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Abstract

The firstwork[1] in my doctoral thesis described a novel rapid andfaeadly revesible
additionfragmentation chain transfer (RAFT) polymerization reaction of tNg2-
hydroxypropyl) methacrylamide (HPMA) monomer under microwave irradiation (MWI). Optimal
conditions for the polymerization such as reaction time, solvents, monomdri@tmtry and
RAFT agents was determinethe polymerization kinetics demonstrated the linear increase in the
numberaverage molecular weightlf)) with monomer conversion. Good agreement between the
theoretical and experiment®n values was verified withgeudefirst-order kinetic plots, with
|l ow di spersities (this publicaliond@monstrateH the abititg of Mwirte |
facilitate copolymer formation by the preparation of relevant copolymers, such as poly(HPMA
bocAPMA), poly(HPMADb-MABH) and poly(HPMA-b-PDPA)whichwereused as a base fttre
following work inthethesis

The seconf®,3] and third4] studyare devoted to delivery of therapeutic molecules by
using cargedelivery selfassemblies irthe form of polymersomegPS. Suchdrug delivery
systems(DDS) potentially minimize the premature degradation of difiagi clearance from
bloodstream andosing frequencyvhich leads to lowetoxicity. The main advantage @DS is
the controlled manner of drugelease at a specific site via active or passive targstiatggies
Passive targeting ia preferential accumulatioaf nanaarriers(NCs) in tumor tissuebased on
pathophysiological featuresd., leaky tumor vasculature and poor lymphatic drainagehe
growing solid tumor. For passive targetisgitableparticles size (from 2200nm), surface charge
and surface modificatiocanpromoteeffectiveextravasation as well as reduced liver capture and
renal clearancéctive targeting refers tb i g aaffiltiordto receptorer with physicahemical
engineeringf structurefor recognition by specific antigen/receptor of targeting cell. More novel
stimuli-responsive programmed specific targeting in combination with previously mentioned
strategies couldchieve higher accumulation in tumor and enhance cellular internalization.

Stimuli-responsive drugpaded polymersomes can respond to the inherent features of tumor
microenvironment{TME), such as extracellular acidosis or higher levels of reactive axyge
speciegROS in tumor sitesln this thesis novel TMEesponsive amphiphilic block copolymers
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(BCs) based on HPMAwere synthesized by a reversible additifstagmentation chain transfer
(RAFT) polymerization and characterized by standard technigtldsNMR and SEC).
Hydrodynamic flowfocusing nanoprecipitation microfluidics (MF) was used in the preparation
of well-defined ROS or pHesponsive PSS he obtained PSs with desired size (hydrodynamic
diameter Dn ~ 100 nm)wereevidenced bylynamic light scaering (DLS), static light scattering
(SLS),transmission electron microscopy (TEMR cryogenic electron microscopy (ciyaM).
PSsloaded with doxorubicin (DOXyvere evaluated by the cellular uptake and cytotoxicity in EL4
lymphoma cancer cells. The vivo biodistribution studiesvere performed in nude mice using
covalently attached fluorescent dye (DB@Yanine7) to the polymersomes bgpperfree, strain
promoted alkyne azide cycloadditighc | i ¢ k ¢ The hiaiset regulis. demonstrated PSs
circulationfor a longer timg~ 144h). andaccumulatiorto a greater extent compared to the free
fluorescent proben vivo antitumor efficacy was analyzed in mice bearing EL4 lymphoma tumor.
The results evidencexhhanced suppression of tumor cell growthextdnded survival rammpared

to the administration of free DOX. Siddfects characteristic of therapeutic treatments based on DOX,
such as hair loss and cardiotoxicityere remarkably reduced

The final part ofthe thesis repod about giant stimlirresponsive P olydimethylsiloxane
(PDMS) microfluidic device casted with sglel process witha coating rendered hydrophilic on
selectedunction channelg/as used for preparation of giant a@sponsive and stimatesponsive PS
by w/o/w double emuien methodThe pHresponsive behavior was studied in detail by confocal
microscopy and the results demonstrated the spatial and tempecainpidiled FS disruption
under simulated relevant physiological conditions. Cytotoxicity studies demonstratelérexcel
biocompatibility of produceg PS.The giant PS could find application in pElsponsive drug and
gene delivery, microreactors and as a model of artificial cell studies

Keywords: polymersomes, seissemblyROS, drug delivery, stimutiesponsive,
microfluidics, DOX
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1. Introduction

1.1 Smart caner nanomedicine

Nowadays, cancer e of the leading causes of deaths world&jewith increase of new
casesp to 70% for next 20 yealdanomedicine ia rapidly developingmerging feld in cancer
treatmentContrary to conventional treatment siadthemotherapy, surgery or radiation, which
affects not just the tumor tissbeit alsohealthytissues, with other collateral damage to human
organism, nanomedicir@omiseso improvethe dovementionedisadvantagesn thefield of
nanomedicing multidisciplinary science combisehe knowledge for developmemwtf novel
biomedicakechnologies that are more effective in treating cakdérctiveness could be achieved
through solving the cuent issuesthat include rapid drug liver/renal clearandegffective
response antimited targeting.Multidrug resistance (MDR)6] is another majowobstaclethat
reduces the efficacy of cancer treatment which can be reversehbgnedicine

The specifially engineered péiclei n a n o ¢ avith sizefeom 40do 100 nmhigh surface
to-volume ratios more homogesous biodistributiorand coupledwith targeting modifications
may lead tobettertargetingto tumor tissueSubmicron size of nanocarriers coaldo provide
accunulation in tumor trough leaky vasculature, with longgratumoralretention andoetter
biodistribution.In addition, the ability to release loaded drug from nanocarrieascontrolled
manner should sufficiently reduce the toxicity Healthy tissue. e drug release could be
triggered by external or internal stimuli. To tegternalstimuli we attibute thetemperature
change due to heatingight, electric field ultrasound or magnetic field exposyi@. While,
Internal stimulimay includetemperaturechange the presence oénzyme, pH changesand
concentration oROS, which are significantly fierent in diseased tissues, for example in tumor
microenvironmen|8]. Various materialsanbe used for preparation of nahetapeutic platforms
based on lipids, polymers, viruses or dagmjugatesthe most common systems are represented
in Figure 1 Some of such platforms are alreayproved bythe United States Food and Drug
Administration Agency (FDA) or the European Medies Agency (EMAand ugdin clinical
medicine.
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Figure 1. Schematic representation of conventional nanotherapeutic platforms

For instance, gperparamagnetic iron oxig@noparticles are a common classnafrket-
authorized metallic nanomaterials wit applications in DDS, diagnostics, imaging and
photothermal therapie©ther examples of inorganic nanopartichkesed oa silver, gold and
silica, could be engineered with various sizes, geometry and structunesribdgpheres, nanorods,
nanoclusterspanodiscs and nanoshelldoreover,the nature of such materiafgovidesspecial
physical, magnetic, and op#&ectrical propertiesHowever, inorganic NPs still remain a
challenging issue, since they have unfavorable accumulation in human body, lowtgaunbi
toxicity caused by chemical composition.

Another successful example of nanomedicine is soft mattech differs from inorganic
NPs by it s givesatérnative drug badindgireldase mechanisms.
Furthermore soft matterffers a rangef advantages including improved pharmacokinetic and
pharmacodynamigrofiles of biopharmaceuticalsprotection of drug from different types of
degradation, and biodegradabilifyypical representatives of soft matter are lipids and polymers.
Due tothe ratural origin and ability to seldssemlt# lipids are desirablemateriat for use in
nanotechnology medicin.ipids can undergo sedssembly into various nasabjects: films,
micelles, reverse micelles and liposomes. Naturéiflyds are biocompatibleral amphiphilic,
thusacargo could be loaded the hydrophobic biomembrane or theaqueous core.
Liposomes nanomedicine (usually phospholipids) are approved by FDA and EMA.
One of the most commercially successful liposoarglcanceformulation- Doxyl E/ Cael y x E
(the first approved liposomal product by FDAtve US) wasa pioneer in canceranomedicine
treat ment . D diposoinatDokonubigindesnonsteatds extended circulation in blood
with higher uptakeby tumor and reasonaypl reduced cardioxicity. Even though, lipid
nanoparticles still have drawbadie low drug loading, chemical instability, and fast clearance
(by liver orspleenuptake).
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Polymeric nanomaterials aa@other class soft mattethatwasintensively studied in last
deades,due totheir ability to encapsulate without chemical interaction almost all types of
compounds like drugs, proteins, contrast agents and antibodies, for biomedical usahemhe
main characteristics of polymergieirversatility andadjustabld¢unctionality, that could provide
better stability, controlled drug release, and more specific targeting into tumor sites.

Polymerdrug conjugate¢PDCs)are acurrentgroup of polymeric nanomedicia¢hat
successfully translated to clinical practid@lock copolymer nanoparticles are next highly
perspective candidate for climicapprowal. Their unique feature ihe aforementioned response
to external and internal stimulThe formation of polymeric vesicléspolymersomes is the main
area of research ihis thesis.

Despitethe exponential growing impact that nanomedicine brought to cancer treatment,
only few products went to thauthorized market. Nanoparticle science requiredeeper
understanding of processesncerning vehicle/physiological barrierstaractions with liver,
spleen and kidneys, tumor uptakssspecific targetingand other longerm consequencebhese
limitations will be discussed below.

1.1.2 Biological and physical barriers

For effective cancer treatmem&notherapeutics must ovenee varioushio-physicalbarriers
(Figure 2)

The first significant biological barriedriven by mononuclear phagocytic systéhPS) is
phagocytic capture by macrophages of the NBg opsonization procesSince, nanocarriers are
intravenously injectedhey starto interact with thousands of biomolecul@s particular lipids,
proteins and nucleic acid$hese interactions may lead to protein corona effect, triggered by
electrostatic contact between charge on nanocarrier and opposite charge of sésum Ipro
protein corona statdNPslosetheir targeing properties, and after markingemwith opsonins
(the proteinfor phagocytic recognitiorthat is present in bloodserun), NPs undergo rapid
clearance within seconty phagocytic cell§Kupffer cellsand hepatocytesypically from liver,
lymph nodes or spleeiio minimize protein absorption dhe surfaceof nanoparticleshese may
be coatd with highly hydrophilic N-(2-hydroxypropyl)methacrylamide (HPMA) polymer, that
forms a hydration layer with afdguling propertief9] [10].
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Figure 2. Schematicepresentationf main physiological barriers faced by paskivand activéy
targeted NCsa in the process of extravasation into tumor tissue, NCs encounter endothelial
barriers; the blodbrain barrier is an examplb.the majo cellular barrier is theptake of NCs

by the target cells and their escape from the dyslmssomal system into the cytwsc clearance

of systematically administered NPs by Kigp cells as an example afononuclear phagocytic
system (MPS)11].

The rext barrier igumor vasculaturen cancer sitetheaccelerated development of tumor
cells generatemew blood vessels for transportation of oxygen, sugar and other nutrients.
Abnormal and irreguldy developed blood vesselsrm gaps between enthelial cellsthrough
which nanosized particleanpass and presumably accumulate. Also, tumor tisasaless tight
lymphatic drainage than healthy tissue, so the fluid dynamics is different. The combination of
Al eaky o vascul atymphatic draindge peerst the mefmeation ang retention of
nanoparticles within tumor siteshe so-called EPR effect firstly described by Maeda and
colleagues[12]

To overcoméhetumor vascular barrieand improve NPs accumulatigariousstrategies
can beutilized. For enhancingumor permeabilityphysical action of ultrasound or hyperthermia
might allow increased local vascular permeabilitgother strategy it useEPR eimancerssuch
as nitric oxide donors which work assodilatos that increaseblood flow and open tight
endothelial cellscell junctiong13].

1.1.3 Targeting strategies

Targeteddelivery is a advantageous systefor drugloaded nanocarriers that msore
specifically orientedo cancer cellsthereby healthy cells are more protedtedn 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 targetingtummm@
[14].

Passive targeting the most systematically studied strategy, refers todé¢Bgyned for
diffusioninto tumor cell and accumulah with enhanced permeation ltiye abovementioned
EPR effectThe size ofparticlesis the key factor in passive targetirgpending on the type of
tumor the fenestratiosa n r e ac h a haveverethe eggmmonaizeZor ranocarriers is
in a range obx < 100 nmThe biodistribution studies revealing the enhanced ttamoumulation
of submicron particleswere performedoy Matsumura and Maedayho observed a time
dependent accumulation of SMANCS, a conjugate of neocarzinostatin®'@d-labeled
poly(styreneco-maleic acid) with molecular weight higher than 60kDa. Additionally, injection of
labeled albumirdye complex (69 kDa) demonstrdtthe retention of complex gnin tumor
tissue. This principle beame a basis fothe further development of cancer naherapies.
Nevertheless, the EPR effect now is questioned in clinical stulliegpits moderate efficiency
[15]. It could be explained ba heterogeneity ofhe EPR effect in humans comparitganimal
models for biological experiments.imicemo d etdmsré growths faster with many endothelial
fenestrations, contraryo human tumorsthat grow slowly with moderate or even absent
fenestrationsType and size of tumor aedsoimportant factorsit is known that in large tumors
blood flow is often obstructed, while small tumors are less heteoogenth more uniform EPR
effect. Such knowledgecontributes todevelopment and usef EPR enhancers, for instance
vascular mediators and vasodilatfir8]. Recensstudies of EPR effect revealetbre complicated
mechanisms such as vascular bumsblood vessels, or extravasation that happens by-trans
endothelial pathwayd 7][18].

Active targetings a complementary strategyhich can work synergistically with passive
targeting for improved overall tumor aguulation and prolonged retention with increased
targeting efficiencyln active targetinghe NPs surface is functionalized with targeting ligands,
which favors cell recognition andlargeting celuptake.The ligandmediated targeting is used for
intracelular delivery of active compounds like high molecular weight proteins, RNA and DNA
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that cannot cross cell membranes reachrequiredactive site by themselve§or successful
bindingof nanocarrier decorated with ligantie receptors must be overexpezssn target cedl

The binding #inity of nanoparticlesalsodepends oiits architecture antype of receptetigand
binding mechanism. Other parameters such as size, shape, molecular eagigbhtratiorand
ligand density can also influence efficadyt@atmeni19]. The internalization of nanoparticles

is another important aspetttat can be improved by specific ligands that may provide efficient
endocytosissince endosoat escape of NPs still is a very challenging task, various strategies that
facilitate escape of nanopatrticles in cytosolaneently investigated

The standard principle of choosing target in active targetibgsed on diseaskstinctive
biomarkerssuch as CD19 #Bymphocyte antigen (the most targeted marker), or BCBAgell
maturation antigenf@r multiple myeloma therapyetc [20]. Other possibilityis to usestrong
ligand/receptor mechanisms for targeting arduous sites. As example, transferrin ligands that bind
the acetylcholine receptors allow passing of blboain barrier for delivery intdrain tumors.
Peptidesareanother potential model, recenitywas found that arginylglycylaspartic acid (RGD)
pepti def 3 bi mareaptor that is highly present in glioblastoma and in TRE
peptideis found to bind the nucleolin receptor which is expressed in glioma and endothelial cells,
folic acid birds the folate receptor that is also presented in TME.

The most investigated ligands for surface functionalization of nanoparticles are: antibodies
(monoclonal antibodieis mAbs, bispecific mAbs oantibody fragments scFv), proteins, nucleic
acids, carbbydrates, folateand aptamerg1].

1.1.4 Specific programmed targeting

Targeting properties of nanocarriers can be contbingh the stimuliresponsiveness
which could trigger drug release in a controlled mannéredargeted siteSuch targeting stimuli
responsive nanocarriers possessing mutual properties with enhancement in bioavailability of drug
and reduction of side fefcts are highly desirable. Stimulresponsive nanomateriaésxhibit
chemical or physical changes in response to external sighath changeclude shift in
macromolecular structure, swelling and dissociatswiubility, fragmentationand changes in
surface properties’he types oftimuli-responsive NCareclassifiedby triggers thaareeither
physicalor biological. Physical(externa) stimuli are heat, light, ultrasound, magnetic or electrical
fields as mentioned above

The biological stimuli tat might trigger the delivery of active or diagnostic agemés
widely available in naturelhe biological or endogenoustimuli are enzymes, ions, and tumor
microenvironment.The lastmentionedtumor microenvironment is a promising targetthe
triggering factoris due to its bigphysical differences with normal homeostatic environments

1.1.5 Tumor microenvironment targeting

Tumor microenvironmergonsiss of acellular part that includes tumor cells, stromal cells
like fibroblast, endothelial cells, imune cells, T cells, macrophages, and extracellular matrix
(ECM) componentdt is a known fact that extracellular and subcellular compartments of tumor
tissue are more acidic thaealthyones the reason for it is a dynamic metabolism in tumor with
high glucose consumption and lactic acid accumulatithe Warburg effect[22]). The
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extracellular pH (pHe) in solid tumor sités 6.0 to 6.8, even lower pH is possible in more
aggressive cancer phenotypékhis knowledge has been considérdéor engineering pH
responsive systemg$ypically, nanoparticles with size range from @00 nm undergo cellular
internalizationvia endocytosis, where they face compartments with concrete different pH values.
Valuesof pH drop from the extracellular mia (pH ~ 7.4), to early endosomes (pH ~ 6.0), late
endosomes (pH ~ 5.5) and lysosomes (pH < Sdhekinetics of drug releasmaybe guided by
acidification ThesepH gradientsvereused foithedesign of pHresponsive drug delivery system
thatcan &lectively release the cargo at specific tumor site.

Another approaclof usng TME as a stimuli trigger ishe elevated levels of reactive
oxygen species present there. ROS is a claskaghically reactive moleculdkat are generated
intracellularlyin human bodyby oxygen reduction in mitochondri@O0S mainly includes the
superoxide anion (£)) and hydrogen peroxide £8-), other derived species are singlet oxygen
(O, hypochl orous acid (HOCI), hydr oxXhelrole(cAOH) ,
reactive oxygen species can be beneficial since they act as signaling moleaulkesibolic
pathways.The concentrations of ROS aa€lequatelyregulated by homeostasis mechanigm
number of studieseport thatoverproduction of ROS as a result of oxidative stress was found in
pathological disorders includingiflammatory, diabetescardiovascula neurological diseases
and cancerHigh level of ROSs persistently exhibédin manytypes of cancer cells, since they
play a vital role in cancer progressi¢a3] Therefore high levels of ROS in cancer tumor make
it more distinctive tharthe surounding. The importance of these findings has driven new
promising strategies of smadrug delivery vehicleaitilizing ROS asa stimulusin TME.
Considering the abovementioned, the thesis was focused on preparat@mmeassemblies in
form of polymersoras sensitive to unique featsie TME suchas pH or ROS.

