a novel pH-
sensitive platform. We exploited the known low local pH of tumor sites to create a pH-responsive
nanoplatform potentially capable of delivering drugs preferentially to such specific regions. The
adopted strategy improved treatment efficacy and reduced notorious side effects. It is expected
that the results will have implications for the success of DOX-based chemotherapies in the future.

5. Synthesis of different ROS-responsive polymers based on
hydrophilic PHPMA and hydrophobic phenylboronic acid pinacol ester
methacrylates with following characterization and degradation studies.
Production of ROS-responsive monodisperse polymersomes by
microfluidic flow-focusing method, with subsequent in vitro and in vivo
experiments.

Taking into consideration our previous experience with polymersomes sensitive to pH-
cellular imbalances, we designed another polymersome system that is sensitive to other feature of
tumor microenvironment such as elevated levels of reactive oxygen species (ROS).

This feature of TME has led to greater interest in recent decades towards the development
of novel PSs for medical applications, such as enzymatic nanoreactors and drug delivery systems.
[149,150] Such proposed “smart” PSs have been able to release their payloads or show reduced
sizes under the presence of reactive oxygen species (ROS) in cancer cells. [151] ROS, such as
hydrogen peroxide (H202), are a component of the cellular signaling pathways that are necessary
for the growth, development, and fitness of living organisms. [152,153] However, imbalances in
H20: production lead to oxidative stress and inflammatory events, which damage tissue and organ
systems and are correlated with the onset and advancement of various diseases, including cancer.
Hence, the design of PSs able to be responsive to these inherent features of the TME has been
proposed as a promising approach for cancer treatment, [154,155] however, they have been far
less explored. Herein, we developed a simple PS platform that allows for the specific delivery of
bioactive cargo such as doxorubicin (DOX) at the inherent ROS levels typically found in the TME.
Well-defined BCs were used to prepare oxidative-reductive PSs for the delivery of DOX in
response to varied ROS concentrations and were synthesized by using the appropriate nitrogen or
oxygen spacers based on boronic acid monomeric units (Scheme 3).
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Under the envisaged targeted site-specific ROS-rich environment, an oxygen derivative
can undergo complete self-immolative degradation resulting in a final hydrophilic polymer, while
partial degradation occurs from the nitrogen derivative, resulting in a relatively less hydrophilic
polymer containing phenols (Scheme 3A and 3B). As a stealth biocompatible hydrophilic shell
assuring colloidal stability in aqueous medium and long circulation, we have chosen the well-
known multivalent polymer poly(N-(2-hydroxypropyl)methacrylamide) (PHPMA) (Scheme 3A,
blue). The ROS-responsive BC backbone was envisaged based on pinacol-type boronic ester
protecting groups (Scheme 3A green and 3B red). Among the oxidative-responsive moieties,
boronic acids and boronic esters undergo oxidative-triggered hydrolysis in the presence of
biologically relevant levels of H202, making these compounds candidates for ROS-induced
polymer decomposition. The pinacol-type boronic ester groups have been shown to be the most
ROS-selective and sensitive probes to detect H2O2 at physiological concentrations with high
specificity. [156—159] At physiologically relevant H2O2 concentrations (100 uM — 1 mM of H202),
[160] arylboronic esters are oxidized to phenols, which then undergo a quinone methide
rearrangement leading to a strong hydrophilization of the particular polymer block (discussed
hereafter) and subsequent PS disassembly and cargo release (Scheme 3C).
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5.1  Synthesis of the ROS-Responsive Building Blocks

In a simple way, the first block of PHPMA bearing azide functional groups was
synthesized (see chapter 4.2) the HPMA monomer and a modified chain transfer agent (CTA) by
the reversible addition-fragmentation chain transfer (RAFT) polymerization and was used as a
macro chain transfer agent (PHPMA mCTA azide, Mn = 3600 g-mol’, M./ Mn = 1.08). The
introduction of the clickable azide groups to the ends of the PHPMA BC will allow further PS
functionalization, such as with fluorescent dyes or antibodies for imaging and selective targeting,
respectively. Subsequently, the 4-aminophenyl boronic acid pinacol ester (compound 1, Figure
40) was reacted with methacryloyl chloride to generate the methacrylamide pinacol ester-protected
ROS monomer 1 (Scheme 3B and Figure 40). 4-(Hydroxymethyl)phenylboronic acid pinacol ester
(compound 2, Figure 40) was methacryloylated to generate the methacrylate pinacol ester-
protected ROS monomer 2 (Scheme 3C and Figure 40)

/
O
DCM; Et;N
0°C 1h-rt. overnlght
Cl /
4-aminophenylboronic  4-(hydroxymethyl)phenylboronic ROS ROS
acid pinacol ester acid pinacol ester monomer 1 monomer 2

(compound 1) (compound 2)

Figure 40. Molecular structures of the 4-amino phenyl boronic acid pinacol ester (compound 1)
and the 4-hydroxyphenylboronic acid pinacol ester (compound 2) and synthetic route for the
preparation of their respective methacrylate monomers, ROS monomer 1 and 2.