1.2 Soft matter for cancer drug delivery

1.2.1 Liposomes

Liposomes are sedssembledpherical vesicles produced from amphiphilic phospholipids
(Figure 4) The firstwereprepared from ovolediin by Banghanet al in 1965[24], who initially
named them bangosomes. These swollen phospholipid systdipssomes lately found
application in drug delivery. Liposomes have a hydrophilic aqueous core whichccammacdate
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 vessfeith one lipid bilaye)y canbe obtained by different
techniquegfreezethaw, extrusion)The other parameterd liposomessuch as charge, size or
morphologycan be controlled by modification physicochemical and biophysical properties of
selected lipids. Lipids can be oftagal origin, or synthesized from diverse library of compounds,
the synthesigncludes hydrophilic head groups, specific linkers and hydrophobic moiéties.
conventional methotbr liposomes preparatias film-rehydratiofi25], followed by sonicationio
electroformationthe drug loadingan beachievedvia active or passive techniques.
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Figure 4. Schematic representation of a didlogded liposome and the molecular structure of a
phosphatidylcholine related phospholipid.

In nanomedicine field liposomeasewidely represented idelivery of drugs, vaccines and
imaging agents.As a delivery platform liposomedemonstrate several advages like
biodegradabilityand biocompatibility,honrimmunogenicity andability to carry various active
agents stimuliresponsivenesandsurface functionalization for ligand mediating targeting

However, liposomes are associated with several disadyesstach asow solubility, short
stability during blood circulation, drug leakaged possibl@hospholipidoxidation (hydrolysis).

The stability and prolongedrculation in blood can be improved by PEGylation (grafting
of PEG on liposome surface). PHGat ed | i pi d she filsDalinicglly &pproverdr e
nanomedicine by FDA for cancer therapgcorporation of small molecules can enhance the
solubility and reduce overall toxicityncreased cohesiveness and reduction of permeability in
lipid membranecould be achieved usingcholesterol, that helps to increase packing of
phospholipids.

1.2.2 Polymemanopatrticles

Polymer nanoparticlegirug delivery systems received great attention in terms of
improving conventional chemotherapieBolymers for intraverous drug delivery must be
biocompatible and biodegradablpy erosion, enzymes,dissolution, fragmentation oby
hydrolysis of labile bonds in backbone/crosslink€he saturated hydrocarbon chains of polysner
werefound to be not biodegradable in mosirig organismsthereforegpolymers must be removed
from the bodyto prevent bioaccumulation. Natural polymers like polysaccharides or proteins and
some synthetic polymers.g, polyacrylamides, polyoxazolines or polyetmgeaglycol, can be
cleared throughhe kidneys (renal clearance). However, kidneys renal filtration has a threshold
for molecular weight ranging from 30kDa to 50kDa for polymeracromolecules with higher
Mw have either slower renal elimination or even extended retention in Botjymer ©iemistry,
charge, molecular conformation, flexibility or rigidity also affetispassing threshold.

First reports about biodegradable polymeric NPs appeared few years after lipo&uwenes.
major type of biodegradable polymers agnthetic polyesters, ortheir derivatives @ch as
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poly(lactic acid) (PLA), poly(lacticog | ycol i ¢ aci d) -caprBlacterne) (PCi)nd p ol
[26] which are already FDA approvedor examplePLA andPLGA, the most commady used
nanoformulatios for encapsulation of chemotherapeutidegradeinto small biocompatible
moleculeswvhich arealsoby-productsof severaimetabolicpathways, thaareeasilymetabolized

and clearedby 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 seblhsically achieved by graftingpnjugating 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 extd thecirculation time by reducing the opsonization (adsorption of plasma
proteins on surface that interact with MPS), but bring andtméation, for instancePEG and
PVP can undergo thermal/oxidative degradat®A has a drawback with associateditay.
Essential efforts shoulde direcied todevelopment of new bioinert polymers for improvioiy
long-term drug delivery applications.

Naturatbased polymeric nanoparticles also received a tremendous attention in delivery of
bioactive agentsNaturalbased polymersclude mainlypolysaccharides (chitosan, dextrin or
hyaluronic acid) and proteins (keratin, collagen or silk fibroin). Their essential advantalgehare
biocompatibility, accessibility, controlled enzymatic degradation, and verfatidgonalization
of reactive groups on the native materkdybrid materials can bpreparedoy incorporation of
natural based polymerisito other native or synthetic material8dditionally, adjustment of
physicachemical propertieendows them with stimulriggered or targeted motifShe natural
based nanocarriers loaded with small molecules, DNA or proteins found application in tissue
engineering, wound healing, antibacterial therapy and cancer treatment.

Polymerdrug conjugates aremacromolecular constcts covalently bound with
pharmacologically active agents, several systems are already applied in clinical practice. The first
synthesis o polymerdrugconjugate was done in 1955 by Jatzkewitio prepared aopolymer
of N-vinylpyrrolidone and acryli@acid conjugated with psychedelic alkalgikescaline using
dipeptide (GL) spacer. His purpose was to increase the residence time of mascaimndy
usingadipeptide linker for an enzymatic cleavage with release of active §géhin the 1970s
polymerconjugats were promotelly the work of Ringsdorf, Kopecek and Duncan and in 1990
for the first timea polymerconjugate Adagewas approvefor the treatment of severe combined
immunodeficiency dsase (SCID)Up to now the field of polymeconjugatess displayinga
remarkable growth ithedevelopmenbf a variety of engineered materials and responsive linkers.

Indisputably, optimization of polymeronjugates linkers is a challenging issue stheg
should be stable in bloodstream circulation pralzidecontrolledreleaseof the conjugated drug
atatarget sitePrimary choice folinkersis peptides, hydrazine, azo, acetal, and disulfif3.

Polymer conjugates combined with drug and imaging agedalled theranostic agesnt
because ofhe abilityto provide diagnosis or imagirgimultaneouslyith therapy. Imagingan
provide informatiorabaut the stateof thetarget site, andbout thdocalization/biodistribution of
drugsimultaneouslyvith treatment.
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Most investigated polymers for PDCs drghly hydrophilic polymers: PEG, PHPMA,
PVP, poly(amino acids)and polysaccharideSystens based a these polymers demonstrate
higher solubilityand stabilityof conjugated drug, enhancledif-life in blood circulation, potential
stimuli triggered release, and biocompatibiliBEG and HPMA conjugate®presenta wide
repertoire of available architecaes and functionalitieshe simplest linear conjugates are the most
investigated but limited with the numbers of conjugation shiesnched, stalike, multi-armed,
or forked configurations have much more hydroxyl functional groups, with more unique
biomedical propertiesvhich in turn expands the scope of application. SevewaM. multi-arm
PEGdrug conjugates enter clinical trials and are under different developmentstiatuag&EZN-
2208 (40kDA PEGSN38), NKTR102 (PEGIrinotecan) or NKTR105 (PEGDocetaxel)[29].
PHPMA-drug conjugatearealso in demadh for PDCs formulations, the fir&DC thatreached
clinical trials wadHPMA conjugated with DOX30]. The chemotherapeutic drug donbicin was
bound to HPMA via peptidyl spacer, for treatment of solid tumdrdtiple reactive groups of
HPMA copolymerswvereused for attachment of various drugs, several successfully reported are
PHPMA- doxorubiciraminoglutethimide[31], PHPMA-DOX-dexamethasong32], PHRVA -
DOX-gemcitabing33], and PHPMADOX-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,ablock copolymer is a linear meomolecule wheréheblocks are
distinct polymes that arelinked by covalent bondBlock copolymers oginated from the
discovery of terminatiofiree anionic polymerization, which is still the best method for production
of highly monodisperse bloetopdymers. Typically, blockcopolymers are not branched
structures, however various architecturdath branchescomposed of blocks are possible.,
starblock copolymewith a junction of blocks to one single point, which creates tineensional
branched echitecture Usually the synthesis of block copolymerdone by living polymerization,
its starts with the synthesistbiefirst block (homopolymer A), with following addition of a second
monomer (B), which reacts with living active centath growth of the chain that form a second
block (A-B block copolymer)A triblock copolymercanbe obtained by addition of one more
monomer

Currently, block copolymer drulpaded micelles are under different phase stages in
clinical trials. The wellstudiedG e n e xPdlaHormulation ofPTX loaded in monomethoxy
poly(ethylene glycobpblock-poly(D,L-lactide) (MPEGPDLLA) block copolymerwasapproved
in South Korea, Bulgaria and Hungairy 2001, the superiority of this product is high drug
solubilizing capacity P25%), and higher maximum tolerated doses (MTD) tiathe case of
TaxoE ( paclitaxel ). | n ePMtestshaveabbeen pohdacied in patients vitle n e x o
breast cancer, pancreatic cancer and with cisplatin for advancesimatincell lung cancer
(NSCLC). In patients was observed neutropenia, sensory neuropathy and nigajgieowever
acute hypersensitivity reactiof36] which arecommon adverse effect for Taxol treatmesatre
not obseved CurrentlyG e n e xPdliskh Phase IV clinical trials inecurrent breast cand&7],
andmore therapies combined with anticancer drugs are being investigated.
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The PEGpoly(aspartic acid) copolymer, known as NK&@h PTX physically entrapped
in micelles with ~23%loading is an &ample of poly(amino acidd)ased block copolymer
micelles. PEG corona and small size about ri@5prolong the circulation time and demonstrate
linear pharmacokineticsRK) behavior in Phasefor solid tumorg38]. Phase Il sidy of NK105
was done for previously treated advanced or recurrent gastric ¢a8ke¢heresultdemonstrates
modest activity and tolerabilityPhase Il clinical study#0] for metastatic or recurrent breast
cancer patients, showed better prigfile.

NK911 is a micellar formulation of DOX conjugatedR&GP(Asp), with ~ 45% loading
efficiency. The Phase | study revealed prolonged-lifalfcomparingto free DOX, however
NK911 demonstrated poor stability in bloodstream, and-fa@D higher pasma clearance
comparedoDo x i | E.

Also, NG-6300 a conjugate of epirubicin 4epimer of BDX), which isfavoredover DOX
by reduced toxicity, and PEB(Asp)via an acidlabile hydrazone bond’he anticancer efficacy
is similar to NK911, but with significant decrease in cardiovascular toxicityich was
demonstrated in prelinical studies on mice xenograft models bearing Hep3B liver orthotopic
tumors [41] Phase I/ll trials arerggoing in Japan for advanced solid tumors or soft tissue sarcoma.

The micelles of copolymer of PEgoly(L-glutamic acid) with SN38 water insoluble
metabolite ofrinotecan hydrochloride identified as NKO12, have a size of nrfitand ~20%
loading efficieng. SN38 is an extremely water insoluble compound which was restricted for
market use, encapsulation in micelles of PE{(&Ilu) was the first successful approach for clinical
therapies.

The NK102 demonstrates slow clearance and high tumor accumwatian sever dose
dependent toxicityn two independenPhase Istudies.A Phase | study also was conducted
between NKLO2 combined with Bluorouracil [42] for advanced solid tumorshe therapy was
well tolerated NK102 is ongoing Phase Il in patients with relapsed/refractory multiple myeloma
(RRMM), in some cases lortigrm disease control was observed.

NC-4016 is another micelf sysem composed of PEB(GIlu) stabilized by dichloro(1;2
diaminocyclohexane) platinum (I1) developed for delivery of oxaliplatin for reduced neurotoxicty.
The phase | study was done in US for advanced solid tumor or lymphoma.

Cisplatin antineoplastic drug wasso incorporated in PEB(Glu) micellesvia polymer
metal complexformation in NG6004( N a n o p |, vath drug IBading ~3%6 and ~30hm size.
In 2006 UK and USA conducted Phase | where NC6004 demonstrated supettiomantactivity
in colorectal canaePhase Il was conducted in Singapore and Taiwan with advanced or metastatic
pancreatic cancethe NG6004 safety, tolerability and efficiency wasaminedn combination
with gemcitabine. Combination of gemcitabine and-6004 and gemcitabine alone camtly are
on Phase lll for treatment of pancreatic cancer, higher overall survival rate is exg8étted

The majorchallengein cancer treatment is MDR, only one copolymer has been reported
that can significantly reduce the drug resistaticePEQ PPQ PEO copolymers (Pluronic).
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SP1@9C 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% wi/v) with
final DOX concentration of 2.0 mg/mL. The Pluronic L61 inhibits thglyeoprotein efflux
mechanism that modulates the activity of drug in MDR eelll norionic Pluronic F127 provides
increased stability with no changes in cytotoxicity. Increased efficacy of SP1049C was
investigatedin brain tumor suggestingts promisingusein brain solid tumors. Phase | trial
initiated in Canada 1999, treatment confirmed linear PK profile. The achieved promising
preclinical and Phase | data prompted Bfease llinvestigationsin patients with advanced
adenocarcinoma of esophagus and gastyaieageal junctions in 2002. Trialereperformed 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 copolymemanoparticlexome a long way to become aprising target delivery
therapy against cancer

14 Giant Polymer Vesicles

Giant polymer vesiclesre a rovel class oflarger scale (L00 em) selfassembled
structuresthatpossesstructuralproperties of nanosized polymersonie400nm)- apolymerc
membranef amphiphilicdiblock copolymer, thatanbe used for encapsulation of hydrophobic
agents, anén aqueous core for hydrophilic compoun@sgure 5) The polymeric membrane
promotes sempermeability and by tuning the thicknessmid overall sizeof vesicle the
permneability and mechanical stabilitytaabe modifiedwhichis acritical parametefor biomedical
controlled release applicatiamnother distinction of giant$s is their ability to encapsulateore
various types of cargo such as cellar t i f i ci ad n doarngogpmaeTh letecsl gegse r
mechasiiogsmrel ease of tplaee afdora pm | aydnkitsioard stacs
temperatur e, magneti c &raedldeydpuwintorta sco isrhd,c KROS y
S hooctkitghby encapsw«l etavabl ef dylest or mol eclul es,
osmotic pr ess uAlse, giny Bsicoutdasdrie aas aadificial bioreactor for
application in biotechnology and medici#4)].

Another atractivefeatureof Giant FSsis their use as a biomimetic model, for studying
cellular membranegropertiesand as an environment for complex biochemical reactions

Consideringhe aforementioned, eidesigneda giant smart functional biomimetic vesicle
sansitive to pHcellular imbalances for mechanical and biological studies.
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15 RAFT Polymerization

The living polymeization is a general method for preparation of wielfined polymers
with low polydispersity i), control oveMw (chain length), initiating and end functional groups
In living polymerization chain termination and chain transfer reactions are esseglimifhated,
which results in constant rate of polymer chains glowhich m&eschain lengths very similar
(low polydispersity index), leaving only initiation and propagation steps. The precision and control
over molecular weight is of importance for erggning of polymer nanoparticles. Techniques
employed in living polymerization are atom transfer radical polymerization (ATRP), living
cationic/anionic polymerizations, rirgpening metathesis polymerization (ROMR)versible
addition fragmentation chainainsfer (RAFT)polymerization and several other controlled radical
polymerization techniquesDespite the fact that disulfides and sulfides were used as
polymerization initiators irthe 50s, and additiofragmentation mechanism in organic synthesis
was knavn inthe 70s, RAFT polymerization was first described by Thang ehdl998[45], as
the combination of the knowledgesccumulatedin novel living polymerization. RAFTIs
distinguished from other methods bywide range of compatible monomers and more tolerant
required conditions. The polymerizatios based on a reversible chain transfer equilibrium
between active and dormant chains

The methodtaurts with thermal decomposition of radical initiators, similarly to traditional
radical polymerization, where we obtain the active speci®sTRe most common initiators are
2 ,-8z0bis(2Zmet hy |l pr opi oni t rarobig4cyanovalerid ac)d)(200) dith the 4 6
half-livestypically hours atemperatursb et ween 60 and 80 A®freatthe pr o
with RAFT agent specigpolymeric chain containing the CTA grouphich enables equilibrium
between active and dormant specielpwed byfragmentation of the generated intermediate and
a new radicaR* Typical chain transfer agents comprise a thiocarbonylthio gro@(=8)S-R
i.e. dithioesters or trithioesters, where the Z group (phenyl, dodecyl) stabilize the radical
intermediate, whilehe R group (cyanopentanoic adsh-propylcarboxylic acid) must bstable
enough to be fragmented as radical egattiveenough to reinitiate the polymerizatjaiso,the
R group can be used for future functionalization. The next stepingtisgion, where the radical
RAreacts with anothezhain transfeagentand forms new propagating agesf-Afterwards main
RAFT equilibrium is established between active propagating species and the dormant species, fast
exchange reactions and equally shared adsliead to equally growing polymer chains with well
controlledMw and narrow PDI. Termination of polymerizati®sachieved by quenchinthe
reaction mixtures by exposure to air or liquid nitrog@ihe whole RAFT polymerization
mechanism is depicted indtire 6.The retention othiocarbonylthio groups is responsible for the
living character of polymerizatiomvhich makes this polymerization suitable for the formation of
diblock copolymes. The removal or transformation of thiocarbonylthio group can biessth by
various methodg46]

Typically, RAFT polymerization is very sensitive to nucleophiles like oxygen, moisture,
or amines, even traces of nucleophilic agentédceeavenge radicals, which will result in broader
molar mass distribution, soig 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, PM&(etc).[47]

The RAFT polymerization was herein used to synthesize defihed PHPMAbased ROS
and pH responsivéelock copolymers and their corresponding -eal$§embled structures were
produced by microfluidics. Microwave irradiation was employed for RAFT polymerization to
overcome some of the drawbacks argin the conventional heating process.
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Figure 6. Mechanism of RAFT polymerization.

15.1 Microwaveassisted RAFT polymerization

Microwave irradiation i@ widely employed technique fa@ynthesisn inorganic, organic
and polymer chemistryzlhe MWI synthesis with rapiédindhomogenous heating lead to enhanced
rates, yields and purities comparing with conventional hegé&j.Upon optimized conditions
the reactants directly absorb microwave irradiation coegtarconventional heating cases where
the heterogeneoushermal energyransfer is conducted via solventinylic polymers such
styrene, acrylates and (meth)acrylamides polymerized by MWI radical polymerization
demonstrates fastepnversion andnuch faster Rp. TypicalonventionaRAFT polymerization
reaction timesof HPMA range from several hour$o days, utilizing the effect of microwave
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irradiationthis drawback can be overcome. The attempts to control the HPMA polymerization

was firstly reported by Matyjaszewsusing atom transfer radical polymerization (ATR#Ee

groupof Scales et al. reported the aqueous RAFT polymerization of HRKNAthe useof 4-
cyanopentanoi ¢ ac i -dzols{4cydnopentaroic actpabl & andinitihting , 4 0
species in the presence of [@A$R50]dereirt, wecutilizedi d b u
microwaveenhanced RAFT to perform aqueous polymerization of HPMA and its relevant
copolymers for clinical applicati@n

16 Seltassembly of block copolymse

Block copolymersselfassembleto nanoparticlesn aqueous solutiamdue to poor
dispersibility of the hydrophobic moieties. The hydrophobic ddekdto avoid their contact
with water hiding into hydrophilic blockihich generally lead to creatiorf @ 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 micellese formeds in surface and colloidal chemistry named critical
micelle concentration (CMC). The size of micelles ranges from 10 toxd0The hydrophobic
core of micelles can be used for solubilization of lipophilic drugs,tthinsrease its concentrah
in hydrophilic media. The drug loading efficiency dependmany parametsy 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 attachthe hydrophobic block by
environmentally responsive chemical benghich will trigger the release tiecompound irthe
targetsite and it will simplify the renal clearance afterwards.

By tuning or modifying theMw of hydrophobic/hydrophilic block several stable self
assembled morphologieartbe obtained. The packing paramdi@rthatis relatal to the size of
both blocks anbe used for prediction of sedissembled structute some extenffFigure 7) Larger
hydrophilic chains in block copolymaevill usually lead to assembly into micelles, by increasing
the length othe hydrophobic part wormlike micelles (filomicelles) and polymersomes (vesicles)
will occur.
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Figure 7. Self-assembled structures formed by amphiphilic block copolynméne type of
structure formedlepends othedimensionless packing parameief52].

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

The typical hydrodynamic radiuR{) of polymersomesangesf r om 50 nm t o a |
the size can be tuned by modifying the parameters such as amphiphilicity of polymer and by the
methods of preparatioMethods that are used for preparation of PS arefilninhydration,
nanoprecipitation (solveghifting), pHswtch when theblock copolymer is pksensitive and
more novel PRINT templates, polyreduced seHassembly (PISA), and microfluidic assisted
nanoprecipitationBy using microfluidics technique highly monodisperse particles with higher
encapsulation effieincycould be obtaineddue to precise micromixing contrdfloreover,well-
defined polymersomes might provide enhanced chemotherapeutic effects due to more
homogenous biodistribution. This approach was straightforwardlyinghis thesisthe PS was
prepared via microfluidieassisted nanoprecipitation and testeditro andin vivo.

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

Herein, polymersomes responsive to ROS anecellar imbalances were produced by
microfluidics technique ancharactetred

27



1.7 Stimuliresponsive polymersomes for cancer targeted drug

delivery

1.7.1 Polymersomes responsive topkllularimbalances

As was mentioned befgren tumor tissues due to vigorous metaboligrapH status in
cellular and sulzellular levelsis more acidc (vide section Tumor microenvironment
targeting), so sensitivity to pH could befficiently used for targeting tumor tissues and the
intracellular welldefined compartments with strong pH differentiateswell (the pH value in
endosomes mayypically drop to ca 5)As an example of extracellular pH changdde of
adenocarcinoma and soft tissue sarcoma is ~6.94, thus adenocarcinomascatkelithee most
reported models for investigation pifi-responsive therapeutic effef3]

The pH differences have been widely utilized in formolabf acidic sensitive platforms,
that have three forms of responsive mechanidimsd cleavagegyrotonationand gas generation.

Bond cleavage iasystem wherg@H-sensitive chemical bond can be disrupted in presence
of acidwith subsequent drug releaa®d it is the most commoclass ofbiomaterials with acidic
triggered releasélhis type of biomaterials preserves therapeutic payloadt normal pH and
effectively releasethe drug at acidic pH conditionk such systems drggan be attached via
acidlabile linker or encapsulated in acid labile nanocarfiee pH sensitive linkemust be stable
at physiological pH [P7.4) and hydrolyzing at acidic pH (465). The typicalorganic pH-
sensitive bonds are imines, hggones [54], oximes, acetals, coordination metatjanic
frameworks (MOFs), and amidésigure 8) The polymersomes prepared using thesdipkers
are widely reporte¢b5].

pH-Sensitive Bonds Chemical Mechanisms
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Figure 8. pH-sensitive chemical bonds and release mechanisms in the acidic cori8&ions

pH-sensitive polymers based on bond cleavage promising biomaterial for acid
respondinglrug delivery system$oweverthere are stilmany challenges that need to be solved,

28



such as biocompatibility of pidensitive linkers, stable mass production, and toxicity of
nanocarriers.

Protonaibn of chenical groupssuch as carboxylic, phosphoric or sulfonic acids and/or
amines can beutilized for the preparationof pH-sensitivedrug delivery systemsThe weaky
acidic or basic pendant groupJable 1)are capable for accepting or dongtiof protons
depemling on their pK which in turn cause conformational changesisTibnization and
deionization transitiomhavea polyelectrolytenatureandallow for tuning the hydrophilicity, that
regulates the precipitation andolubilization swelling or deswelling ra surface
hydrophobic/hydrophilichange®f nanocarriers in aqueous solution.

Tablel. pHresponsive acidic and basic pendant groups.

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

Tertiary amine

Dendritic polymerswith amine groupsand a natural polymer with suitable chemical
modifications are also a group of widely usedngdponsive systems.

Vinylic polymers (meth)acrylates and (meth)acrylamidesntaining tertiaryamine
groupswere extensively investigated in past decade. Most popular weak basic polymers with
tertiary amine group are polyfd@ethylamino)ethyl methacryle} (PDEA) and poly[(2
diisopropylamino)ethyl methacrylate] (PDPA). physiological conditionshie diisopropylamino
group of the PDPA havekp = 6.8, which is similar with pH of tumor microenvironmewbich
makes it particularly useful in anticancer thgna Moreover, PDPAased polymerprepared by
various techniques are commercially available, and can be used in many fields covering the
imaging, diagnostics, theranostics, antibacterial coatingsdparations and catalysis.

Herein, PDPA was used forgparation of pHesponsive part idiblock copolymebased
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 conditidivaig systemsROS including
H202, A, A OH], HON @tQ, play a double role in human bothat is harmful and
beneficial since they can cause oxidative stress and inflammation events and serve as a signal
molecule in cell metabolic pathwayisnbalances of ROS production are of@ssociatedvith
various diseases including diabetes, cardiovascular disease (@Q¥D)degeneration and cancer
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(vide sectionTumor microenvironment targeting). Cancer cells due to abnormal proliferation
has increased levels BOS especiallyH202 (oneof themaincomponentsf intracellular oxdate)

with concentration 500 0 0 OM, whi | e is1#% O MBhe F@:ls leds ieactvethan i t
superoxide anion and involved in many physiological processes including hypoxic signal
transduction, cell differentiation, proliferation, and in nagtig immune responses, therefore
H20:2 could act in either the growth or apoptosis of cancer a&lisrrant production of kD2 in
tumors which make TME more distinctive for surrounding encowrtigeeconstruction of ROS
specific detections systemROSresponsive prodrugspro-chelators, theranostic agentmnd
intelligent nanocarrier6].

Delivery systems that demonstrate the leverage ROS sensitivity are capable fedtarget
release of therapeutic payloads at sites with high ROS concentrdinensanoparticles with ROS
triggered response could be prepared by incorporation of serikees or side groupsito the
polymer(Figure 9)
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Figure 9. Oxidationresponsive motifs and their oxidation prod égj.

Sulfide groups were the first reported R@Sponsive moiety which was utilized in drug
delivery systems, the first report was done in 2004, with polymersomes of triblock copolymer of
PEGPPSPEG[57]. The sulfide hydrophobi moieties could be converted in presence of ROS
into more hydrophilic sulfoxides and sulfones. Currently, sulfsdontaining polymers are
systematically studdincluding synthesis, setissembly, ROS triggered response, and biological
activity [58].

Selenium belongito group of chalcogens (16 the periodic table), #tnsame 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
seleniumbased materials algmwssess h -@rradhation sensitivity, with possible dual response by
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oxidation changed€ven more, the advantage of selenibased materials @higher sensitivity

than sulfur or thioethers and faster response, sinceitBe Bond (244 kJ md) is weaker than

that of the €S bond (272 kJ mbf), and the bond energy of theiSe bond (172 kJ md) is
smaller than theiS bond (240 kJ mdE), which makes it more labile. The diselenide bonds are
very attractive motifs for redegensitive polymers. Synthesis sdenium-containing polymers

was known sinceagly 1972, with stefgrowth polymerizatiorasthe predominant method\s
example, polymers based on polyselenide hydrophobic block and two hydrophilic PEG blocks
loaded with DOXwereprepared for possible biomedi applications[59] The main limitation of
seleniumbased systenmis possible toxicity.

Thioketals are another R@%eavable moiety, which can be oxidizedhydroxyl radical
or superoxide into ketones and organic thidlse incorporation of thioketal as linker is used for
fabrication of prodrugs formprovement of drugs selectivity and efficiencyhioketatbased
polymers were synthesizda) various techniges, and used fooral delivery of RNASs gene
delivery, anticancer drug delivegndROSresponsive scaffold$0i 62)].

The aliphatic polyoxalates (POXs)ere firstly reported inearly 1930s they can be
prepaedby ROP of cyclic oxalates of 1,2 glycols or by polycondensati@mil molecules with
diol group(i.e., 4-hydroxybenzyl alcohol, diethylstilbestrol or curcumimith oxalyl chloride or
oxalic diesters. Aryl oxalates hawbeenextensively investigated from the 1960s, due to their
peroxidebased chemiluminescence properf&s. In the presence ofX. oxalates oxidize and
produce 1,alioxetanedione or other kinds of hignergy intermediates (HEIWwhich could
interact witha fluorophore to form an activated complédhe decomposition of complex with
subsequent Cfrelease leaslto decay into ground state of excited fluorophore with emitted
fluoresceice Furthermore, oXate bonds are highlgpecificto H202. Recent studies thatere
done in murine models demonstrate interesting properties such as antithx@anbstic agents,
[64] ischemia/reperfusictargeted nanotherapeuti@f] and as nanoreactor systems ifovivo
imaging of ROz Attractive propertieof oxalatebased polymerare ROSinduced luminesce
with tunable emission by the encapsiaiaiof specific dyes, exceptional sensitivity t&ddamong
other ROS species, de@psue imaging capabilities, and continuous detection situ produced
H20:2 for long times Oxalatebasedsystemdemonstrated a promising perspective for effective
thergeutic delivery to disease sites, howewarein vivo studies are necessary in the future

Boronic acids are a unique clasfRR@Sresponsive biomaterials because of their reactivity
towardHO2.. The phenyl boroni c aci dnghlotks inicangirgctiod er i v a
of functional polymers, prodrugs and networks with great potential in catalysis, sensing,
separationimagingand drug deliveryThe mechanism of oxidation was proposed by Kuigtla
al. in the 1950sThe phenylboronic acid or estis exclusivelysensitivetowards HO2, with
cascade reaction in which phenol and boronic acid as the oxidation pr@dadtsrmed.
Arylboronic acid or arylboronicesterbasedpolymers can be prepared via polymer post
modification methods, stegrowth plymerization of the phenylboronic estesised monomers,
and RAFT polymerization of the phenylboronic estentaining vinyl monomer&Jpon exposure
to H202 suchROSresponsivegpolymers undergo the subsequent -galnolative elimination,
wherethey eitherdegrade totally or the properties are changing significantly.
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The sensitivity only to ED2 of which the levels are highly elevated in tumor
microenvironment, lea great potential for the effective delivery of antitumor agents into specific
cancer site Considering the aforementioned, the thesis was driven for the preparathonebf
phenylboronic based polymersonfes the delivery of chemotherapeutic drugs into TME sites
the HO2 scavenging abilityvas evaluated, and the deprotection/degradation mésimgnwere
studied byarioustechniquesThe system was prepartking advantages based on the biological
and physical barrier&ince biocompatibility is a key factor for biomaterials vitro andin vivo
studieswereperformed

1.8 Preparation methosl of polymeric nanoparticles by saffsembly

1.8.1 Nanoprecipitatior{Solvent displacement technique)

The nanoprecipitation isn essentialexample of one of thenost commonly used
techniques for the preparation sélfassembledolymer nanoparticles fabiomedicine It is
characterized bymild proceduralconditions, simplicity, high encapsulation efficiency, low
numberof possible contaminants and good reproducibikiyr the preparation of nanoparticles
amphiphiles ansion-amphiphileswith surfactantan be usedNanoparticles formation proceeds
from polymersthan are not toxic as monomers or solvewtsich makes it more preferable for
clinical translation.

Nanoprecipitation is a lovenergy mixing process based on bffusion, where solvent
and nonslvent 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 PVR | ur o ni2t, Etc. Fhe addition of solvent phaseoi stirred
nonsolvent phaseao be immediate, stepwise or dropwise by controlled rate. Theasstimbly
of nanopatrticles occurs by precipitation due to their decrease of solubility in aqueous solution. The
removal of solvent from the systeisiachieved lp evaporation, dialysis or lyophilization with
finalization of particles formation.

Varying the parameters such atype of solvent, speed ofphase mixing the
organic/aqueous phase ratio, temperatunm@ concentration of polymean beused totune the
final size distribution of the nanoparticle3he ranoprecipitation techniqueis very
straightforward, facile, andfast processvhichis crucialfor the biomedicahpplications.

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 nanoprecipitatienghyjidration
and electroformation, microfluidicalowsmore controlled and precise whyr the production of
highly monodisperse polymeric structures including micellesms and vesicles.

Microfluidics nanoparticle preparation systems with high shear micromixing and
hydrodynamic focusing methods give preq@seticlesizes intherange of ~20m to 500nm. The
microfluidics usecontinuous and controllable laminar fldar the production of higlyield and
high-quality nanoparticlesThe superior control over the size, shape and morphology of particles
enables greater reproducibility and scdlghi These substantial improvements in nanoparticle
generation are highly valued in pharmaceutical industry compared to conventional batch methods.
In this thesis, for production of wellefinednanosizegolymersomes was uséoe commercial
microfluidic chip from Dolomite compangFigure 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 {mix) for the hydrodynamic flow focusing using a tdiomensional model
is estimated according &muation 1

o —— (1)

whereD is diffusivity of the solventw is channel width, an® is the ratio of flow rate of the
polymeric stream to the total flow rate of water. Bor 10° m*@*andw= 125 Om equat i
predicts a mixing time in the range of 0.6 to 7 ms for typical flow raRos Q.04- 0.8) inthis
device. Particles sizesgbe finely tuned by changing the flow ratios between the organic and the
agueous phase, the slowest flow gives the smallest pawticles was explained by the decrease
in thetmix. Furthermore, besides the lower particle sizes a decreasenitdtheof theparticle size
distributionis observeccompaed with the bulk nanoprecipitation proce§he NPs produced
usingthis microfluidic device always presented size distributisith dispersity below 0.1 when
measured by dynamic light scattering.

Superior properties of microfluidics open wide frontiers for applicatiortharfield of
drug delivery, small bigeactors, orgaon-chips, etc.

1.9 Preparation methods of giapblymer vesicles by selfsembly

19.1 WaterIn-Oitin-Water (W/O/W) Double Emulsions by Microfluidics

Giantpolymer vesicles are a novel class of ss§embled particles, giant PS possess the
same properties as polymersomes like hydrophobic membraheagueous core, bwith
enlargement of compartments, siticeoverall size of giant PSize rangsfrom 1€ nmo500¢ m.
Thus,giant PS could be used for encapsulation of migiaa cargo such as: lysosomes, cells,
immune cellsmicroreactorsand artificial organellesMoreover, incorporation of ptdensitive
polymers in formation of giant P8lowsthe triggered release of loaded cargo at specific pH sites.
In such pHresponsive giargolymersomegherelease in acidic environment occurs dueifmure
of membrane wall.
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Another unique perspective for giant P&isuse of its biomimetic properties as artificial
cell/protocell, to study the cell membrane properties (endo/exocytosis, cell adhesion, membrane
permeation) and for artificial living simulatioof complex biochemical reactions (RNA
expressionprotein expression and selective catalytic transformption

Traditional methods for preparation of micrsized giant PS are electroformation and
thin-film rehydration, however these methods due to sp@atias assembly oflslock copolymers
havealarge size distribution and poor drug encapsulation profiles.

Microfluidics offers a highly controlled and reproducibigay to produce giant
polymersome®sn chip.This methodnvolves forming watein-organic stventin-water double
emulsion droplet¢Figure 11) followed by slow gaporation organic solvent to let thaiblock
copolymerform amembrang66].

Figure 11 Scheme oflouble emulsion drowith partial wetting of the organic phase on a
polymericlayer of block coptymer.[67]

Microfluidic devices for production ofiant PSare glass capillary devices, gDinted
devices, angoly(dimethylsiloxane) (PDMS) systems basedsoftlithography process. Glass
capillary systems hawdifficulties in channel design and customization. Devices which are done
by 3D printing up to now havenother properties limitation, such as material properties, precision
of channel lengths, btitey arepromising candidate fahefuture of microfluidics. PDMS devices
fabricated by soft lithography can performed with wide ranges of sophisticated channel designs
with high accuracy. However, PDMS cha used directly only with limitedrange of slvents
such as alcohols and oils. Since PDMS has phemical resistance and swells in contact with
many organic solvents, additional covef the channelmust be applied involving e.g,
methyltriethoxysilane(MTES), (3aminopropyl)triethoxysilane APTES) or tetraethoxysilane
(TEOS). In this work was used EOSmodification which produced durable gladike layer,
which significantly increasethe resistance of PDMS channel waHor the production of giant
PSalso should be modified theettability of davnstream channefsr this purpos®VA was used
for rendering of selected channels in sptiabntroled way.

Herein, the poly[diisopropylamino) ethyl methacrylatepoly(ethyleneglycol)
prepared by RAFTh combination with poly(1butadiene)-poly(ethylene oxide) was used for
the production of homogeneous fékponsive giant$.
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1.10 Methods for characterization of polymers and trassemblies

1.10.11D and 2D NMRieasurements

H or 13C NMR measurementare a straightforward methofbr determinatiorof the polymer
composition andts purity. NMR spectroscopinvolves three main steps: first the samplalaced
inside of the instrumentyhere magnetic nuclear spins are aligimecbnstant magnetiteld, then
the sample is exposed to a powerful sterin RF pulsefinally the emission of absorbed RF
energyis transferredto computer wheré is processed with the Fourier transformorderto
obtain the spectrumTherefore the NMR analysis determirsethe molecular structure by
interaction of nuclearspins when they are placed in powerful magnetic fiéld=NMR
spectroscopy lsbeen employed as one of the most important techniques for studying the
molecular weights of polymers acdpolymer compositiof68i 70]

H-NMR spectroscopy has been successfully used for the kinetic st&AFAF polymerization
To obtainthekinetic information, data of the overall mononagd copolymeconversionyersus
time of reactionis used.

1.10.2Size exclusion chromatography (SEC)

Gelpermeation chromatography (GPC)SEC is aseparatiortechniquethatis commonly
used to separate macromolecules by their hydrodynamicIsiZeEC, effective separation is
achieved inside of a aainn padked with beadswith pores of agiven size which retain small
molecules by diffusion and exclude the large moleculé® first approach to separate high
molecular weight polymers wasgposed by J.C. Moore in 1964, withe use of porous cross
linked polystyrene material with controllable pore sizes. Later on, this material was replaged wit
more advanced gels likdextran polymers (Sephadeot) agaros€éSepharosegtc.