Furthermore, the ROS methacrylic monomers were copolymerized with the PHPMA
mCTA azide to generate the ROS-responsive amphiphilic BC1 (Scheme 3 A, Figure 41 A) and
ROS-responsive amphiphilic BC2 (Scheme 3b, Figure 41 B).

75



i E::, (9]
o e p
Nj”\/\o 2 NC n X
ROS-responsive monomer 1 0=0 58

— HN' HN

HO_{ AIBN, 70°C, 24 h

1.4-Dioxane / MeOH (60/40) HO
PHPMA mCTA azide
B,
[o 1 o]
ROS-responsive block 1 (BC1)
o
Y@ ﬁz; NEMOW
NaMDW{ ROS-responsive monomer 2 o

HN

HH E—
HO_{ AIBN, 70 °C, 24h
1.4-Dioxane / MeOH (60/40) HO

PHPMA mCTA azide B
0" "0

I

ROS-responsive block 2 (BC2)

Figure 41. Synthetic route and molecular structures for the newly synthesized ROS-responsive
block copolymers 1 (BC1) (b) and 2 (BC2) (c).

The BCs were successfully synthetized by the accurate RAFT polymerization technique
with similar Mw and desirable polydispersity (Table 12). We targeted the synthesis of BC with the
appropriate hydrophilic/hydrophobic weight ratios (¢ = volume fraction of the hydrophilic block
of the BC =10 ~ 40 %)[149] (Table 12) for the preparation of the PS enabling the solubilization
of DOX in the PS interior. Successful BC synthesis was confirmed by 'H NMR (Figure 42) and
size exclusion chromatography (SEC) analysis. No important differences in M, were observed for
the BCs. The Mn of the synthetized BC1 was ~ 20.3 kDa with reasonable dispersity Mw/ Mn =
1.09 and these values were Mn ~ 21.5 kDa with a dispersity of Mw/ Mn = 1.13 for BC2 as
determined by SEC (Table 12). The 'H NMR spectrum of the BC showed the characteristic signals
for protons belonging to the repeating units of the monomers.

Table 12. Synthesis parameters and molecular weight data of the polymers prepared via RAFT
polymerization.

BC

Time Conversion Mn,w® Mn,spct P

Sample  IMMICTAMHD ) oy @mont @mont G
PHPMA>s 100/2/1¢ 16h 46 7200 3600 1.08 -
BCl1 100/2/1F 24h 86 30200 20300 1.09 18
BC2 100/2/1F 24h 89 28700 21500 1.13 17

“ Determined by '"H NMR in D,0O; ” Theoretical Mn = [M]o/[CTA]o x conversion x M,, monomer + M CTA;

¢ Determined by SEC in DMF using PMMA as standard; ¢ Determined by SEC in MeOH/acetate buffer
pH 6.5, 80/20 vol. %; ¢ conditions: fert-butanol, [M]o = 1.5 M, 70 °C; Jconditions: 1,4-dioxane/MeOH,
60/40 vol. %, [M]o =3 M, 70 °C; € Volume fraction of the hydrophilic block (SEC);
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Figure 42. '"H NMR spectra of the synthesized ROS-responsive BC1 (a) in MeOD-d4 and BC2
(b) in DMF- d7.

5.2  Deprotection of the ROS-Responsive Building Blocks

After BC characterization, their degradation was evaluated with 'H NMR under 1 mM and
10 mM H202.[159,160] Figure 44 shows high-resolution '"H NMR spectra of BC in deuterated
PBS recorded 5 min and 24 h after the addition of 1 mM and 10 mM H20.. Comparison between
the spectra was recorded in solvents suitable for both blocks (MeOD, d7-DMF, Figure 42) and
D:0. Figure 44 A-C (5 min, bottom) depicts weak and broad signals from the hydrophobic block
and strong signals from the hydrophilic PHPMA block for both BC1 (Figure 44 A) and BC2
(Figure 44 B and C) prior to H20: addition. These results demonstrate that the protons
corresponding to the hydrophobic block are restricted in mobility (not observed in spectra),
whereas the protons of the PHPMA block corresponding to the hydrophilic-like portion of the BC
are clearly visible. However, different behaviors after the addition of H202 were observed for BC1
(Figure 44 A, top) and BC2 (Figure 44 B and C, top). After exposure to H20z, the aryl boronic
ester groups of BCl were oxidized and subsequently hydrolyzed, displaying the stable
intermediate 4-amino-phenol that does not undergo the quinone methide rearrangement, whereas
for BC2, the aryl boronic ester groups are oxidized and hydrolyzed, displaying an intermediate
phenol that in water quickly turns to p-hydroxymethylphenol (Scheme 3b and Figure 44 B and C).
The "H NMR spectra show that the side chains of BC1 (Figure 44 A) are partially degradable with
I mM or 10 mM H20:2; however, the side chains of BC2 degraded into small molecules and
oligomers in a time- and concentration-dependent manner (Figure 44 B, C top). For BC2, it is
clearly observed that the broad peaks in '"H NMR related to the BCs are replaced by the sharp
peaks of the low-molecular-weight degraded side groups, showing self-immolative degradation
triggered by H202. Polymer degradation proceeds more extensively with increasing incubation
time or H202 concentration for BC2, as observed by following the time dependence 'H NMR
degradation as evaluated from the integral intensities of the appearance of the p-hydroxymethyl
phenol group (Figure 44 D), as well as the disappearance of the pinacol-protected groups, both of
which are products of the degradation of BC2 by H202 (Scheme 3 B). We further evaluated the
H20:2 scavenging ability of the BCs. In a typical experiment, 1 mg of BC1 and BC2 were added
to 1 mL of different H2O2 concentrations (200 and 100 uM H203), and after 3 h of incubation, the
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concentration of H20: in the supernatants was determined by the Amplex Red Hydrogen
Peroxide/Peroxidase Assay. [161] As shown in Figure 43, both BCs are reactive with H2O2 to a
similar extent. The FDA-approved poly(lactic) acid-block-poly(ethylene) oxide (PLA-b-PEO) BC
was used as a control (Figure 43, gray column). The ability of the BCs to react with H2O2 in a
similar way is most likely due to the similar amount of pinacol-protected boronic groups in both
BCs (Table 12). Furthermore, it is important to highlight that both BCs showed responsiveness to
physiologically relevant levels of H202 (S 1 mM).[153,160]
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Figure 43. H2O2 scavenging ability of the BCs measured by Amplex Red reagent under 100 (a)
and 200 (b) uM of H20x.