Thus, SEC haalsothe possibility toevaluatedispersity bydetermining ofmolar mas and
polymersizewhich made SEQG very advantageoutechniquefor polymer chemisy. The SEC
measurements are based eitheraoralibration curvewith known standards, or alternatiye
absolute molecular weight can be detected ajipropriate detectosuch as RHetector, light
scattering and/or viscosimetdgtectors withoua knowncalibration standard.

1.10.3Dynamic light scattering (DLS)

Dynamic light scatterings a technique whichdetermineg the size distribution ohane and
micron-sizedpartides in a solutia [71]. The principleof measuremens based on the fluctuation
of the intensity of scattered light @pticalinhomogeneiesin solution due to volume element
with polymer and withoufT he fluctuatios occurdue to Brownian motion of smadhrticleswhich
is a random motion of the particles suspended in the solsiarresult of theollisionswith the
solvent molecules of the fluid®hena source of light is applied whicimterferes with particles
causing scattering in all directionréctions (Rayleigh scattering) the remgtfluctuatiors in
scattering intensity am@corded in short time intervals, collected and analyzed.

Therecorded informatioms analyzed by an autocorrelator, whicbmpareshangs of light
intensity over timgFigure 12)
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Figure 12. Hypotheticaldynamiclight scattering intensity for two different samples with
different particle sizef72].

The dynamicnformationof the particlesizeis obtained fronmthe autocorrelation function
of the recorded intensity fluctuatiohg variousalgorithms The rate of Browniamotionis related
to thetranslation diffusion coefficierC thatcan be determined froafirst-orderautocorrelation
function The autocorrelation functionvith subtracted baselines a simple exponential decay
according to equationg), (3), and 4).

Q Nt Agbs . (2)
3 no ©)
n —OKEI (4)

where'Q nNt is thefield autocorrelation function for wave vectpand delay timd) andii is
thedecay ratéthe inverse of the correlation time) is the réractive indexais laser wavelength,
andd s scatteringangle of the detector relative to the incident beam.

The describecequations correspond to the simplest monodisperse and diluted system (to
suppress the collision between particldd)e value ofthe dffusion coefficientis then used to
determine the hydrodynamic radit&: of the spherical particles using the Stekasstein
equation 9),

o — (5)

whereks is the Boltzmann constant, is the absolutetemperature of the solution adds the
viscosity of the solution.

1.10.4Static light scattering (SLS)

Static light scatterings a technique that easures the intensity of the scattered light of
macromolecules or proteins in solution to obtain the average molecular WkigRtomparing
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with DLS the SLS is not monitoring the Brownian motion of particles, insteaavdaves
recording the amount of lig scattered either ahe or manyf angles and/or for different sample
concentrationdBy measuringhe scattering intensity differentanglesit is possible tccalculae

of the root mean square radofgyration also calledRc. By varying theconcentration the second
virial coefficientAz can be calculatedror the full characterization ®w from the light scattering
intensity in solution many parameters must be knotvalaser intensity, the quantum efficiency
of the detector, full scattering kome, refractive index (RI) of theample, Rincrementand solid
angle of the detectoHowever, all commercial instruments are calibrated wikrong scatterer
typically toluene and the refractive indexncrement canbe measured by a differential
refractometer

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

—— — p — 0mn Ow 0o (6)

whereq is the scattering vector for polarized lightjs the solution concentration aity —o
is the difference between the scattering intensity of the analytthasdattering intensity of the
solvent.

During SLS the samples uslally measured deast at £oncentrations and faeveralangles
(multiangle light scattering MALS). The obtainedresultsareused forthe so-called Zimm plot
(double extrapolation of the Zimm equation to zero angle and zero concentration), from @hich w
canderivethe radius of gyrationRg), second viral coefficientdz) and molecular mas$Ay).

By combining dynamic and light scattering measuremiggossible to obtaithe
structural parameter ¢ineso-called” -ratio thatprovides thendication of the scattering particle
topology and is simply defined as:

. (7)

For splerical objects like micelles the< 1, for vesiclesitsr O 1 andr>fldr coi |l s

1.10.5Electrophoretic Light Scattering (ELS)
In polymer chemistry th&LS measurementare used to determine the average zeta
pot ent i alselfassembliesh dispehsmn For ELS measurements dispersionwith
particlesis introducedn the cell with two electrodesifterwards a 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 poléstial.
ELS instrumentmeasures the electrophoretic mobiltd4gf and conv e r-pgotentidl he val
(mV) through the Henryds equation:

Yo— (8)
whereHjs the dielectric constant of the medium afits viscosity. Furthermord(ka) is the
He nr y 0 s that involeesSmoluchowskassumption thatka) = 1.5.
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1.10.6S9mallangle Xray scattering (SAXS)

SAXS is a type of small anglescattering techniqueshat is usedor investigation of
various substances structures including macromolecules andssethbled aggregates. That
techniqueneasurethe small deflection withangle6f-1 0 A of a col | i mat ed be:
collision with macromolecules the size range of mesoscopic scale{@0 nm).Advantages of
these technique are possibility to get unique information in real time regardsigeghghape, and
the spatial relationshipf macromolecudr self-assemblies (such as micelles, worms, alesior
aggregates)SAXS utilizes X-ray beams which are scattered by sampleray beam sourcesre
widely available but not very suitable for thermostable samples due to the hdwtt me be
induced by theX-ray beam Despite that, SAXSis a powerful echnique for structural
characterizationhowever,only Re could be extracted as a direct data, for other charactemstics
modeling approach is required

1.10.7Transmission electron microscopy (TEM)

A transmission electron microscopy astechnique thatises a beam of electrons to
visualize the specimen to form an ima@EM has significantly stronger magnification theght
microscopes (thousands of times smaller objects) owing to the smaller de Broglie wavelength of
electrons. Transmission electron nogcope is an instrument that is commonly used for analysis
of morphology and structure at nanoscale llemefields of physical, biological and polymer
chemistries. The first TEM waseated byMax Knoll andErnst Ruskan 193173], their merits
were awardethe Nobel Prize in physics. TEM instruments have an enormous array of operating
modesthat areconventional imagingwith various contrast settingscanning TEM (STEM),
diffraction, spectroscopy, and their combinatioREM is a primary tool for visualization of the
macromolecular assemblies. Sample preparation is a crucial step in TEM, firstly sample is
deposited ot TEM grid (made from carbon, copper or polymand upon fast dryinge.g,
evaporated in a heated oven, fredred) the solvent is removed. Dryingasisky technique of
soft matter, since imagef adried sample are not representing the sampleundienvironment
In order to increase the contrast which is preferable for soft matter staining tectargjussd
A staining usually performed with heavy metals, the most popular choice for polymers is negative
staining with wanyl acetate (UAc) and pBphotungstic acid (PTA). The negative staining is
useful for identification of hollowness or solidnesswbbject,measuring omembranehickness
and better contouring. However, fast drying and staidrgnot precise methods since the
properties oftheanalyzed samplmay havechangedluring the proces¥isualization ofasample
in its native state an be performed with crydEM. [74i 76] In this technique the sample is
deposited onto on a leg or hoky carbon coated grid, and vitrified in a thin layer of solvent by
freezing in liquid ethane or liquid nitrogeBince vitrification is a very fast process in whtble
sample is fixed in current state without dehydrationjsithe most similar condition$o
macromolecules assemblies in agueous soluGoy-TEM images cald suffer fromlow rates
of sample freezindpw contrast of the samplsize result does not contain the solvation layer of
the particles) and contamination by hexagonal and vitreous. ie®wever, itis the most
advantageous and suitable techniqueudyssoft matter system8s assumptionTEM and crye
TEM are themostly usedechniqus for the direct structurainformation of nancobjectsas a
supplemento datafrom light scattering methods.
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1.10.8CI NAGSNI wSaz2ylyOS 9ySNH& ¢NIyaFSNI 6Cw9tc
The FRETprinciple considers the nenadiative energy transfer between a fluorescent
donor and an acceptdrhis method is used for studies related to nanopatieéed systeni3,7]
drugdrug carrier compatibilityf78] or membrane fusion procesg&. The energy transfer
efficiency (E) is highly dependent on the distance betweeddher and acceptor in tHeRET
fluorophore pair, as well as lifetime of the dyes. In fact, since the energy trdeptads othe
inverse sixth power of the intermolecular distatieepair distance should be in the range-@01
nm.
The FRET efficiency is mathematically described by equaiamereRoi s t he F°r st
distance between donor and acceptor at which the FRETeefficis 50% andR is the donoito-
acceptor separation distance. The FRET efficiency can also by determined using effuiation
wherelda and(® are respectively the fluorescence lifetime of the donor in the presence and in the
absence of aacceptor.

0 — (9)
O p — (10)

2. Aims of the thesis

The aims of the thesis involve several consequent partial tasks leaghiolyneersomes

and giant vesicles with advantageous properties for biomedical uses:

1) Develgppment of more rapid and eéoendly RAFT polymerization of N-(2-
hydroxypropyl)methacrylamide] HPMA by microwave irradiation. Preparation of
relevantPHPMA copolymers by RAFT MWI with possible application dfinical
medicine as higipotential hydrophilialternatives to polyethylene oxide.

2) Preparation of pHesponsive poly{{l-(2-hydroxypropyl)] methacrylamide)-poly[2-
(diisopropylamino)ethyl methacrylate] polymer system to respond to the inherent
features of tumor microenvironments, such as extraeeladidosis. Manufacturing of
the pHresponsive selissemblies by microfluidics loaded with DOX and testimg
vitro andin vivo.

3) Synthesis ofifferent ROSresponsive polymers based on hydrophilic PHPMA and
hydrophobic phenylboronic acid pinacol esterethacrylates with following
characterization and degradation studiFreduction oROSresponsivenonodisperse
polymersomes by microfluidic flokocusing methogwith subsequent vitro andin
Vivo experiments

4) Manufacturing of pHResponsive giant polyen vesiclesbased on a polyethylene
glycol-b-poly[2-(diisopropylamino)ethyl methacrylatejia polydimethylsiloxane
(PDMS) microfluidics for biomedical applications
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3. Microwaveassisted RAFT polymerizatioNe2-hydroxypropyl)
methacrylamide and its levant copolymers

The PHPMA isa watersoluble (highly hydrophilic),nonimmunogenic and nontoxic
polymer which is frequently used asrecromolecular carrier for low molecular weight drugs,
especially anticancer chemotherapeutic ageRtsPMA drug conjuges are under intense
research with applications in different treatmeelivery systemswhile PHPMA copolymerare
considered as a perspective alternatitd higher composition variability and enhanced targeting
delivery. Also, PHPMA is a good candiddbr replacingpoly(ethylene oxide(PEG), because of
the immunogenic reacts reportedor PEG. [80,81]

The PHPMA and its copolymers is mainly synthesized by CLA&Pwas mentioned in
chapter 1.5.1hefirst attempt of controlled PHPMA polymerization was done by Matyjaszewki
et al.[49] using ATRRE howevertheresuling copolymers had high molecular weight distributions
and low conversionsThe optimizatio of HPMA polymerization by ATPR with improved
conversion, product dispersity aidlv control was recently regiwed by[82]. RAFT aqueous
polymerization of PHPMAcopolymer withdefined molecular weight and lowwas reportedn
2005by McCormick etal[83]1 n 2 01 3 ¥ 48d]eepurted oreRAFTaof PHPMA and its
copolymers in DMF and MeOH by conventional MWI & 0 CA u Eyanmo4r 4

(((ethylthio)carbonothioyl)thio)pentanoic acid as chain transfer agent and AIBN as an initiator.

Neverthelessan this study the homopolymerization was investigated only in MeOH with relatively
low conversions ~4%.

Although to datethe RAFTtechniquehas beenvidely employed for thgolymerization
of PHPMA andits copolymerg85i 87], the polymerization times are still relatively long, from
several hours to almost a dag order to improve this issue microwawadiationwas applied

Microwave irradiation hagpresently been successfullapplied to organic sythesis,
material science, polymer chemistry, and other disciplimaging the past decads the
microwaveassistegynthesidias beeeffectivelyused for CRLP as an alternativectmventional
thermal heatingnethodsResults demonstratechigherconvesion of monomes; faster Rpand
excellent control over molecular weight distributiorj88i 90] Microwave assisted RAFT
polymerization in addition to aforementioned advantages, sufficiently accsligragrocess and
thus lead to reduction of overall time of reaction, to minutes or hours depgratinthe target
weightaverage molecular weigh#(,). The favorable effect of MWI on RAFT polymerization
was demonstrated fostyrene[91,92] methyl methacrylat§93], methyl acrylate[92], N-
isopropyhcrylamide [94], dallyldimethylammonium  chloride  (DADMAC) [95],
vinylcyclicsilazang96] and vinyl pyridineg84] monomers.

Herein weinvestigate the preparation of PHPMA honamd copolymers bgnicrowave
assisted RAFT polymerizatiofror themicrowaveassisted RAFT polymerization of HPMA in
various solvents we used the commercial and commonly used 4cyanc4-
(phenylcarbonothioylthio)pentanoic acid (named CTA1l) and the syntbdedasyanc4-
(((ethylthio)carbonothioyl )thio)penizbsi c
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cyanovaleric acid) (M01) as an initiato(Scheme 1)We investigated arious stoichiometric
ratios between the monomer, CTA and initiator

V-501, 75°C, DMSO,
NH tert-BuOH and/or H,0

L O @*M

PHPMA-mCTA1
o HO

CN
OH S__S o
§7 HO)‘\/\‘/ \n/ ~ eN . .
s HO \n/ ~
HPMA monomer CTA2 X s
0 NH

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

HO

Scheme 1General synthetic procedure for M\W$sistedRAFT polymerizatiorof the monomer
HPMA to produce PHPMANCTASs using 4cyana4-(phenylcarbonothioylthio)pentanoic acid
(CTA1) and 4cyanc4-(((ethylthio)carbonothioyl)thio)pentanoic acid (CTA2) as RA&gents.

In addition, we produced several copolynsgr t hus i1l lustrating the
systemMWI-RAFT homopolymers and copolymers were compared with standard preparation by
aconventional heating metho@ptimal conditions fothe preparationf PHPMA homopolymers
(named PHPMA macroCTAE PHPMA-mCTA) and PHPMAbased copolymers using MWI
assistedRAFT polymerizationwereestablished
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Scheme 2RAFT-mediated synthesis dfblock copolymersia MWI. (A) PHPMA-b-bocAPMA
(BC1), (B) PHPMAb-PMABH (BC2) and (C) PHPMA-PDPA (BC3).

3.1 Synthesis of monomers and RAFT agent.

The monomer HPMA was synthesized according réderence [97]. N-(3-Boc
aminopropyl)methacrylamide (be®PMA) was obtainedcommercially NEMethacryloyl tert-
butyl carbazat&vith aprotected hydrazideond (MABH) was synthetized according to reference
[98] The RAFT agent 4€yanoe4-(((ethylthio)carbonothioyl)thio)pentanoic acid (CTA2) was
synthesized according to referen{89]

3.2 Instruments and analyses

MicrowavemediatedRAFT polymerizationsveredoneon a Biotage Initiator Sixty microwave
system. Tk CTA, monomers, PHPMAomopolymersand their copolymers weryaluatedy
H NMR (Bruker Avance 6001Hz spectrometer with CD&Imethanoids or D20 (acidified
with DCI; pH~ 3.0) as the solvent at 296 The molecular weightharacterizations were
performed by SEQusing an HPLC Ultimate 3000 system (Dionex, USA)
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3.3 Results and discussion
3.3.1 Kinetic study of microwavassisted RAFT polymerization of HPMA

Several parameters must be evaluated and optimized fpreparation of weltlefined
PHPMA home and copolymers visiWI RAFT polymerizationlt is necessary tcarefuly select
the CTA for successful RAFT polymerization microwave The chosenCTAs (based on
dithiobenzoates antiithiocarbonates are known tde compatible angenerallywork well in the
polymerization of methacrylates and methacrylami@¥$99] Targeted molecular weightas
25,000g L méfor PHPMA (due to threshold of renal clearance and avoiding polymer
accumulatiopenvisaging further biological applicatiorj00]

For the kinetic studiewe useda stock solution of HPMA (1.3, 3.991 10 mol at DP
175), CTA and initiator ¥501 ([CTA]J/[I] 1/0.5 and 1/0.2) in certain amounts of DM3éxt-
BuOH and/oDI water. An algquot (1mL) from a stock solution was transferredseveralglass
vials equipped with a magnetic stir ard purged for 3@ninuteswith Argon. The MWIRAFT
experiments were conducted at 70mnAt€ 12 hwti t h a
different time points, the polymerization was stopped @#ttion mixture wagquickly quencled
in liquid nitrogen. The sample solution (20L )  divextl/ analyzed byH NMR spectroscopy.
By comparing the remaining monomer concentration to the initial monomer feed, the monomer
conversion was calculate@ihe remaining fraction of the sample solatiwas precipitated into
cold acetoneor an acetone/ether mixture 3¥\), dried, and analyzed by SEC

In the first series, for the MWRAFT polymerization of HPMA, DMSO (aprotic solvent)
was chosen due to its solubility properties. The selected molar ret#s:
[MJ/[CTA]/[I] =175/1/0.5with quite high initiator concentratiothe resuling conversion data,
Mn and dispersityf{) are summarized in Tabk

As can be seen, for the CTAL the maximum conversion was only +#Zblaear increase
of molecular weighin time, and poor dispersity=rom the third hour of kinetic studyhe Mn
values were closer to eacther,indicatingthat longer polymerization times are metuiredfor
these selected reaction conditioBBghtly better situation was observex CTA2, the monomer
conversions readd were ~75%, howeverjow-quality control over the molecular weight én
relatively low dispersity i O1.2) werereached As observed for CTA1, the similar molecular
weights obtained within A and 5h for CTA2 demonstrate thabnversion reachedsimaxima
for these selected reaction conditipaad no longer polymerizatidime is neededA possible
reasorfor thelimited conversion and obtained dispersibuld be theselectedsolventthat might
causenegativempact onthe polymerization process.
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Table 2. Conversion data, numbeawverage molecular weightiq) and dispeiisy (h) for MWI-
assisted RAFT polymerization of HPMA. DMSO was used as a solvent in the presence of CTAl
and CTA2 with V501 as initiator at molar ratio [M]/[CTA1)/[l]=175/1/0.5 and
[M]/[CTA2])/[1]=175/1/0.5 for targetMn~25 00 0% g L mo |

Time Conva Mn P Mn, SEC n
h (%) IH NMR (gL mpl
(L mpl

CTA 1 11 3065 5 550 1.1
1 2 20 5 340 7 100 1.08
3 25 6 600 8 200 1.08
4 24 6 350 8 500 1.07
5 25 6 610 8400 1.06
CTA 1 12 3155 5 220 1.18
2 T2 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 byH-NMR analysis.
bTheoreticaMn = [M]o/[CTAloT ¢ 0 N Wlwhphat Mwcra

Newly, Thang et alinvestigate the effect of solvents on the conventional thermal RAFT
polymerization of HPMA101]. The authorsoncludehat theintra- and intermolecularhydrogen
bonding between polymer chainsaiprotic solventfias a negative influen¢poor controllability)
on the RAFT polymerization procedSgure13). The deviation from linearity in aprotic solvents
like DMSO might be attributed to radical loss, which is most likely due to radidatal
termination, which results in dead chains and hence low conversions.
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OH RAFT
HPMA

OH
«tic co-solvent ‘

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 wmpact
polymerization.The ability ofsolventsto convert MW energy into heat is determined by the so
called loss tangent (ta), where for DMSO, tami = 0.825,thatis classified asultrahighMW
absorptiorf102]. 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 $¢adchain transfer or other sideactions during
polymerization103]. Indeedduring first kinetic experiments with DMS@ was nofpossible to
achieve good control (in particular, lan) for both CTAs. Inorder to findappropriate reaction
conditionsother solventwith lessmicrowave absorptiomere investigatedor achievenent of
better control {.e., low n, predictablemolar mass faster polymerization times) over the
polymerization of HPMA.