5.3  Preparation of the ROS-Responsive Polymersomes via microfluidics

The junction of the hydrophilic PHPMA and the hydrophobic boronic-based monomer in
a specific ratio and with the desired molecular weight can generate self-assembled PSs in aqueous
solution.[2,149,162,163] To assemble the BCs into reliable PSs for the delivery of DOX, we
utilized the elegant microfluidics technique .[2,3] The BC (concentration ~ 5 mg-mL™) was
dissolved in tetrahydrofuran/methanol (80/20). The polymer solution was pumped through the
middle channel, and PBS buffer at pH 7.4 (containing DOX; 20 % wt/wt related to BC) was
pumped through the side channels using two independent pumps controlled via PC software. The
flow rates were 200 pL-min™! for the water phase and 100 pL-min"! for the organic phase, resulting
in flow ratios of 2:1 (v/v). The resulting PSs were collected in vials and dialyzed against PBS
overnight to remove the organic solvent. Spherical and uniform PSs were obtained from both BCs
after dialysis and were evaluated in detail by dynamic (DLS), static (SLS) electrophoretic (ELS)
light scattering, transmission electron microscopy (TEM) and cryogenic TEM (cryo-TEM). The
size distribution has only one component corresponding to the spherical PSs in PBS solution with
an average diameter of ~ 120 nm (PDI = 0.09) for PS1 (Figure 44 E, black circles) and ~ 132 nm
(PDI = 0.10) for PS2 (Figure 44 E, blue circles) after 24 h in PBS. A slight increase in the PS
diameter (~ 5 — 10 nm) and polydispersity (~ 0.1) was observed after DOX loading into the PS,
however, this did not affect the PS stability and applicability. From the combination of the DLS
and SLS data, important information about the colloid structure can be obtained. The obtained PS
values (p = 1.0 to 1.08) indicate the presence of a vesicular morphology for the prepared PSs. The

78



estimated aggregation numbers (Nage) were also in the range of values (Nagg = 250 to 2500)
expected for self-assembled systems with a vesicular morphology.[164] The diameter and
morphology were confirmed by TEM images. The formation of spherical and homogeneous PSs
is observed for both BCs. Subsequently, the PS stability was tested under relevant H2O2
concentrations (~1 mM H20») as a function of time to test the ROS responsiveness. [159,160,165]
Both PSs remained with unchanged diameters during 24 h incubation in PBS at pH 7.4 (Figure 44
F); however, PS degradation was observed after incubation with H2O2. For PS2, the scattering
intensity (/sc) drops almost 2-fold (Figure 44 F, blue open circles) compared with the /s in PBS
conditions (Figure 44 F, blue filled circles) and PS1 in 10 mM H20: (Figure 44 F, open black
circles). The more negative surface charge (C-potential) values after H2O2 incubation also
evidenced the degradation of PS2 to the final carboxyl groups (Scheme 3b). The observed DLS
data are in agreement with the obtained '"H NMR degradation experiments mentioned above, with
the degradation of BC2 = PS2 being higher than BC1 = PS1 (Figure 44). For BC2, H20:-triggered
polymer degradation is most likely due to the surface-eroded PS (decrease in Isc of ~ 45 %) (Figure
44 F). This decrease in Isc corresponded to a decrease of ~ %2 of the PS2 M,.. Subsequently, PS2
was imaged by TEM after incubation with H202 (10 mM) (Figure 44 H-I). Along incubation for
24 h, PS2 demonstrated irregularities in its morphology and shape (Figure 44 H, arrows), with
PS2 vanishing after 72 h (Figure 44 1).
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Figure 44. '"H NMR spectra of BC1 (a) and BC2 (b) degradation after 5 min (bottom) and 24 h (top) of
incubation with 10 mM H20: and (c) BC2 after 5 min (bottom) and 24 h (top) incubation with 1 mM H20: in
d7-DMF, deuterium PBS. (d) '"H NMR integral intensities related to the appearance of the p-hydroxymethyl
phenol group, a product of the degradation of BC2 during the 60 h of incubation with 1 mM (red squares) or
10 mM (black squares) H20:z. (e) Distributions of the diameter of PS1 (open black circles) and PS2 (open blue
circles) in PBS pH 7.4 and (f) changes to the scattering intensity (/sc) after incubation of PS2 in PBS pH 7.4
(filled blue circles) and 10 mM H20:2 (open blue circles) vs PS1 (open black circles) at 37 °C during 24 h.
TEM micrographs of PS2 upon incubation in PBS pH 7.4 (g) after 24 h (h) or 72 h (i) incubation with 10 mM
H»O» (arrows denict the degraded or vanished PS2).