For the next kinetic studyve selectedtert-BuOH, a moderatelypolar solventwith a
slightly lower ability to convert MW energy into heat (tas 0.80) comparing to DMSOQthis
makes it very attractive for use in MWI synthewsikich might provide faster reaction rate.
Moreover tert-BuOH is a nontoxiand relatively inexpensive solverhat was never used in
MWI-RAFT HPMA polymerization. Therefer wetestedhe efficiency otert-BuOH at the same
molar ratios as those used for DMS[M]/[CTA]/[I] =175/1/0.5The results areshownin Table
3. Despite that for the CTA1 the conversion iasreased to ~52 andup to 80% for CTA2,
the molecular wight was not controlled during the firsh%of polymerization in both case&s
before, there was no consistently good agreebmetateen theoretical and experimental molecular
weights,however the obtainedn valuesobtainedwereslightly improved
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Table 3. Conversion data, numbawverage molecular weightf) and dispersityf() for MW-
assisted RAFT polymerization of HPMAertBuOH was used as solvent in the presence of CTAL
and CTA2 with V501 as initiatoin molar ratio [M]/[CTA]/[I]=175/1/0.5 for targen ~ 25 000

gL mol

Time Conv2? Mn P Mn, SEC n
) (%) 1H NMR (gL mp
(L mpl

CTA 1 38 9 900 9999 1.03
1 2 44 11415 9700 1.20
3 48 12 940 11 000 1.10
4 52 13 440 14 145 1.03
5 50 12 B0 12 460 1.04
CTA 1 25 6 270 9 340 1.05
2 2 80 19 480 20 490 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 byH-NMR analysis.

b TheoreticaMn = [M]o/[CTA]oT ¢ 0 N WMwpphat Mwcra

Still the targetedMn (~ 25,0009 L rh$ was not reached withimshort time,indicating a
slow rate ofpolymerization (Rp). This problem might be related to inappropriate ratios between
CTA and initiator, [CTA]/[1]= 1/0.5. Indeedit is a welkknown fact that concentration of active
speciesinfluences the Rp in RAFT polymerization, whereas decrease of total active species
concentration haapositive impact on Rue to fast propagation rate for acrylamide monomers
such as HPMA with use of initiators with high efficiency or decomposititeitin@ Rp might be
fast withevenlow initiator concentratiofil04,105]

The amount of initiator, V601 was reduced by 2.5 tim@s relationto CTAs, with all the
other parameters kept constanttifis molar ratioRpwas still quite slowwith highestMw at 12h;
however, theHPMA dispersiy and conversionn case ofboth CTAs proceeded in a controlled
fashion, producing polymers with low, as seen in Tabk
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Table 4. Conversion data, numbeawverage molecular weightf) and dispersityf() for MW-
assisted RAFT polymerization of HPMAertBuOH was used as solvent in the presence of CTAL
and CTA2 with V501 as initiator in molar ratio [MICTA]/[I]=175/1/0.2 for targetMn~ 25 000

gL mol

Time Conv2? Mn P Mn, SEC n
) (%) 1H NMR QL mpl
(L mpl

CTA 1 16 4330 4 400 1.13
1 72 20 5 340 6 410 111
3 29 7620 7700 1.10
4 40 10 390 9 100 1.07
5 49 12 666 10 000 1.10
12 88 22 540 22 760 1.03
CTA 1 15 3870 2 900 1.16
2 T 2 5 450 6 133 1.10
3 34 8 430 7 400 113
4 49 12 035 12 890 1.04
5 60 14 680 15 000 111
12 91 22125 26 320 1.04

@ Determined byH-NMR analysis.
b TheoreticaMn = [M]o/[CTA]oT ¢ 0 n WMwhpha+rMwcra
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For the CTAL1 and CTA2 with molar ratid]J/[CTA}/[I] =175/1/0.2 intert-BuOH, the
controlled living character of polymerization was demonstrated by plotting the natural logarithm
of the total monomer conversion versus time. The psétgteorder kinetic plot showed a linear
trend in the increase ®» with conversion and low dispersitg (~ 1.03 to 1.04 at the 12thme
point), however, CTA2 exhibits more controllbdhavior(red lines, Fig14B) than that observed
for the polymerization usmmCTAL (blue lines, Figl4A and Tabled4). Good agreement between
theoretical and experimental molecular weights was achiegedell(Figure 14).

254 30
i ® [CTA1)[V-501]=1/0.2

T T
. —

® [CTA2)/[V-501]=1/0.2 —@— [CTAL)/[V-501]=1/0.2
° 25|  —®—[CTA2)/[V-501]=1/0.2

- - Theory

2,0 1

1,54

PDI

1,04

Ln([M]/M])
M, x10°3 (g/mol)

0,5 18

16
14
F12
1,0

0,0

T T T T T T T T
) 10 20 30 40 50 60 70 80 90 100
Time (h) .

Conversion (%)

Figure 14. (A) Semilogarithmic plots and (B) molecular weight and dispesstyonversion of
microwaveassisted RAFT polymerization of HPMA iert-BuOH.

The dotainedSEC chromatograms dfomopolymers?HPMA-mCTAL (Figure 1%) and
PHPMA-mCTA2 (Figure 18) demonstrata monomodal distribution, as indicated by the overlap
of the SEC traces. SEC tracebaved a shift to lowerretention timeas a function of
polymerization time, indicating an increase in molecular weight (T4blenese resultproposed
that MWI- RAFT polymerization of HPMA irtert-BuOH at selectedstoichiomety proceeds in a
controlled manner, witkxceptionatesults for CTA2
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Figure 15. SEC chromatograms in Me@atetate buffer of the PHPMMAacroCTAL (A) (CTAL,
in Table4) and (B) PHPMAmacroCTA2 (CTA2, in Tabld) with molar ratio ([M)/[CTA]/[I] =
175/1/0.2)at varying polymerization tinge

We next explored the opportunities faging water as a solvent folean processand to
preventpollutions. Numerous publications report thigseof water as an environmentally benign
solvent for chemicakeactionswith the applicatiomn MWI asa solvent[106,107]Water is readily
available, nontoxic, andonflammable solverfbr use in organic synthesisloreover water is a
medium MWabsorbing solvent with Bpss tant of 0.123[102], that maksi it very suitable for
MW -assisted synthesi&dditionally, HPMA monomer is highlgoluble in agueous mediuthat
makes water an excellent solvent kwI-RAFT polymerization of HPMAThereforgthe same
set of experimentwith molar ratio [M]/[CTA]/[I] = 175/1/0.2 for both CTAs was performbdt
with water as a solvenThe polymerizéon was carried out for different times (04h). The
kinetic plots ofLn([M]o/[M]+) for both CTAs versus polymerization timdemonstrates excellent
lineaiity for CTA2 (Figure 16A. The conversion of the HPMA monomer versus molecular weight
and dispersy was also linear, indicating that polymerization proceeded in aceettolled
manner(Figure 16B).

Table 5. MicrowaveassistedRAFT polymerizatiorof HPMA in water. Conversion data, number
average molecular weighMg) and dispersity{) for MWI-assisted RAFT polymerization of
HPMA. V-501 as the initior in a molar ratio of [M]/[CTA]/[lI]=175/1/0.2 for the targe¥in
~25000g L mé |

Time (h) Conv2(%) Mnw°H NMR ("9 Mn, SEC ™ n

CTA1 0.5 20 5 340 2530 1.95
1 28 7295 10420 1.08
15 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 05 12 3150 4300 1.19

1 40 9875 9000 1.16
15 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

aConversion data determined By NMR analysis® TheoreticaMn = [M]o/[CTAJol c onv . T
MwHpPma + MwcTA.
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Figure 16. (A) Semilogarithmic plots and (B) molecular weight and dispersity versus canvers
of microwaveassistedRAFT polymerizaibn of HPMA in water.

As seenPHPMA-mCTA prepared in watewas obtained with a higher conversion, and
the polymerization time was four timesducedTable5) comparingwith that inDMSO (Table
2) ortert-BuOH (Table3 and4). At thisreaction conditions, winally obtained the desired target
Mn (~ 25,0009 L m$ within acomparativelyshort period of time (4.8, CTA2).

SEC measurements weperformedfor all samples from the kinetic study by MWI in
water. The variations in the elution profiles of PHPMACTAL1 and PHPMAMCTAZ2 are
depicted in Figre 17(A) and(B), respectively, and the maxima of the different peaks) @re
presented in Tablg.

The unimodal SEC traced homopolymerization in corresponding ratios proceeds in a
controlled mannersimilar results were obtainedth tert-BuOH for both CTAs andni water for
CTAZ2, shifts towardshigher molecular weightsn SEC tracesndicates good livingness and
control during the synthesis of the maCiicA RAFT agentsKigure17B).
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Figure 17. SECtraces in MeOH/acetate buffer of PHPMACTAL (a) (CTAl,Table?2) and
PHPMA-mCTAZ2 (b) (CTA2,Table2) at varying polymerization times.

Although theMn values acquired by SEC for CTA1 are reasonable, pskusti@rder
kinetic plots were not reached, and ¥a values obtained by NMR differed significantly from
those obtained by SEChis differencecould happen dupossibledegra@tionof CTAL in water
at 70A Qdue to its aromatic moiety)08], and the chakend functionality of the growing chain
might have been compromisethe UV and RI traces would mmilar for samps 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) andl almost all the polymer chainauld contain dithiobenzoate group, however,
if the fraction of dead chasris increasedi(e., those not containing a dithiobenzoate moiety at
their end), then deviation between UV and RI traceslldvappear. Sucldeviation could be
evaluated by observing diggpancies among the SBE0/, SEGRI and SECLS datg[104]; truly,
discrepanciegspecially among the SEQV and SECRI were observed for the CTAdinting
that the growing chain from CTAL could be compromisedyfadL8A).
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— Rl
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w

Figure 18. SEC chromatograms (LSblack, UV - green and R} magenta) in M@®H/acetate
buffer of the PHPMAmMacroCTA1 (A) (CTAL, in Tablé) and (B) PHPMAmMacroCTA2 (CTA2,
in Tableb) at polymerization time of 4h.
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As comparison, theameexperimental set ([M]/[CTA]/[I[r 175/1/0.2) was performed by
the conventional heating methodith water as a solver{fTable 6).When compared to MWI
(Table 5), the acquired results reveal a slightly slower reaction rate, broader dispersities, and
homopolyner conversion (~48 % for CTAL; ~65 % for CTA2, TaB)eindicating 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, numbeaverage molecular weightvifi) and dispersity {) for MWI-assisted RAFT
polymerization of HPMA. V501 as the initiator in a molar ratio of [M]/[[CTA]/[1]=175/1/0.2 for
the targeMn~25 00 0L gL mo |

Time Conv? Mn »° *H NMR Mn, SEC n
(h) (%) (gLthol (@R

CTAl 0.5 3 1030 - -
1 14 3800 6 045 1.39
1.5 25 6 540 9866 1.17
2.0 25 6 540 12 210 1.08
3.0 38 9 800 16 880 1.08
4.0 48 12 310 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

aConversion data determined By NMR analysis® TheoreticaMn = [M]o/[CTA]oT ¢ 0 n WMwhphat Mwcra

34  Synthesis of PHPMAbocAPMA, PHPMAPMABH and PHPMAPDPA
copolymers via MW

34.1 Microwaveassisted block copolymerization

Finally, by growing a second block via MVedksisted RAFT polymerization, the
livingness and endroup functionality of the previously synthesized PHRMETAZ2 were
demonstratedSeveralmonomerswere seled¢ed such adN-(3-Boc-aminopropyl)methacrylamide
(bocAPMA) (B1,Scheme ®, N Enethacryloyltert-butyl carbazat¢MABH) (B2, Scheme Pand
2-(diisopropylamino)ethyl methacrylate (DPA) (BScheme P Thesemonomers can redd
polymerize with other vinylic monomers aalieadyhavebeen tested in several biologigalitro
andin vivo experimentsThus B1 and B2containtert-Boc protected multifunctional groups in
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their composition that could be deprotected to a free amvitie severalreagents including

HCIl / Me OH, Me3Sil, or heat ( 1 &dactidh@pdifidationsfos ubs e q
a variety of applications, such anall interfering RNA (siRNA) delivery109] or for imaging

and diagnosticby functionalization of B]110]; B2 is a successful pHabile hydrazone linkage

based copolymer of HPMAhat can be functionalized witlvarious drugs for pH-controlled
actvation[111]. B3 is anhighly-pH-sensitive monomer that undergoes a hydrophobic/hydrophilic
transitionwithin a small pH window of 6.38 pH < 6.95, which issimilarto the pHof tumor cell
microenvironment and makebie blak copolymer useful for supramolecular sgfisembly

towards several structurés numerousapplicationd2,112 115].

The mCTA2 washosnbecause it produced bestultsin the kinetic studies. The BCs
were successfully obtained@gble7) with desirableMn values, asleterminedoy the SEC trace
towards lower elution volumes, indicating an increase in molecular wekgjbts€19). *H NMR
spectroscopy was used to determine the composition of eachpmer. The'H NMR spectra
of the diblock copolymerdBC1 1 Figure 19) show a singletignal at chemical shift 4.8 ppm
corresponthgt o t he protons of T OH group from the
overlapped by the signal corresponding to residual mettthnol The br oad singl et
39ppm¢@) i s attri buted to HHE@H) gnmp Rurtherenorgdésmghab n f r o
corresponding to methyl ene piNHICHINS aftr eBi® =t h2e. 9
ppm, marked asc), overlapg with signals from-NHCHz- (f and h) methylene protons of
bocAPMA monomer repeat units. The spectrum also demonstrated a broactergtic signal
for methylene protons from t he ®@4CH)CiCladl)y mer ¢
which is overlapedby -CH2-CH2-CHz2-(g) met hy | ene p2leppnoandsigralsintu = 1.
t he r an-§3ppmbande)lypicl of mehyl groups from the PHPMA backbone H&Ci
CHzi ) and the pendantgroupfl@ CH( OH) ) , respectively. Strong s
to methyl protons (83)s- (i) of bocAPMA sidechain. Moreover, a broad signal was also detected
at7.37 . 7 p p niNH1) f@ (h&©3gmide groups in the composition of both blocks.
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Figure 19. 'H-NMR spectrum of PHPMA-bocAPMA diblock copolymer (BC1) in
methanolda.
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ForBC2i the characteristic proton signals corresponding to the monomer repeating units
from the PHPMAb-PMABH diblock copolymer are assigned in thé NMR spectra given in
Figure20. As can be seen, no big difference was observed in comparison to thelBigiue to
the similar chemical structure. The numbaeerage molecular weightin (NMR) of the
correspndng BC1is shown inTable7.

MeOD

i/il’a\!&a\bto S, bre
HO' Kl( v
NH

TARNL
HN

e g oH _f
MeOD
f

Figure 20. 'H-NMR spectrum of PHPMA-PMABH diblock copolymer (BC2) in methandk.

The characteristic proton signals corresponding to the monomer repeating units from the
PHPMA-b-PDPA diblock copolymer (BC3) are assigriedhe'H NMR spectra given in Figure
21. The numberverage molecular weigiin (NMR) of the correspond BC& represented in
Table7.
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Figure 21. 'H-NMR spectrum of PHPMA-PDPA diblock copolymer (BC3) in acidiczD.
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Along with NMR, was performed SECeasurements order to evaluat¥n (Figure 2).

Table 7. Experimental conditions and macromolecular characteristics of the block copolymers
prepared via microwavassistedRAFT polymerization

Sample [M]J/[CTA] o/[I]o Time Conv. Mn,NMR¢ Mn, SEC n
(hy (% (gLMo (gL

PHPMA 2-mCTA2 100/1/0.2 3 93 4130 4410 1.04
PHPMA 2¢-b- 75/1/0.5 6 962 15500 25000 1.06
bocAPMA,7 (BC1)
PHPMA 2¢-b- 75/1/0.5 6 3¢ 12208 22200 1.38
PMABH 44 (BC2)
PHPMA 2o-b-PDPAzs  75/1/0.5 6 45 11851 13720 1.14
(BC3)

®Determined byH NMR spectroscopy in methalds or using enefjroup analysis.
bDetermined byH NMR in acidic 2O using enebroup analysis.
¢ Mn was calculated viZH NMR spectroscopy accordingitn= (nMU  Nlw HPMA) + (nMU

| Mw monome) + Mw CTA.
dDetermined bySECin 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 PHRM&TA was used for the growth of BC1 (~ 96%
conversion), we hypothesizdbat 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 effeti¢ 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. SECchromatograms in MeOH/acetate buffer of the RIARBs-mCTA2 (black lines)

PHPMAzo-b-bocAPMA47 (blue lines), PHPMAg-b-PMABH44 (red lines) and PHPMA-b-
PDPAsa (green linesyliblock copolymergTable7).
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By way of comparison, the block copolymers were made using the conventional heating
method under identical conditionBhe obtained results demonstrated the obtention of the BCs
with generdly broader dispersities and lower or similar conversions (~30% for BC1; 20% for
BC2; 50% for BC3, Tablé) if compared withsynthesisvia MWI (Table 7). The obseved
differences between theoretical molecular weight (NMR) and experimental molecular weight
(SEC) could be due to SEC's strong dependence on the calibrant, solveiuamd as well as
the fact that it is a relative method requiring a molecular welgtector, as opposed to NMR,
which is an absolute primary method requiring no calibrdide].

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

Sample [M]o/[CTA] o/[I]0 Time Conva Mn NMRP  Mn ,SEC n
(h) (%) (gLMmo (glLMo
PHPMA 2-mCTA1 100/1/0.2 3 93 4130 4 410 1.04
PHPMA 29-b-bocAPMA 47 75/1/0.5 6 30 4 850 10 600 1.11
(BC1)
PHPMA 2¢-b-PMABH 44 75/1/0.5 6 20 8 140 10 300 1.44
(BC2)
PHPMA 20-b-PDPAz4 75/1/0.5 6 50 10 582 12 190 1.32
(BC3)

aDetermined byH NMR spectroscopy in methanol, and acidic RO using enegroup analysis, Mnwas calculated

via 'H NMR spectroscopy according Mn = ("MU T Mwpma) + ("MU T Mw monome) + Mw cra; Determined by
SEC in MeOH/acetate buffer, pH 6.5, 80/20 vol %.

4. Preparatiorof pHresponsive polylJ-(2-hydroxypropyl)]
methacrylamidep-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 mentioneatancer causes 1 in 6 deaths worldwide, according to most recent survey
by the International Agency for Research on Cancer reported that the global moaiadieég by
cancer isapproximately 9.6 million in 2018 (21% higher than in 20[38.7]. This number is
predicted tobe 19.3 million by 2025[118], calling for immediateimprovements in cancer
therapieg119].

The currentancetreatments include surgery, radiation and chemothehapyeverthese

proceduresausesideeffectsthatdamage healthissues.
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 chemothetiapdrugs, 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 lyezdits [120]. Recent
efforts have embraced the constion 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 consideed promising candidate
for overcoming such noteworthy drawbabainly, DOX-loaded nanoparticles are administrated
intravenously upon intravenous injection nanomaterigjsickly covered ontheir surface by
bi omol ecules that are presentotai bidegpseciohad ds |
biological and physical barrietsyhis alsorptioninfluencesthevanopar ti cl eds phys
properties, including hydrodynamic size, surface charmglaggregation behavipwhichleads to
rapid clearance. This undesiredrider could be overcome by usirgycoating with highly
hydrophilic polymer such as-(2-hydroxypropyl)methacrylamide (HPMARAnother obstacle is
the preferred accumulatiowhich can be solved kpassive tumor targeting strategkich utilized
previously mentioned EPR effect (vide secti@iological and physical barrierg, typically
nanocarriersvith Du < 100 nm can diffuse across cancer tissues resulting in enhanced permeation
and retentior{fFigure 23).

pH~7.4
T=37°C
Normal ROS preduction (-OH, NO- and H,0,) ‘ Polymersomes e Small molecule

Normal
tissue T @

® L
SZ s S pma
e ® e @ I
+
.‘ .‘ e ®
Endothelial s

eis > EHEDED

Angiogenic
Endothelial cells

vessel
Lymphatic

Drainage
Tumour tissue
Higher ROS production (=OH, NO-and H,0,)
Figure 23. Schematic representation of the acclation of polymersome#n tumor sites due to the

EPR effect.

Advances in controlletlving polymerization processes have recently encouraged the
preparation of a wide range of macromolecules with controllable architecture, functionality,
composition, and dpology, allowing the engineering of selsemblies with controllable
membrane thickness, flexibility, size, permeability, and, most importantly, responsiyE2#Hss
123]

As was discussed earlier thelymersome¢PS9 can bemaderesponsive t@H of tumor

microenvironment whiclhas aslightly acidic pH(6.506.8), depending on the tumadype (vide
section 1.1.5 Tumor microenvironment targetifgj24,125]
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Therefore, the DOXoaded pHresponsive polymersomase capablef transporing the
cargo while navigating through healthy tissues {pH4), and rapidly releasy the payloadn
tumor microenvironmer(the slightly acid pH)whichis presumably a suitable strategy to enhance
the therapeutic efficacyith redudion of DOX side effectsFor tis goalwe usedadesign otthe
amphiphilic diblock copolymer prepared by RAFT, based lomrophilic PHPMA and
hydrophobic pHresponsivepoly(2-(diisopropylamino)ethyl methacrylatd’PA) as building
unitsfor polymersomes. ThRDPA completely dissaateswhen the pH dropselowits pKa~ 6.8
in less than a seconfll12]. As was mentioned,he polymer polyl{-(2-hydraxypropyl)
methacrylamide (PHPMA) was chosen as the hydrophilic stabilizing segment due to its protein
repelling characteristicévhich presumably restricts protein adsorptiamd polonged blood
circulation lifetime.[126,127]

Although the utility of pHresponsive polymersomes for cancer treatmerdbigous
current polymeric vesicle manufacturing techniques typically result in polydisperse assemblies
with poor cortrol over average siz¢128]. Moreover the presence of multiple morphologies is
oftenobservedThis problem can be avoidéy producingthe assembliegia microfluidics. The
control over the mixing conditions enables high reproducibility, narrow size distribution and the
precisetuning of thenanostructuresize [129]. Encapsulation ofdrugsinto sizedefined and
monodisperse PSsan improvecellular uptakedue to a moreonsistentiodistributionof the
therapeutic agent in the target site. The herpnepared DOX-loaded pHresponsive
polymersomeswnere chaacterized byDLS, SLS smallangle xray scattering(SAXS), and
imaged by cryeTEM. The effectiveness of the DOKadedPSswastestedn vitro by the cellular
uptake analysisand cytotoxicity study andin vivo by assessing the biodistribution of the
assenblies and their antitumor efficacy in mice bearing EL4 lymphoma model.

We aimedat fundamentally contribiig to cancer naneherapyby designing DOX
loaded, stimuliresponsivepolymeric vesiclegpolymersomes) capable of responding to the
inherent features afumor microenvironmentswith possibleenhancemenof the therapeutic
outcomes, and redtion of the sideeffects of the widely used DO¥rigure 24).
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Figure 24. Schematigllustrationof thepreparation opH-responsive polymersomes based on
PHPMA-b-PDPA block copolymers loaded with DAy microfluidicsand then-vivo approach
for a treatment with preparedrfoulation ofa lymphoma tumor of mouse

4.2  Synthesis of monomers and RAFT agent

Firstly, the HPMA was synthesizexs previously mentionedrigure 25), secondlythe CTA
Azide was synthesized from the derivatization of theydne4-(phenylcarbonothioyhio)pentanoic
acid (CTAOH) with 3-azido1-propanol accordingp the chemical route given in Figu2é.

HO & HO
NH, —_ N
Na,COj, DCM

N-(2-hydroxypropyl)
methacrylamide (HPMA)

Figure 25. Synthetic approach used to synthesize HPMA.

amino-2-propanol

$ CH; ¢y N3._~_OH TICHS CN
OH A AR O~ N3
S DCM, EDC,DMAP | i s N i
O  0°C(2h), RT. overnight || o
CTA-COOH CTA-Azide

Figure 26. Synthetic route used in the synthesis of the G\zide.

FTIR (Figure27) revealed the existence of the azide group in the @Efle, and it was used
as a chain transfer agent to generate the first segment of the block copolymers.
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Figure 27. FTIR spectra of &azido1-propanol (precursor) and CTdzide. The arrows indicate the
corresponding chemical groups.

Afterwards, the azidgerminated PHPMA macroCTA was synthesizikbh & 5000
g L mpMw/Mn = 1.06), purified, characterized byl NMR and SEQFigure 28), and further
used as chaitransfer agerfior polymerization
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Figure 28. *H NMR spectrum of PHPMA macroCTA acquired in Me@H# (left) and SEC traces
for PHPMA macroCTA synthesizeda RAFT in MeOH/acetate buffer pH 6.5 (80/2Q) (right).

At higher temperatures (~ 70 Ue@yclpaddittne azi d
to carbon double bond, which should be avoided in the polymerization pr¢t8@is132].
However, this problemcould be diminishedn methacrylamide monomers (such as HPMA)
because of thelow reactivity and the presence of a methylene group on the monomer's double
bond resulting in steric hindrance apdeventingundesirable side reaction4d.32i 134] In the
obtained final produstazide groupsvere proven by FTIR and byH NMR where methylene
(CH2) groups (m, I, kwerevisible next to the azide groufFigure28). Furthermore, thazide
groupfunctionality wasalso validatedy thesuccessfutoupling of the DBC&yanine dyedy
a coppeifree click chemistry (see below).

The second block was then produced by RAFT using the PHPMA macroCTA, as
illustrated in Figure29. The molecular weighthamacteristicswere evaluatecoy SEC (Table9,
Figure 30). The hydrophilieto-hydrophobic weight ratios were determined ustiry NMR
(representatively available for PHPMABSPDPATY5 in Figure30).

(A) st@wowm o |
i © /ls
NH CTA-Azide N o 7 }...
T — NC \
H

—0 8

AIBN,70°C,18 h NH
fert-butanol / DMSO |
OH—{

PHPMA macroCTA

(B)
N
o
\H)L 7/ Na/\/\oJ\/?/ [N \(@
Ny T P[)PA monomer ’=0
" AIBN,70°C,18 h
> 14- Dloxanc/ MeOH (60/40) OH—(
OH—( ) N%
\

—

PHPMA -h-PDPA ; block copolymer

Figure 29. Synthetic route used in the synthesis of ardminated PHPMA macroCTA (A) and of
N3-PHPMAm-b-PDPAndiblock copolymers (B).
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Table 9. Synthetic parameters and molecular weights of the synthesized PHBNRP A block
copolymers.

Block [M]o/[CTA] Mn SEC n Conversion Yield wt (%)
Copolymer  of[l] (g.mok) (%) (%) PHPMA
PHPMAss-b- 50/2/1 10600 1.25 69 53 53
PDPAs
PHPMAss-b- 100/2/1 14200 1.09 68 58 35
PDPA43
PHPMAss-b- 150/2/1 21000 1.05 72 56 24
PDPArs
o
Hoo F 'I,:f 3 101 j A8 - PHPMADPDPA,
R 3 - 1T\ —- PHPMA,-b-PDPA,,
¥ Hh > ol i y=- PHPMA,-b-PDPA,,
H :._e% {Z{jk bee+g .{é !i;;l l A:L 2
K7k £ L |||‘ !
k £ - :_' 1 1
[} 1 .
. k B h V!
. £ I"l T
f = 1oy
J L \ a+f \\ \lrﬂl % 0,24 l-: \ "' \
Ut O
5. 0 4 5 4. 0 3 5 3 0 2 5 2 0 4. 5 i 0 ppm e E2 EE - R

retention time (min)

Figure 30. 'H NMR spectrum of PHPM#s-b-PDPArsdiblock cpolymer obtained in #D/DCI (pH
~ 2) (left) and SEC traces in DMF for PHPMA-PDPAndiblock copolymers synthesized
RAFT (right).

The summary of data in Talfeshows the production of block copolymers with narrewly
distributed molecular weights (P 1.25) ranging from 10.6 to 21.0 k@xth variousPDPA
contentfor further preparationof thermodynamically stable polymersomes. Therpsponsive
block copolymersbehaviorwas assesseth y -pogential titration and representative results are
shownin Figure 31
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Figure 31. g-potential (squares) and light scattering intensity (spheres) as a function of pH for
PHPMAss-b-PDPArs block copolymer in water at initial copolymer concentratenl1.0
mg L thiL

The obtainedresultsclearly indicated thathe pKa of the synthesized block copolymer
(PHPMAss-b-PDPAs) is in the range 6-8.5 which agrees with data from literaturgl35]
Accordingly, PDPA chains are pr ot on-pdeatidl
values and reduced light scattering intensity (open circlegpically, the degradation of
PHPMAm-b-PDPA, 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]

at

4.3 Manufacturing and Characterization of the Polymersomes

Polymersomeare effcientactive agentarrier particles thadreusedas aclever platform
for drug, gene and proteitelivery.[136] The control ovelparticlessize and polydispersitis
critical for effective therapieswith the advent of thenicrofluidic technique, new opportunities
for production of nanostructures with a number of advantages imetuchorrexcessive
consumption of expensive chemicals and high, solid and fast throughput controlleghby
precision equipmentAdditionally, by using micromixer platformghe encapsulation of
hydrophilic and hydrophobisubstancesan be accomplishefil29] However the approach was
only seldomstudiedfor the productionof PDPAbased polymersomefl28] Consideringthe
aforementionedhe selfassembly of the dibloclopolymers as polymeric vesicles was conducted
usinga microfluidic chipwith a micremixing design (Figure82 A-B) for the manufacturing of
either DOXfree and DOXoaded polymersomes:or proper dissoling of the amphiphilic
diblock copolymemasselectd THF/MeOH 80/20//v as the organic phase to dissolve the three
block copolymers and PBS (pH 7.4) as the aqueous phase. Tassatibly of PHPM#&-b-
PDPAes (f ~ 53%) producedsmall particles (Figur82 E) with average sizéhat isincompatible
with polymersomesDu = 30.6 nm).

Coreshell nanoparticles (micelles) were probably obtained due to the high content of
hydrophilic PHPMA in the copolymer chaind/ith increase of hydrophobic contetiie diblocks
PHPMAgs-b-PDPA43 (f ~ 35%) and PHPM#&-b-PDPArs (f ~ 24%) predominantly produced
polymersomess confirmed by TEM (Figuré22 F and G, respectively).
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Furthermorethe structure sensitive parametalue(Rc/R4 ~ 1) ardrustableexperimental
evidence(Table 10) with the presence of the hollow sphereslymersomels However,self
assemblies made from PHPND-PDPA3 constantlyform small particlestogether withthe
polymeric vesicles and therefore, we have decided to use the block copolymer BEHBMA
PDPArs which demonstrated single morpholodyy orderto investigate the influence of the flow
rateson the final propertieghe aqueoudlow rate was a&hosen as wariable parameter (50, 100

and 200Y) ewhimie@ the flow rate pwaskegimnstafapeni ¢ ph
10and Figure32))

Table 10. Physicochemical characteristics of the PHP#&MBPDPAs polymersomes produced by
microfluidics.

Flow Rate Dx (nm) D¢ (nm) }  DBe/Dn PDI e (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 -3.5
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
200 300 400 500 600

97 (um?)
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Figure 32. Microfluidic chip (A) usedor the productiorof the polymersomes wittmicro-mixing
chambers (B). Distributions oR+ for PHPMAss-b-PDPArs polymersomes produced using
different flow rates (C). Analogous static light scattering datac(&Iq) data (D). TEM images
of PHPMAss-b-PDPAs (E), PHPMAsb-PDPA (F) and PHPMAs-b-PDPAs (G)
polymersomes engineered by microfluidics at aqueous/orgaage flow rate 200/100.

Ji

The significant advantage of microfluidics is highly precise control over the mixing
conditions which enabled the generation of highly reproducible polymersomes across different
batcheslow polydispersity (PDI < 0.1), and preeisontrol @er thesize.

The data presented in Tahl® and Figure32 C show that the size of polymersomes
decreases with increasing flow rate. Thappens duw reduction in mixing time between phases,
which resultsin faster aggregation kinetics and afer particles. As the width of the focused
stream is decreased by increasing the flow rate of the water stiamsg the decrease in the
diffusion length between the polymer solution and the watgich leadsto faster mixing between
the phases anfhster nucleation and aggregation occtingreforesmaller polymersomesare
produced The TEM image of PHPM#&-b-PDPArs polymersomes prepared with a flow rate ratio
of 200/100 is shown in FiguB2 G and illustrates the engineering of quaminodisperseasicles.

The values of the structure sensitive paramgter Rs /R4), ranging from 0.94 to 1.08
obtainedwith DLS andSLS also indicate the prevalence of highly hydrated objdws are
compatible with hollow spheres (vesicles). Reevalueswere takerfrom the SLS data in Figure
32D.

Once the conditions for the preparation of the dreg pHsensitive polymersomes were
established, the same procedure was used to prepare polymersomes containing doxorubicin and
cyanine dyes for biodistribution studisd FRET. The@olymeric vesicletoaded with DOX (95.0
nm) wereslightly smaller in size compared to D&ee polymersomes (101.7nm) according to
DLS (Figure 33 A), however,narrow (PDI < 0.10) polydispersityas observed in both cases
(Table11). The siz of obtained®Sis preferable for nanomedicines that need to circulate for a
long time and accumulate in tumord.37,138] For the colloidal nanocarrierdé slightly
negatively charged surfaces are suitable, as higher positive or negative values are usually
associated with rapid blood excretid39] According toe-potentialvaluesthe polymeric vesicles
are efectively shieldedy the PHPMA shell through steric forces. Thee-loaded and do¥oaded
polymersome®f PHPMAss-b-PDPAvs were evaluatedby SAXS (Figure33 B) andimaged by
cryo-TEM (Figures33 C and D)[3].
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Figure 33. DOX-free and DOXloaded PHPMA3%-PDPA75 polymersomes: size distribution
obtained by DLS (A) and analogous SAXS profiles (B), €M images for DOXfree (C)
and DOXloaded (D) assembilies.

Table 11. Structural features of the prepared D@&e and DOXoaded polymersomes.

Entry Dn PDI2 te (nm)°  ty (nm)P [~ LC (%)¢ EE (%)¢
(nm)2 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 DLSp)Measured by SAXS) Measured by ELS) Measured by HPLC.

The well-defined SAXS profilegfigure 33 B) confirm the polymeiic vesiclesstructure
Theproper fitting was possiblenly whenbilayer vesicleshape factor was used with thecktmness
of the PHPMA shell in contact with watenr € 4.5 nm) and the thickness of the PDPA layer (
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10.7 nm) avariableparameters. DOX loadingad almost no effect on these dimensig@ns 4.4

nm andi: = 10.8 nm, respectively). The cai&EM imagesalso displayedesicular structuresith
diameter 7090 nm that isin rationalagreement with the size distributioasquiredby DLS
(Figure33A). The data from cryd EM usually undersize relative to DLS, since the tast e 6 s
measurementarebased on itensityof light scatteringn solvatedstate while crye TEM gives
numberaverage of diameter§loreover, on cryel EM images was observ&DX crystals in the
aqueouscore of DOX-loaded polymersomes (FiguB8 D), that istypical for the liposomal
formulaions containingOX. [140,141]

In order to supplemetite assembhgisassembly inv&igationd=RET measurements were
performed The FRET refers to neradiative energy transf@rocessbetweenan excitedstate
fluorescent donor (Cy3) and groundstate acceptor (Cy5). The aim of thistudy was to
investigate the selissemblidisassemblyprocess in differenpH conditionsaccording to the
FRET principle. Theopperfree click chemistry was used for covalent attachment of cyalyme
pairs cyanine HBCO (Cy3DBCO) and cyanine-BBCO (Cy5DBCO) to the block copolymer
andmicrofluidics wasused forthe polymersomes using a mixture 80:10:10 m/m/m of PHRMA
b-PDPArs, Cy3PHPMAss-b-PDPAs and CySPHPMAss-b-PDPArs. A schematic representation
of the click chemistry reaction between the Cy3 and Cy5 dyes with the azide groups on the surface
of thepolymersomesepresentets in Figure34 A. The coupling and formation of dual fluorescent
Cy3-Cy5 polymersomes was evaluated Bljuorescence Lifetime Correlation Spectroscopy
(FLCS) measurements (FiguB# B, C). The diffusiortimev a | ue s ob3.6@msfoetde ( U
Cy 3 ¢ h a mn 833msiontde CY5 channel) are very similademonstratinghat both dyes
were successfully conjugated to the block copolymer chains and aiadbrmorated irthe self

assembled structure.
[
L
+ Cli kCh emistry
e

Azide-labeled

block copolymer  Cyclooctyne-labeled
fluorescent dyes

Covalently con]ugated polymersomes

(B) ©

Wi, O Laser485nm

Autocorrelation function G(t)
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Figure 34. Representabn of the click chemistry reaction between Cy3, Cy5 and the block
copolymer (A), fluorescence correlation spectroscopy data forG3p3PHPMA35b-PDPA75
polymersomes collected in Cy8h a n rxel 48 & e 5@5muh) (B and Cyshannel

( @=640 nma n dm=8&55 nm) (C).
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FRET efficiencywas calculated using Equation e distributionsareshown inFigure35.