5.4  InVitro Assays

Further, the PS degradation-triggered cargo release was studied by using DOX.
Incorporation of the DOX marker (DOX is also fluorescent) provided the means to study the
cellular uptake of PS and PS cytotoxicity by flow cytometry.

The DOX- loaded PS was examined with fluorescence spectroscopy measurements for 24
h upon incubation with PBS or I mM H20.. After 24 h, the DOX release from PS1 and PS2 under
simulated tumor microenvironment conditions (H202) was similar, with a slightly faster release of
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DOX for PS2 during the first 9 h to 12 h (Figure 48 A later below). Both PSs released DOX twice
as fast in simulated ROS-rich microenvironments than in PBS conditions, thus indicating that the
observed faster ROS-dependent release could play an important role in the cytotoxicity to cancer
cells.[160,165] We next evaluated the cellular uptake of DOX-loaded PS in a murine 4T1 cancer
cell line. Figure 45 shows similar uptake for both PSs evaluated.

4T1 cells uptake

40000 A

WS Dox free
B ps 1
Bl rs2

30000 A
20000 A

10000

Fluorescence intensity, a.u.

NG q

Figure 45. PS uptake and DOX-free in 4T1 tumor cell lines along 12h and 24h of incubation.

Considering that the particle uptake is generally dependent on the size of the NPs, their
shape, and their surface charge, a similar uptake behavior for both PSs is expected because their
surface chemistry is similar (covered by PHPMA), they are spherical in shape with similar
diameters bearing a slightly negative in charge (£ = - 9.34 mV for PS1 and - 11.3 mV for PS2).
Subsequently, the in vitro therapeutic effect of the DOX-loaded PS against 4T1 cancer cells was
determined by using the alamarBlue® assay at 3 different incubation times with cells (24, 48 and
72 h). Table 13 shows the dose-dependent cytotoxicity (ICso) of both PSs and the DOX-free
conditions. Compared with DOX-free, the DOX-loaded PSs exhibited similar cytotoxicity;
however, lower cytotoxicity was observed at the same dose of DOX (Figure 46). This is most
likely due to the free DOX that quickly diffuses into the nucleus. [142,166]

Table 13. ICso values (ug-mL™) of the PS and DOX-free in 4T1 cells along different incubation
times.

Entry 24h 48h 72h
DOX- 190 13 9
free
PS1 205 35 50
PS2 305 160 110
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Figure 46. PS uptake and DOX-free in 4T1 tumor cell lines after 12h, 24h and 72h of
incubation.

5.5 In Vivo Assays

The in vitro results suggest that PSs are promising for in vivo applications. Next, we
mapped the biodistribution and accumulation of PS in vivo via the biofluorescent imaging of EL-
4 T cell lymphoma tumor-bearing mice over 7 days with Cy7-free and Cy7-PS after intravenous
injection into the tail vein of female athymic nude foxnln mice. Figure 48 B shows that the
accumulation of PS is predominantly in the liver, followed by the kidneys, lungs and tumors. The
Cy7-free accumulated ~2-3 times less in the tumor compared with the PS at longer incubation
times, such as 3 to 7 days, which is most likely an effect of the long blood circulation promoted
by the PSs (Figure 47, Figure 48C).

24 h

o
Q.-.
d«l\v‘

Cy7-PS2

Free-Cy7

Figure 47. In vivo biodistribution analysis of Cy7-PS and free fluorescent dye DBCO-Cy7 along
144h. The mice were imaged in the right flank using Ex/Em = 750/830 nm filter pair to visualize
the Cy7 dye (white circles refer to the tumor area).
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Figure 48. a) Doxorubicin cumulative release from PS in PBS buffer pH 7.4 (open blue circles
- PS1; open green circles - PS2) and in 1 mM H202 (filled blue circles - PS1; filled green
circles - PS2) over 24 h. (b) In vivo Cy7-PS accumulation in different organs and in EL-4 T
lymphoma tumors after 7 days of PS administration and (c) the time-dependent accumulation
effect of Cy7-PS in the EL-4 T lymphoma tumor vs Cy7-free administration. (d) /n vivo effect
of PS vs DOX-free and saline on the growth of T cell lymphoma EL-4, (e) Kaplan-Meier
survival plot of mice after 3 x 5 mg DOX (equivalent)/kg administration and untreated control
(n=4-6; black arrows indicate injections). (f) Body weight changes during PS and DOX-free
treatment. (g) Serum creatine kinase levels in the blood after saline, DOX-free, PS1 and PS2
administration in mice bearing EL-4 T lymphoma. Blood cell changes, B lymphocytes (h) and
granulocytes/monocytes (i) from mice during treatment with PS, Dox-free and saline. Asterisks
indicate statistical significance obtained by one-way ANOVA. *P<0.01

It is important to highlight that similar accumulations of Cy7-PS1 and Cy7-PS2 were
observed in the organs and especially in the tumor, which is most likely because of the similar

characteristics of the PSs, such as size, shape and charge (as aforementioned).