P77 PBS Buif. pHT 4
101 B Acetate Buf. pH 5.5
] Acid solution pH 3.0

0.6+

06+

044

Normalized Counts

0.2

0.0 le
0 60 80

FRET Efficiency (E)

Figure 35. FRET efficiency histograms of Cy3y5-polymersomes incubated in phosphate buffered
saline pH 7.4 (gray bars), acetate buffer5.5 (green bars) and acid solution pH ~ 3.0 (blue bars).

The FRET efficiency ofCy3-Cy5-polymersomes atpH 7.4 wEs= 53 . 5 WherD. 2 an.
assemblies were subjected to pH 5.5 and 3i@ieagdt o 8 0. 0 N O .respedaively 80 . 2
These valuesertainly reflecithangesn the structure of the polymersomes mediateddnjous
pH environmental conditionsThe changesn both s and b caused by disassembly of
polymersomes, due to protonation of PDPAp&t < pKa ~ 6.8, with pssibke subsequent
reorganization of free chaimswhich highly hydrophobic dyes CyaninedBCO and Cyanine-5
DBCO are sheltered in order to avaite catact with the polar solventn suchself-organized
nonpolar environment within free block copolymer chie inter dye distance is considerably
reduced,thus increasing the FRET efficiencyhe obtained data indicate that joldpendent
behavior of PHPMAe-b-PDPAvs polymersomes can be expkitfor the delivery of therapeutic
agents into sites of action with specific slightly aciaicroenvironment

44  In VitroEvaluations of DGXoaded Polymersomes

The DOX loading content (LC) and encapsulation &fficy (EE) were determined by
HPLC.The quantities were determined by using an analytical curve with a linear response in the
range 0.00%1 0.5mg. mLL. The values were calculated using the following equations:

0o0P Qp T (11

% %P @p T T (12)
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The loadingcontent of DOX into polymersomes and the encapsulation efficiency were
found to be 9.86 and 53.2%, respectively (Tablé1l). After that, theDOX release profilewere
tested insimulatedphysiologicalconditions (pH 7.4), pathophysiological conditions (pt8.5)
and the acid environment of endosomes and lysosomes (pH thedgtaarepresented in Figure
36 A. The DOX releaseate is mucHaster at slightly acidic environmentdue toprotonation of
the PDPADblock, with release of ~ 780 % of the encapulated DOX within 24 h and %
after 48 h At physiological pH= 7.4DOX-loaded polymersometemonstratstahlity with 22 %
of DOX releasatfirst 24 h.This study indicates that at pH > pKa,jpésponsive polymersomes
are stable and capable of tsporting anticancer drugs into the bloodstream without significant
drug leakage.

Further, polymersomesereused forcellular uptake and cytotoxicitgxperimentswith
EL4 lymphoma and Jurkat cells. Tegquivalent amount of free DOX additionally was useckill
studiesas a standard comparison.
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Figure 36. Cumulative DOX release from PHPMAb-PDPArs polymersomes at different pH
(A); Cellular uptake of free DOX and DQOladed assemblies as determined by flow cytometry
(MFI per 10,000 events) after 2h irmation 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-Iv@ded
polymersomes. # in B represents rsgnificant differences (p < 0.05).
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DOX cellular uptake was assessesihg 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, wheeas PS loaded with DOX may be internalized by endocytosis doeitsize. The
in vitro anticancer performance of DGKaded polymersomes was then evaluated in both cell
lines and compared with free DOX. Thesd@alues for EL4 lymphoma cells are 0.084d 0.021
eg.mLiforDOX-l oaded assemblies and fr egesm@e@¥elfaand O.
Jurkat cellsresulting in an efficient cytotoxic effect. The slightly lowesd@alues for free DOX
may be related to its ability to diffuse across oembrane$l142] for Jurkat cellsThe relatively
identical values demonstrate that the assemblies effectively carchénsotherapeutic drug to
both cell types, resulting effective cytotoxicity.

4.5 Biodistribution of PHPM#Ab-PDPAsPolymersomes in Nude Mice:

Due to low molecular weight (543rgolt) and amphiphilic character, DOX is known to
accumulate preferentially ihighly vascularized organfl43]. Accumulationof DOX with
following oxidation damagesually leads to an increased rate of apoptosis in cardiac myocytes
and consequerdardiotoxicity. [144] The fluorescent dye DBGQyanine7 (Cy7), which can be
detected in deep tissugsvivo, was used in the biodistribution assd{45] The selfassembled
vesicles were made using a Wiw of PHPMAss-b-PDPArsand Cy7PHPMAss-b-PDP Ars with
no change of the final size and pydispersity (i = 92.9 nm; PDI = 0.05)Figure37 shows a
diagram of the CyTabeled polymersome and the chemical structure of the block copolymer
coupled to the CyDBCO dye.

The female athymic nude foxamice werechoserfor the assay due fack ofbody hair
as a result ofeduced number of T cells caused by the deterioration or absence of tiicwris
treated withfree CyDBCO in saline or Cydabeled polymersomesyere scanned utilizinga
Bruker In vivo Xtremenstrumentcombining optical andX-ray small animal imaging systeat
different time points
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Figure 37. Representation of the click chemistry reaction between Cy7 and block copolymer
PHPMAss-b-PDPArs (A) and chemical structure of CyPHPMAzs-b-PDPArs.
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Figure 38. In vivo biodistribution aalysis of Cy7polymersomes (A) and free DBCCy7 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 monitonado at

tumor region of nudenice bearing EL4 T lymphoma tumor (®x vivoCy7-polymersomes
accumulation in different organs and in EL4 T lymphoma tumors after 7 days of administration
(D); ex vivoimages of organs (1: tumor; 2: heart; 3: small intestine; 4: large intestine ama cecu
5: liver; 6: kidneys; 7: lungs; 8: spleen) after 7 days of administration ofoGlymersomes (E)

and free DBCG&Cy7 dye (F). ** indicates statistical significance p < 0.05 between groups
provided by onavay ANOVA; n = 3 mice/group.

After the injectionof free Cy7 and CyPHPMAss-b-PDPArs fluorescence intensity
remainssimilar for 0.5 h, but the signal for the free diges significantly more quickly and
almost completely disappears after 2Muoreover,Cy7-PHPMAss-b-PDPAvspolymersomesire
able to ciculate in the bloodstream for at least 7 days afjectionas evidenced by fluorescent
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signal from tumor region (Figur@8 C). This datacorresponds to the literature about regarding
polymersomesirculationhalf-life that isat least 48 hours, which msuch longer than free DOX
(30 min- 3 h). [143,146]Animals was sacrificed at 144h bgrvical dislocationand their organs
wereimagedex vivofor biodistribution analysis.

The highest amountsf Cy7 levelswere foundn the liver and spleen (FiguB8 D), but
increased accumulation is also observed in the tumor rdgiobably the colloidal carriers' long
blood circulation time permits them to accumulate in the tumor locatlmmlowest amount was
found in the hedy implying that cardiotoxic effectshould bereduced.Block copolymer
nanoparticles are typically seen in high concentrations in the liver and 4akei48]

4.6 In Vivo Antitumor Activity
For thein vivo therapeuti@xperimentsye selected female black C57BL/6J mice with
EL4 lymphoma tumorghatweretreated withDOX-loaded polymersomeBigure39 shows the

tumor volume, body weight change, awdvival rate.
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Figure 39. Tumor volume (A), body weight change % (B), and Kag\éier survival plot (C) as
a function of time for mice treated with saline, D@ded PSs and free DOX at 5 k' DOX

or equivalent according to the legends (the dataa gi ven as mean N SD;
the administrations. Lactate dehydrogendsPH (D) and serum creatine kinas€K (E) levels
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after free DOX and DOoaded PSs administration (third injection) in mice bearing EL4
lymphoma tumors (thedatar e gi ven as mean N SD). Quantific
blood during the chemotherapeutic treatment using free DOX and-ID&aéd PSs (F). # nen

significant difference (p < 0.05); ** statistically significant difference (p < 0.05); *** siatifly

significant difference (p < 0.005). Polymersomes were denoted as PSs.

In the group with untreated mice (salifi&)4 lymphoma tumor uncontralbly andrapidly
grow in volume, resulting in death of the entire group within 22 d&ygure 39 C). Treament
with free DOX does not lead to a reduction in tumor volume, and consideasyortthe half
life of free DOX[143,146]the fast clearance of the therapeutic agent is probabbcated with
the rapid tumor growthl'reatment 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 D@ the ontrary, asignificant suppression of tumor
growthwas observed when miceceivedreatmenwith the DOXloadedpolymersomes

Due to quicker tumor growtlihe body weight increased significantly in the control and
free DOXtreated groups, whereas bodyigid was maintained in thgroup treated bypOX-
loaded PHPMAs-b-PDPAvsvesiclesduring the first 20 days.

The animals looked healthy and regained weight there®ftest importantly, the survival
rate in the treated group was maintained at 100% withatihsglgvithin the experiment's timeframe
(40 days), confirming the efficacy of the D@¥aded pHresponsive assemblies in reducing
tumor growth and prolonging the survival time of the mid&s outstanding result can probably
be attributed to the longer culation time of the nanomedicines compared to free DOX, as shown
in the data presented in Figu8g, as well as the piesponsiveness 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 doxorulitartunately in the groups treated
with DOX-loaded vesiclemice did not experiemhair loss

To assess in vivo toxicity, blood samples were taken after the third injection (day 8) and
CK and LDH levels were measur@eigure39 D, E). Cardiotoxicity is one of the key drawbacks
of therapeutic treatments based on DRQX0] Quantification of these specific enzymes (LDH and
CK) released by cardiac myocytes whihey are damaged is important to identify cardiotoxic
effects. The data presented in FiguB8® and39 E show significantly higher CK and LDH levels
in plasma of the free DOX treated group, indicating cardiotoxic effétsen DOX was
encapsulated intthe polymersomes, the levels were noticeably lower.

Finally, of CD4+ cellswere quantifiedby flow cytometry during chemotherapeutic
treatment Figure39 F depicts the number of CD4+ cells found in mice administered with saline,
free DOX, or DOXloaded vsicles CD4+ cells are involved with the generation of T helper cells;
hence they play an important function in the immune systéelevel of CD4+ cells in untreated
mice (salinelwasremarkably low, less than 7% after 21 days of treatnigunting the frst two
weeks of treatment, the number of CD4+ cells in mice treated with free DOX remained stable.
Thereatfter, 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 incireasmor volume, as shown in
Figure39 A. On the other hand, treatment with the-pdponsive DOXoaded polymersomes

leads to an increase in the percentage of CD4+ cells during the experimental period (40 days),
suggesting that antumor T-cell immunityalso supporttumorsuppression.

These results highlight the potential of DOX delivery into salidorsusing a novel pH
sensitive platform. We exploited the known low local pHuwmhorsites to create a pkesponsive
nanoplatform potentially capable délivering 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 Bx@¥ed chemotherapies in the future.

5. Synthesis of different R@&sponsive polymers based on
hydrophilic PHPMA and hydrophobic phenylboronic acid pinacol ester
methacrylates with following characterization and degradation studies.
Production of ROfsponsive monodisperse polymersomes b
microfluidic flowfocusing method, with subsequent in vitro and in vivo
experiments.

Taking into consideration our previous experience \pitlymersomes sensitive fH-
cellular imbalancesve designed anothgrolymersomesystem that is sensitive tohetr feature of
tumor microenvironmerguch as elevated levels of reactive oxygen species (ROS).

Thisfeature of TMEhas led to greater interest in recent decades towards the development
of novel PSs for medical applications, such as enzymatic nanoreactbdsug delivery systems.
[149,150]Suchpr oposed fismarto PSs have bshevnedwmddl e t o
sizes undethe presence of reactive oxygen species (ROS) in cancer [délld.ROS, such as
hydrogen peroxide (¥D2), are a component of the cellular signaling pathways that are necessary
for the growth, development, and fitness of living organig2,153]However, imbalances in
H202 production lead to oxidative stress and inflammatory events, whinhgatissue 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 cateatment[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 oxidateguctive 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 (S&)eme
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Underthe envisaged targeted sg#pecific ROSrich environment, an oxygen derivative
can undergo complete satmolative degradation resulting in a final hydrophilic polymer, while
partial degradation occurs from the nitrogen derivative, resulting in a eatess hydrophilic
polymer containing phenols (Sche®& and3B). As a stealth biocompatible hydrophilic shell
assuring colloidal stability in aqueous medium and long circulation, we have chosen the well
known multivalent polymer poly§-(2-hydroxypropylmethacrylamide) (PHPMA) (Schen34,
blue). The ROSresponsive BC backbone was envisaged based on piiypeoboronic ester
protecting groups (Schen®A green and3B red). Among the oxidativeesponsive moieties,
boronic acids and boronic esters undergadative-triggered hydrolysis in the presence of
biologically relevant levels of ¥#D2, making these compounds candidates for R@@8ced
polymer decomposition. The pinaegpe boronic ester groups have been shown to be the most
ROSselective and sensitiverobes to detect #. at physiological concentrations with high
specificity.[156i 159] At physiologically relevant kD2 concentrations (108M i 1 mM of H02),
[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 (&ehaeee 3C).
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5.1 Synthesis of the R&&sponsive Building Blocks

In a simple way, the first block of PHPMA bearing azide functional groups was
synthesizedseechapter 4.2jhe HPMA monomer and a modified chain transfer agent (CTA) by
the reversible additiefragmentation chain transfer (RAFT) polymerization and was used as a
macro chain transfer agent (PHPMA mCTA azilfe = 3600 gmnol!, Mw/ Mn = 1.08. The
introduction of the clickable azide groups to the ends of the PHPMA BC will allow further PS
functiondization, such as with fluorescent dyes or antibodies for imaging and selective targeting,
respectively. Subsequently, thearhinophenyl boronic acid pinacol ester (compound 1, Figure
40) was reacted with methacryloyl chloride to generate the methacrgguimiacol esteprotected
ROS monomer 1 (heme3B and Figuret0). 4-(Hydroxymethyl)phenylboronic acid pinacol ester
(compound 2, Figurel0) was methacryloylated to generate the methacrylate pinacol ester
protected ROS monomer 2qt%&me3C and Figure40)

/

DCM; Et;N
0°C1h-rt. overnlght

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 theamino phenyl boronic acid pinacol ester (compound 1)
and the 4hydroxyphenylboronic acid pinacol ester (compound 2) and synthetic route for the
preparation of their respective methacrylate monomers, ROSmesriband 2.

Furthermore, the ROS methacrylic monomers were copolymerized with the PHPMA
MCTA azide to generate the R@&ponsive amphiphilic BC1 (Scher@&\, Figure41 A) and
ROSresponsive amphiphilic BC2 (Scheiie, Figure41B).
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Figure 41. Syntheic route and molecular structures for the newly synthesizediR§#®nsive
block copolymers 1 (BC1) (b) and 2 (BC2) (c).

The BCs were successfully synthetized by the accurate RAFT polymerization technique
with similarMw and desirable polydispersity (Tlal12). We targeted the synthesis of BC with the
appropriate hydrophilic’/hydrophobic weight ratids{ volume fraction of the hydrophilic block
of the BC = 10~ 40 %)149] (Table12) for the preparation of the PS enabling the solubilization
of DOX in the PS interior. Successful BC synthesis was confirme#i lyMR (Figure42) and
size exclusion chromatography (SEC) analysis. No important differenbkswere observed for
the BCs. TheMn of the synthetized BC1 was20.3 kDa with reasonable dispersiu/ Mn a
1.09 and these values wekn ~ 21.5 kDa with a dispersity dfiw/ MNd 1. 13 f or B Cz
determined by SEC (Tabl@) The'H NMR spectrum of the BC showed the characteristic signals
for protons belonging to the repeating units of the monamers

Table 12. Synthesisparameters and molecular weight data of the polymers preparBd\FT
polymerization.

nC

Time Conversion Mn,n° Mn, sec® £9
Sample [M]do[CTA]o/[l] o ) (%)° (g@nol)®  (gtnol)® (I\I>I/Irv:3/ (%)
PHPMAzs 100/2/E 16h 46 7200 3600 1.08 -
BC1 100/2/1 24h 86 30200 20300 1.09 18
BC2 100/2/1 24h 89 28700 21500 1.13 17

3 Determined byH NMR in D;O; ® TheoreticalMn = [M]o/[CTA]o 3 conversior? My monomert MwcTa;

¢ Determined by SEC in DMF using PMMA as standdmetermined by SEC in MeOH/acetéteffer
pH 6.5, 80/20 vol%; © conditions:tert-butanol, [Mp= 1. 5 Mgondifidhs: Addigxane/MeOH,
60/40 vol.%, [Mlo= 3 M, 9Val@me AaCtion of the hydrophilic block (SEC);
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Figure 42. 'H NMR spectra of the synthesized R@S3posive BC1 (a) in MeORl4 and BC2
(b) in DMF d7.