These results suggest that PS promote the accumulation of loaded drugs in the tumor,
implying improved drug delivery. In line with this, we performed in vivo studies of antitumor

83



efficacy in which PS was loaded with DOX and intravenously injected into the tail vein of mice
bearing EL-4 T cell lymphoma. PS1, PS2, PBS and DOX-free were administered at doses of 5 mg
DOX equivalent/kg on days 8, 12 and 16 after tumor transplantation, and tumor growth and mouse
survival were monitored. Figure 48 D clearly shows more efficient suppression of tumor cell
growth in mice bearing EL-4 T cell lymphoma treated with PS2. The survival time of the animals
was also extended for PS1 and PS2-treated animals compared with DOX-free animals (Figure 48
E). Additionally, the side effects of the chemotherapy were substantially improved with the PSs,
such as the balance of the body weight (Figure 48 F) and reduced cardiotoxicity of DOX, one of
the main drawbacks of this current chemotherapeutic drug in the clinic, as observed after the
decrease of serum creatine kinase levels monitored in blood (Figure 48 G) and the balanced levels
of the lymphocytes (Figure 48 H), granulocytes and monocytes (Figure 48 I), monitored in mouse
blood along the chemotherapeutic treatment. It is important to highlight that the in vivo
accumulation of PS is similar for PS1 and PS2, as well as the in vitro uptake and cytotoxicity;
however, PS2 demonstrates much better efficacy in the treatment of lymphomas in vivo,
highlighting the chemical effect on PS efficacy.

6. pH-Responsive giant polymer vesicles prepared via PDMS
microfluidics

6.1  Introduction

Giant polymersomes (PS) from amphiphilic diblock copolymers is a novel class with
unique self-assembly mechanism [67,167], that possess all the properties of polymersomes such
as the capability of the polymer membrane for encapsulation and release hydrophobic molecules,
and use of aqueous core for the same purposes but with hydrophilic cargo. Contrary to lipid
vesicles (giant and nanosized) PS are more versatile and possess better stability and mechanical
properties [168]. Versatility and enhanced properties of PS comprise the control of block lengths,
molecular weight, and functionalization with specific groups, utilized for creation of stimuli-
responsive PS systems. Based on our previous experience with PDPA as pH-responsive polymer
(see chapter 3.5 and 4) we designed an amphiphilic block copolymer with PEG as hydrophilic
part, for preparation of giant stimuli-responsive polymeric vesicles (Scheme 4).

Common procedures for PS preparation are: nanoprecipitation/solvent-exchange method,
film-rehydration, ultrasonication, PISA, and electroformation. The self-assemblies produced by
these methods are naturally polydisperse, and have low drug-loading efficiency. [169,170]

Microfluidic technique allows precise control over PS formation with narrow
monodisperse size distribution and improved encapsulation of compounds. [67] The PS in
microfluidic device are prepared by dewetting of water/copolymer stabilized in organic
solvent/water (W/O/W) double emulsion droplets. During evaporation of organic solvent, the
copolymers assemble into a shell.
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Selection of organic solvent and diblock copolymer concentration are the crucial steps in
production of PS. Organic solvent must be volatile or soluble in another solvent that is volatile
and suitable for complete dissolving of the diblock.

Microfluidic devices for production of PS are glass capillary devices, 3D-printed devices,
and poly(dimethylsiloxane) (PDMS) systems based on soft-lithography process. Glass capillary
systems have difficulties in channel design and customization. Devices which are done by 3D
printing up to now have another properties limitation, such as material properties and precision of
channel lengths, but it’s promising candidate for future of microfluidics. PDMS devices fabricated
by soft lithography can be performed with wide ranges of sophisticated channel designs with high
accuracy. However, as mentioned above, PDMS can be used directly only with a limited selection
of solvents: such as alcohols and oils. [171] Since PDMS has poor chemical resistance and swells
in contact with many organic solvents, additional cover like glass-like sol-gel must be applied.
Such sol-gel coatings like TEOS-modification produced durable glass-like layer, which
significantly increased resistance of PDMS channel walls. [172]

For stable W/O/W droplets production, wetting properties of the device channels must be
modified. [167,173,174] Originally PDMS is hydrophobic, so the outer post-junction channels
should be covered with a hydrophilic coating. For this purpose, the PEG method was applied.
[175]

Herein, we report pH-responsive giant PS prepared by W/O/W double emulsion in sol-gel
coated PDMS device using volatile organic solvent (toluene).

Scheme 4. Illustration scheme of pH-responsive giant vesicles triggered disruption/explosion.
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6.2  Preparation of devices:

Photoresist (PR) SU-8 glass substrate was used to create a master template (Figure 49 A)
by soft-lithography process. Microfluidic devices were made by pouring PDMS (Sylgard 184,
Dow Corning GmbH), at a mass ratio 10:1, air bubbles were removed with vacuum in desiccator,
the device was baked at 70 °C for 4 h. The PDMS blocks were then peeled off from the wafer and
holes were punched out. The PDMS was then cleaned with isopropanol and dried with air. Carved
PDMS blocks were then exposed to oxygen plasma for ~30s using a MiniFlecto 2 (Plasma
technology), immediately after the plasma treatment, the PDMS block was wetted by two drops
of water from each side, and sandwiched with second PDMS block for silanol covalent bonding
(Figure 49 B). The device was kept at RT overnight.

Figure 49. A) Master device; B) Microfluidic device; C) Brightfield microscope image of five-
way junction geometry.

6.3  TEOS modification of microfluidic device channels.

TEOS modification was done as described by W. Mike Arnold [176]. TEOS was mixed
with ethanol at ratio 1:1, device channels were filled with the solution for 15 min. The remaining
solution was blown with air, and 33% w/v aqueous acetic acid was loaded to catalyze hydrolysis
of TEOS for 3 min. Afterwards, the device was dried with air and kept at RT for 1 day.

6.4  PEG treatment of microfluidic device:

The experimental procedure was done according with C.K.Chung [175] with small
changes, PEG-4600Da was dissolved in water at 0.1M concentration. Microfluidic device was
treated in oxygen plasma oven for 1 min, with 80W of power. Immediately after, positive pressure
was applied for selected inlet channels by using Flow-EZ 2000mbar pumps (Fluigent), and the
PEG solution was applied to the outlet, the procedure continued for 30 minutes. Then outlet tube
was removed, device was flushed with air, and put in oven at 115° C for 20 minutes.
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6.5  Synthesis of Amphiphilic Block Copolymer PDPA-b-PEG:

The synthesis of the block copolymer poly[2-(diisopropylamino) ethyl methacrylate-b-
poly(ethylene-glycol) was performed by RAFT polymerization with appropriate hydrophobic
fraction towards the fabrication of stable self-assembled PS. Briefly, PEG-CTA was dissolved in
1,4-Dioxane with addition of DPA and AIBN initiator. The solution was purged with nitrogen for
30 minutes, and left to react at 70°C for 2days. The final product was purified through Sephadex
LH-20 column, precipitated in cold diethyl ether with following lyophilization and analyzed by
Size exclusion chromatography (SEC) and '"H NMR (Figure 50).
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Figure 50. '"H NMR and SEC of PDPA-b-PEG (Mn = 6257 g'mol™ and B = 1.11).
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6.6  Fabrication of Double Emulsion Droplets in Microfluidic Device

Diblock copolymer 10 mg/ml poly(butadiene-b-ethylene oxide) (PEGiso0-b-PBDz2soo) or
10mg/ml poly(butadiene-b-ethylene oxide) with 1 mg/ml poly[2-(diisopropylamino) ethyl
methacrylate-b- poly(ethylene-glycol) (PDPA4257-b-PEG2000 ) at ratio 20:1 was dissolved in
toluene as middle flow (MF), inner flow (IF) phase consists of 50 mg/ml Poloxamer188 adjusted
pH to 7.4, outer flow OF consisted of 15% Glycerol which increases viscosity that leads to more
stable droplet formation, and 50 mg/ml Poloxamer 188 with pH 7.4. The outlet tube with double-
emulsion droplets was inserted in vial with 0.1M of Glucose solution at pH 7.4. The evaporation
was followed by one day at RT. The dewetted vesicles sedimented on the bottom of the collecting
vial. The obtained PS are stable for a few weeks at RT.

The device has a geometry of a five-way junction where streams simultaneously crossed in one
point. One channel delivers the inner aqueous phase, two for middle organic phase, and two
channels for outer aqueous phases (Figure 51).

Figure 51. Microscope image and Schematic illustration of the working principle of on-chip
production of giant polymer vesicles, Scale bar 100 pm;

The assembly of the giant PS is directed by the double-emulsion droplets during
evaporation of the organic solvent in which the copolymer is dissolved.

As can be seen in Figure 52 after formation of the W/O/W droplet, the organic phase
distributed in the wall is released into environment, resulting into a creation of a thick-shell giant
polymer vesicle in 5 minutes, however, it is necessary to keep the sample overnight at RT for full
organic solvent evaporation.
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Figure 52. Bright-field microscope images of double emulsion droplets showing the dewetting
process in function of time. The double emulsion drop consists of an aqueous drop surrounded by
a shell of PEGis00-b-PBD2500 (7.14 mg.mL™") with PDPA4257-b-PEG2000 (0.28 mg.mL™") diblock
copolymer dissolved in a toluene. The last image of the PS after complete evaporation of toluene
after 24 hours is show as comparison.

By regulation of flow-rates we could achieve PS with different sizes (Figure 53). In
general, by increased outer phase speed flow, the overall size decreases. By tuning the middle
phase flow the thickness of the membrane can also be controlled. The resulting PS demonstrate
exceptional monodispersity, and precise size control.
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Figure 53. A) Distribution histograms showing the um size range of Giant Polymer Vesicles (40—
100 um) with superior monodispersity for each of the populations (z>100 for each population).
Gaussian fits are represented by solid lines, arrows point to the mean diameters and the standard
deviations (42.1£1.19, 60.47+0.99, 80,37+1.42, 97.7+1.12 um). B) Giant polymer vesicles
diameter versus OF flow ratio:IF flow ratio with linear fit.

The giant polymersomes loaded with Calcein and Nile Red (Figure 54) was imaged and
processed by the fluorescence microscopy using an IX83 confocal laser scanning microscope
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(Olympus, Tokyo, Japan) equipped with a plan S-apochromat objective (lens magnification 10x;
NA 0.4; WD 3.1 mm). The excitation light at 488 nm was delivered into a diffraction-limited spot,
and the emitted fluorescence was collected by a dichroic mirror DM405/488/543/635; all

measurements were performed at 23 + 1 °C.

Figure 54. A) Confocal microscopy images of Giant PS loaded with Nile Red and Calcein after
solvent evaporation at cross-channel; B-C) and single channels for each dye; Scale bar 100 um;

6.7  Giant vesicles disruption/explosion study

Direct following of vesicles disruption/explosion was done on confocal microscopy using
different buffers solutions: 0.1M PBS pH 7.4 with 0.1M of glucose and pH 6.5 — 5 by 0.1M acetate
buffer containing 0.1M glucose adjusted with acetic acid. For control study the experiments were
performed with non-responsive giant polymer vesicles produced from PEGis00-b-PBD2soo, results
demonstrated complete stability at physiological pH 7.4 and as well at slightly acidic pH ranging
from 6.5 to 5, as represented in Figure 55 and Figure 56A. The pH-responsive giant polymer
vesicles based on PEGis00-b-PBD2soo and PDP A4257-b-PEG2000 also demonstrated full stability at
pH 7.4, but undergo total disruption in 15 minutes (Figure 55 C-D). The reason of disruption is
the protonation of the PDPA block for which pKa is ~ 6.8, below this value PDPA becomes soluble
in aqueous media, which in turns collapses the polymeric membrane. Moreover, in more acidic
environment disruptions proceed faster, demonstrating spatial and temporal dependence (Figure
56B). Additionally, disruption of pH-responsive giant polymer vesicles with following calcein
release was captured in real time and selected images over time are shown in Figure 57.
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Figure 55. pH disruption (explosion) test followed by confocal microscopy within 15 minutes.
A) Non-responsive PS PBD2soo-b-PEGisoo at pH 7.4; B) pH 6; Scale bar 100 um. pH
Degradation; C) Composition of PBD2s0o-b-PEGis00 and 5% pH-responsive PDPA4257-b-PEG2000
at pH 7.4; D) at pH 6; Scale bar 100 pm;
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Figure 56. Time-dependent disruption/explosion of giant PS followed by confocal microscopy A)
Non-responsive PS PBD2soo-b-PEGis00 at pH 7.4 and pH 6; Composition of PBD2500-b-PEG1500
and 5% pH-responsive PDPA4257-b-PEG2000 at pH 7.4 at pH 6; B) PBD2s00-b-PEGis00 and 5%
PDPA4257-b-PEG2000 pH-responsive giant PS at different pH (5-7.4); The graph shows the decrease
of pH-responsive PS number in pH-dependent manner.

Figure 57. Time frames in seconds showing the disruption of a pH-responsive polymer vesicles
and calcein release at pH 5.0. The images were obtained using the fluorescence
excitation/emission of calcein (Aex = 488 nm; Aem = 510-545 nm). The scale bar denotes 100 um.

6.8  Fluorescent imaging of labeled giant polymer vesicles

In previous imaging we obtain only indirect evidences of diblock copolymer presence in
giant polymer vesicles. With the aim to visualize the localization of polymers in vesicular
membranes, we synthesized PBD-b-PEG coupled with Alexa Fluor 405 dye and triblock
copolymer poly[2-(diisopropylamino)ethyl methacrylate-poly(ethylene-glycol)-poly(fluorescein
o-methacrylate). The excitation and emission wavelength of Alexa 405 and fluorescein are a
suitable pair for independent fluorescent imaging since they are not cross-interfered. The obtained
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images clearly demonstrated that the diblocks are mutually distributed across the membrane,
Rhodamine 6G was chosen as a dye for visualization of giant PS aqueous core (Figure 58).

Figure 58. A) Confocal microscopy images of Giant PS A) PBD-b-PEG-Alexa 405 giant PS
polymeric membrane; B) membrane of giant PS from PDPA-b-PEG-fluorescein o-methacrylate;
C) aqueous core with Rhodamine 6G; Scale bar 100 pm;

6.9 Loading of BSA-FITC into polymeric membrane of giant PS

In order to evaluate encapsulation properties of polymeric membrane we chose albumin
from bovine serum conjugated with Alexa Fluor 488 dye (BSA-FITC), the protein with relatively
high My ~ 66.5 kDa. The BSA-FITC was pre-dissolved with DMSO and mixed with polymer in
organic phase. The resulted highly monodisperse giant PS demonstrated successful loading of
BSA-FITC into membrane, which was confirmed by confocal microscopy (Figure 59).

Figure 59. A) Fluorescent confocal microscopy images of Giant PS loaded with BSA-FITC in
membrane wall; B) Transmittance and fluorescence cross-channel.
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6.10 Cytotoxicity studies with giant PS

Cytotoxicity of giant PS was evaluated with rat mesenchymal stem cells (rMSCs). rMSCs cells
were seeded onto 96-well tissue culture plates and cultured for 24-h prior to the addition of giant
PS at different concentrations. Cytotoxicity of 24 h and 72 h with giant PS was quantified by MTT
assay. Three replicates were used for each experimental condition. The results demonstrate great

biocompatibility of giant polymersomes with rat MSC cell line and their general non-cytotoxicity
(Figure 59).
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Figure 59. Cytotoxicity of giant PS in rMSC cells at 24 and 72h.
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7. Conclusion

Aspects of the kinetic research of MW1I-assisted RAFT polymerization were undertaken in
the first work, with an emphasis on the advantages and limitations of various reaction conditions,
which provide recommendations for determining the proper conditions for HPMA polymerization.
With the goal of controlling molecular weights, conversions, and dispersities various CTAs,
solvents, and molar ratios were investigated. The kinetic studies revealed that using an aprotic
polar solvent (DMSO) resulted in poor conversions and polymerization controllability. Better
reaction control was achieved with tert-BuOH as solvent at a molar ratio of [M]o/[CTA]o/[I]o =
100/1/0.2, however the reaction time was still relatively long (t > 12 h). In order to accelerate the
reaction time and keep good control over Mw, MWI-RAFT kinetic experiments were done with
water as a solvent with a composition of monomer/CTA2/initiator -100/1/0.2, resulting in a four-
times faster polymerization time, higher conversion, and exceptional control. Finally, using the
PHPMA-mCTA we synthesized nearly monodisperse PHPMA-b-bocAPMA, PHPMA-b-
PMABH and PHPMA-b-PDPA by MWI-RAFT polymerization, proving the livingness of the
system.

We described the synthesis of diblock copolymers with suitable hydrophilic/hydrophobic
weight ratios for the preparation of pH-responsive polymersomes and their full characterization
by a variety of analytical techniques (SEC, FTIR, 'H NMR). Several PHPMAm-b-PDPA, diblock
copolymers were successfully synthesized by RAFT polymerization. Self-assembly of the diblock
copolymers into polymeric vesicles was produced via microfluidic technology. The stimuli-
responsive supramolecular self-assemblies were rationally designed to respond the extracellular
tumor acidosis, and the polymersomes were further characterized by DLS, SLS, ELS, TEM and
SAXS. The assembly-disassembly properties were investigated by FRET and pH titration. The
pH- responsive polymersomes successfully loaded with 10% w/w DOX were prepared in a
desirable size for tumor accumulation (Du ~ 100 nm) and further investigated in vitro and in vivo.
The results clearly show that the pH-switchable system is capable of releasing DOX preferentially
at the desired tumor sites, with less leakage of the drug at pH 7.4 during blood circulation. The
designed nanoplatform enabled effective growth inhibition of EL4 lymphoma tumor with 100%
survival rate over 40 days and lower cardiotoxic effects. These features encourage the use of such
assemblies as a potential platform to target damaged cells while preserving healthy environments
during systemic circulation.

We have developed ROS-responsive BCs to produce PSs with tunable site-specific release
of the chemotherapeutic agent DOX. We have shown that BC and PS chemistry strongly influence
the degradation behavior, with a dependence on BC degradation linkage and H202 conditions. The
results of this pioneering work strongly suggest that ROS-responsive PS prepared in a size- and
polydispersity-controlled manner have the physicochemical and biological properties required for
practical applications as nanomedicines with potential for tumor-targeting DOX delivery based on
the ROS -triggered release mechanism in vivo.

We demonstrated the preparation of PDMS microfluidic device for the production of giant
polymersomes. TEOS-modification of PDMS device was applied to create a glass-like cover layer

95



that significantly improves the chemical resistance, that allows to use harsh solvents as toluene
and chloroform, which are volatile and compatible solvents for PS production. The hydrophilic
treatment of the outer phase was achieved by PEG deposition. Stable W/O/W double emulsion PS
were produced by using a five-way junction geometry microfluidic chip. Stable formation of Ps
in microfluidic devices was maintained for up to a few hours. A stable and continuous production
of droplets, without failures like fouling polymer on walls or clogging of the device is extremely
important, for which applicable parameters were established. The non-responsive giant PS were
prepared from PBD-b-PEG; by adding 5-10% PDPA-b-PEG we successfully prepared pH-
responsive giant PS. The giant PS were size-tuned in the range from 30 to 200 um. Hydrophilic
and/or hydrophobic model compounds were easily encapsulated (core/shell). The pH-responsive
PS demonstrated the spatial and temporal pH-controlled disruption under simulated relevant
physiological conditions. The PS exhibited good biocompatibility in vitro (tMSC cell lines). This
approach can be utilized to fabricate pH-responsive systems for several active compounds,
microreactors, and artificial organelles toward cell mimicking.
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