5.2 Deprotection of the ROGRBesponsive Building Blocks

After BC characterization, their degradation was evaluated'#ittMR under 1 mM and
10 mM H0:2.[159,160]Figure 44 shows highresolution'H NMR spectra of BC in deuterated
PBS recorded 5 min and 24 h after the additf 1 mM and 10 mM kD2. Comparison between
the spectra was recorded in solvents suitable for both blocks (M@&€MF, Figure42) and
D20. Figure44 A-C (5 min, bottom) depicts weak and broad signals from the hydrophobic block
and strong signals fronhé hydrophilic PHPMA block for both BC1 (Figudet A) and BC2
(Figure 44 B and C) prior to HO2 addition. These results demonstrate that the protons
corresponding to the hydrophobic block are restricted in mobility (not observed in spectra),
whereas the ptons of the PHPMA block corresponding to the hydropfilie portion of the BC
are clearly visible. However, different behaviors after the additiorn©f Here observed for BC1
(Figure44 A, top) and BC2 (Figurd4 B andC, top). After exposure to #D2, the aryl boronic
ester groups of BC1l were oxidized and subsequently hydrolyzed, displaying the stable
intermediate 4aminaphenol that does not undergo the quinone methide rearrangement, whereas
for BC2, the aryl boronic ester groups are oxidized anddhyzizd, displaying an intermediate
phenol that in water quickly turns tehlydroxymethylphenol (Schen3b and Figuret4 B andC).
The'H NMR spectra show that the side chains of BC1 (Figdm) are partially degradable with
1 mM or 10 mM HOz; however, lhe side chains of BC2 degraded into small molecules and
oligomers in a timeand concentraticdependent manner (Figudd B, C top). For BC2, it is
clearly observed that the broad peak$HNNMR related to the BCs are replaced by the sharp
peaks of thedw-molecularweight degraded side groups, showing-galnolative degradation
triggered by HO.. Polymer degradation proceeds more extensively with increasing incubation
time or HO2 concentration for BC2, as observed by following the time dependeéh®VR
degradation as evaluated from the integral intensities of the appearance-tiytirexymethyl
phenol group (Figurd4 D), as well as the disappearance of the pirpootected grou both of
which are products of the degradation of BC2 hpHScheme3 B). We further evaluated the
H202 scavenging ability of the BCs. In a typical experiment, 1 mg of BC1 and BC2 were added
to 1 mL of different HO2 concentrations (200 and 160 H202), and after 3 h of incubation, the
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concentration of kD2 in the superatants was determined by the Amplex Red Hydrogen
Peroxide/Peroxidase Assd#61] As shown in Figurel3, both BCs are reactive with282 to a
similar extent. The FDAapproved poly(lactic) acilock-poly(ethylene) oxide (PLA-PEO) BC
was used as a control (Figu8, gray column). The ability of the BCs to react with26- in a
similar way is most likely due to the similar amount of pingmaitected boronic groups in both
BCs (Table 2). Furthermore, it is important to highlight that both BCs showed responsiteness
physiologically relevant levels of20. (M 1 mM)[153,160]
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Figure 43. H202 scavenging ability of the BCs measured by Amplex Red reagdet d00 (a)
and 200 (b)rM of H202.

5.3 Preparation of the RG®esponsive Polymersomes via microfluidics

The junction of the hydrophilic PHPMA and the hydrophobic boraised monomer in
a specific ratio and with the desired molecular weight can gerssideessembled PSs in aqueous
solution[2,149,162,163To assemble the BCs into reliable PSs for the delivery of DOX, we
utilized the elegant microfldics technique[2,3] The BC (concentratio® 5 mginL?l) 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; 2@tAét related to BC) was
pumped through the side channels using two independent mamipslledvia PC software. The
flow ratedshinieor RO® Wit e rénimp' forate ergaainpthasd, @<ulting L
in flow ratios of 2:1 (v/v). The resulting PSs were collected in vials and dialyzed against PBS
overnight to remove the org& 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-T&¥). The
size distribution has only one component corresponding to the spherical PSs in PBS solution with
an average diameter Bf120 nm (PDI = 0.09) for PS1 (Figudd E, black circles) an® 132 nm
(PDI = 0.10) for PS2 (Figuré4 E, blue circles) after 24 h in BB A slight increase in the PS
diameter £ 517 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 informati@about the colloid structure can be obtained. The obtained PS
values { = 1.0 to 1.08) indicate the presence of a vesicular morphology for the prepared PSs. The
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estimated aggregation numbehldndg) were also in the range of valuddagg = 250 to 2500)
expected for selassembled systems with a vesicular morpho[@éé4] The diameter and
morphology were confirmed by TEM imagd$e formation of spherical and homogeneous PSs
is observed for both BCs. Subsequently, the PS stability was tested under rele®ant H
concentrations1 mM H02) as a functin of time to test the ROS responsivenfds9,160,165]
Both PSs remained with unchanged diameters during 24 h incubation in PBS at pH 7.44#&igure
F); however, PS degradation was observed after incubation widh Hor PS2, the scattering
intensity (so drops almost 2old (Figure44 F, blue open circles) coraped with thdscin PBS
conditions (Figuret4 F, blue filled circles) and PS1 in 10 mM@®b (Figure44 F, open black
circles). The more negative surface chargedtential) values after 4. incubation also
evidenced the degradation of PS2 to the fimaboxyl groups (Schenféb). The observed DLS
data are in agreement with the obtaifddNMR degradation experiments mentioned above, with
the degradation of BC2 = PS2 being higher than BC1 = PS1 (Figuréor BC2, HO.-triggered
polymer degradation isost likely due to the surfaegeroded PS (decreasd inof D 45 %) (Figure

44 F). This decrease iic corresponded to a decrease-df o f  t Mw.eSubBe§uently, PS2
was imaged by TEM after incubation with® (10 mM) (Figure44 H-I). Along incubatio for

24 h, PS2 demonstrated irregularities in its morphology and shape (B@ttearrows), with
PS2 vanishing after 72 h (Figu4d 1).
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Figure 44. 'H NMR spectra of BQ (a) and BC2 (b) degradation after 5 min (bot) and 24 h (top) of
incubation with 10 mM kO and (c) BC2 after 5 min (bottom) and 24 h (top) incubation with 1 mklih
d»-DMF, deuterium PBS. (dH NMR integral intensities related to the appearance ofngdroxymethyl
phenol group, a product the degradation of BC2 during the 60 h of incubation with 1 mM (red squatre
10 mM (black squares)&.. (e) Distributions of the diameter of PS1 (open black circles) and PS2 (ope
circles) in PBS pH 7.4 and (f) changes to the scattering ingeg)tafter incubation of PS2 in PBS pH 7
(filled blue circles) and 10 mM #D: (open blue circlesysPS1 (open bl ack circ
TEM micrographs of PS2 upon incubation in PBS pH 7.4 (g) after 24 h (h) or 72 h (i) incubation with :
H->O» (arrows depbict the dearaded or vanished PS2).

5.4 In Vitro Assays

Further, the PS degradatitmggered 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 INhH202. After 24 h, the DOX release from PS1 and PS2 under
simulated tumor microenvironment condition2@) was similar, with a slightly faster release of
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DOX for PS2 during the first 9 h to 12 h (Figui®A later below. Both PSs released DOX twice
asfast in simulated RO#8ch microenvironments than in PBS conditions, thus indicating that the
observed faster RO&pendent release could play an important role in the cytotoxicity to cancer
cells[160,165]We next evaluated the cellular uptake of Dd@4Aded PS in a murine 4T1 cancer
cell line. Figure45 shows similar uptake for both PSs evaluated.

4T1 cells uptake
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Figure 45. PS uptake and DOXee in 4T1tumor 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 chemistrys similar (covered by PHPMA), they are spherical in shape with similar
diameters bearing a slightly negative in chamé ¢ 9.34 mV for PS1 and11.3 mV for PS2).
Subsequently, thim vitro therapeutic effect of the DOKaded PS against 4T1 canceliceas
determined by using the alamarBiuassay at 3 different incubation times with cells (24, 48 and
72 h). Tablel3 shows the dosdependent cytotoxicity (I§) of both PSs and the DGee
conditions. Compared with DOKee, the DOXloaded PSs exhitad similar cytotoxicity;
however, lower cytotoxicity was observed at the same dose of DOX (Hgurdhis is most
likely due to the free DOX that quickly diffuses into the nucl¢Li42,166]

Table 13. ICso values (g@nL™?) of the PS and DOXree in 4T1 cells along different incubation
times.

Entry 24h 48h 72h
DOX- 190 18 9
free
PS1 205 35 50
PS2 305 160 110
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Figure 46. PS uptake and DOXee in 4T1 tumor cell lineafter12h 24hand 72hof
incubation.

5.5 In Vivo Assays

The in vitro results suggest that PSs are promisingiriovivo applications. Next, we
mappe the biodistribution and accumulation of iASsivovia the biofluorescent imaging of EL
4 T cell ymphoma tumebearing mice over 7 days with Gytée and Cy+#PS after intravenous
injection into the tail vein of female athymic nude foxmhice. Figure48 B shows that the
accumulation of PS is predominantly in the liver, followed by the kidneys, lungs and tumors. The
Cy7-free accumulated2-3 times less in the tumor compared with the PS at longer incubation
times, such as 3 to 7 days, which is most likelyeffect of the long blood circulation promoted
by the PSsKigure47, Figure48C).

Free-Cy7

Figure 47. In vivo biodistribution analysis of Cy?S and free fluorescent dye DBEXY7 along
144h. The mice were imaged in the right flank using Ex/Em = 750/830itempiair to visualize
the Cy7 dye (white circles refer to the tumor area).

82



Cumulative

<& 2 2 > & * X N N 2
0 3 6 9 12 15 18 21 24 B 6\@ B \\.& > & &° Vv > & 2 E)
time (h) < & N B < ~ v > b A

(d)

Body weight change (%)

0 5 10 15 20 25 30 0 4 8 12 16 20 24 28 32 36 40
time after treatment (days) time after treatment (days)

() 0]

)

lls

........

rme

clea

BM220 % (of bl d
GM % (of blood

Figure 48. a) Doxorubicin cumulative release from PS in PBS buffer pH 7.4 (open blue ¢
- PS1; open green circlesPS2) and in 1 mM H202 (filled blue circledS1; filled green
circles- PS2) over 24 h. (bn vivo Cy7-PS accumulation in different organs and in4D
lymphoma tumors after 7 days of PS administration and (c) thed@&pendent accumulatio
effect of Cy#PS in the EE4 T lymphoma tumor vs Cyffee administration. (dn vivo effect
of PS vs DOXfree and saline on the growth of T cell lymphoma£L(e) KaplarAMeier
survi val pl ot of mice after 3 I 5 mg DC(
(n=4-6; black arrows indicate injections). (f) Body weight chand@sng PS and DOxXree
treatment. (g) Serum creatine kinase levels imbtbed after saline, DOXree, PS1 and PS:
administration in mice bearing E4. T lymphoma. Blood cell changes, B lymphocytes (h)
granulocytes/monocytes (i) from mice during treatment with PS;f@@xand saline. Asterisk
indicate statistical signifance obtained by ongay ANOVA. *P<0.01

It is important to highlight that similar accumulatsoof Cy7-PS1 and Cy-“PS2 were
observed in the organs and especially in the tumor, which is most likely because of thre simila
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 performedvivo studies of antumor
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efficacy in which PS was loaded with DOX and intravenously injected into the tail vein of mice
bearing EL4 T cell ymphoma. PS1, PS2, PBS and Dee were administered at doses of 5 mg
DOX equivalent/kg on days 8, 12 and 16 after tumor transpianfaind tumor growth and mouse
survival were monitored. Figur48 D clearly shows more efficient suppression of tumor cell
growth in mice bearing E4 T cell lymphoma treated with PS2. The survival time of the animals
was also extended for PS1 and R@ated animals compared with D&kee animals (Figurd8

E). Additionally, the side effects of the chemotherapy were substantially improved with the PSs,
such as the balance of the body weight (Figk&€) and reduced cardiotoxicity of DOX, one of

the maindrawbacks of this current chemotherapeutic drug in the clinic, as observed after the
decrease of serum creatine kinase levels monitored in blood (Bg@eand the balanced levels

of the lymphocytes (Figu8 H), granulocytes and monocytes (Figd&l), monitored in mouse
blood along the chemotherapeutic treatment. It is important to highlight thain thieo
accumulation of PS is similar for PS1 and PS2, as well am thiéro uptake and cytotoxicity;
however, PS2 demonstrates much better efficacyhe treatment of lymphomas vivo,
highlighting the chemical effect on R&icacy.

6. pHResponsive giant polymer vesicles prepared via PDMS
microfluidics

6.1 Introduction

Giant polymesomes(PS from amphiphilic diblock copolymers is a novel classhwi
unique seHassembly mechanisf67,167] that possess all the properties of polymersomes such
as the capability ohie polymermembrane for encapsulation and release hydrophobic molecules,
and use ofaqueous core fothe same purposes but witiydrophilic cago. Contrary to lipid
vesicles(giant and nanosizedS are more versatile and possess better stability and mechanical
propertied168]. Versatility and enhanced properties &¢dmpise the control of block lengths,
molecular weight, and functionalization with specific groups, utilized for creation of stimuli
responsive BsystemsBased on our previous experience with PDPA aggsdthonsive polymer
(see chapter 3.5 and dje designedan amphiphilic block copolymer with PEG as hydrophilic
part, for preparation of giant stimukesponsive polymeric vesicleSoheme4).

Common procedures foiSpreparation are: nanoprecipitatisolventexchangenethod
film-rehydration, ultrasonicatioiRISA, and electroformation. The selésemblies produced by
these methods are naturally polydisperse, and have lowladag efficiency[169,170]

Microfluidic technique allow precise control over % formation with narrow
monodsperse size distributioand improved encapsulation of compounf&] The FS in
microfluidic device are prepared by dewetting of water/copolymer stabilized onganic
solvent/water (W/O/W) double emulsion droplets. During evaporation of orgahient,the
copolymes assemble into a shell.
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Selection of organic solvent and diblock copolymer concentration are the crucial steps in
production of B. Organic solvenmust be volatile or soluble @mothersolvent that isvolatile
and suitable for complete dissolvingtb&diblock.

Microfluidic devices for production of®are glass capillary devices, ginted devices,
and poly(dimethylsiloxane) (PDMS) systems da®n soflithography 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 prefertigrecision of
channellengthgut i1t o6s promising candidate for future
by soft lithography can be performed with wide ranges of sophisticated channel designs with high
accuracy. Howevegs mentioned abovEDMS can be used directly only wiimited selection
of solvents: such as alcohols and dilg.1] Since PDMS has poor chemical resistance and swells
in contact with many organic solvents, additional cover like glksssolgel must be appd.
Such solgel coatings like TEO$nodification produced durable glaldise layer, which
significantly increased resistance of PDMS channelsnalr 2]

For stableN/O/W droplets production, wetting propertiestbé devicechannelsnust be
modified. [167,173,174]Originally PDMS is hydrophobic, so the outer ppsiction channels
should becoveredwith a hydrophilic coating. For this purpostne PEG methd was applied.
[175]

Herein, we report pHesponsive giant®prepared byV/O/W double emulsion in sajel
coated PDMS device using volatile organic solvésitiéne).

Schemed. lllustration scheme of pHesponsivagiant vesicles triggered disruption/explosion.
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6.2 Preparation of devices:

Photoresist (PR$U-8 glass substrate was used to create a master ter(ipiigiiee 49 A)
by soft-lithography procesaMicrofluidic devices were made kpyouring PDMS (Sylgard 184,
Dow Corning GmbH), at a mass ratio 1air,bubblesvereremoved with vacuum in desiccator,
thedevicewab aked at 70 AC f swerethenipeeledoff fomfh®Wwagrand o c k
holes were punched out. The PDMS was then cleaned with isopropanol and dried ®@dlvau.
PDMS blocks were then exposed to oxygen plasm®36€ s using aasMani FI e
technology) immediately after the plasma treatment, the PDMS block was wetted by two drops
of water from each side, and sandwiched with second PDMS bloskdool covalenbonding
(Figure 49 B) The device was kept at RT overnight.

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

6.3 TEOS modification of microfluidic device channels.

TEOS modification was dores described bW. Mike Arnold [176]. TEOS was mixed
with ethanol at ratio 1:1, device channels were filkgith the solutiorfor 15 min. The remaining
solution was blown with air, and 33%/v aqueous acetic acid was loaded to catalyze hydrolysis
of TEOS for 3 min. Aftevards, thedevice was dried with air and kept at RT for 1 day.

6.4 PEG treatment of microfluidic device:

The eperimental procedure was done according wWttiK.Chung [175] with small
changesPEG4600Dawas dissoled in water at 0.1M concentration. Microfluidic device was
treated in oxygen plasma oven famin, with 80Wof power Immediately after, positive pressure
was applied for selected inlet channels by using FE2000mbar pumps (Fluigent), atite
PEGsolution was appliedo theoutlet,the procedure continukfor 30 minutes. Then outlet tube
was removed, device was flushed with air, andput o v e n C foit 20 rhiduted
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6.5 Synthesis of Amphiphilic Block Copolymer PBDPEG:

The synthesis of the blkccopolymer poly[2(diisopropylamino) ethyl methacrylate
poly(ethyleneglycol) was performed by RAFT polymerization with appropriate hydrophobic
fraction towards the fabrication of stable setsembled 8 Briefly, PEGCTA was dissolved in
1,4-Dioxanewith addition of DPA and AIBN initiator. The solution was purged withogen for
30 minutes, and lefor eact at 70AC for 2days. The final p
LH-20 column, precipitated in cold diethyl ether with following lyophilizati and analyzed by
Size exclusiorthromatographySEC) andH NMR (Figure50).

HDO b
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Figure 50. '"H NMR and SEC oPDPAb-PEG(Mn= 6 2 5 7t amgh mh1l).
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6.6 Fabrication of Double Emulsion Droplets in Microfluidic Device

Diblock copolymerl0 mg/ml poly(butadieneb-ethylene oxidePEGsoo-b-PBD2sog) or
10mg/ml poly(butadieneb-ethylene oxide)with 1 mg/ml poly[2-(diisopropylamino) ethyl
methacrylateb- poly(ethyleneglycol) (PDPAu2s7b-PEGuooo ) at ratio 20:1 was dissolved in
toluene asniddle flow (MF), inner flow (IF) phase consisof 50 mg/ml Poloxamer188 quakted
pH to 7.4,outer flowOF consisted of 15% Glycerol which increases viscosity that teadsre
stable droplet formation, and B@g/ml Poloxamer 188 with pH 7.4. The outlet tube with double
emulsion droplets was inserted in vial with 0.1M of Gluceslationat pH 7.4. The evaporation
was followed by one day at RT. The dewetted vesicles sedtoh@mthe bottom ofhe collecting
vial. The obtained fare stabldor afew weeksat RT.

The device has a geometry afive-way junction where stams simlianeously crossed in one
point. Onechannel delivershe inner aqueous phase, two for middle organic phase, and two
channeldor outeraqueougphases (Figurgl).

Figure 51. Microscopeimage andSchematic illustration of the workingrinciple of onchip
production of giant polymer vesicle8c al e bar 100 Om;

The assembly of thgant PSis directed by the doublemulsion droplets during
evaporation of the organic solvent in which the copolymer is dissolved.

As can be seen iRigure 52 after formation ofthe W/O/W droplet, theorganic phase
distributed in the walis releasd into environment, resulting into a creatiohathick-shell giant
polymer vesicle in 5 minutes, howeverisinecessary to keep the sample overnight at RT for full
organic solvenevaporation.
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\ L /100 pm
Figure 52 Brightfield microscope images of double emulsion droplets showing the dewetting
process in function of time. The double emulsion drop consists of an agueous drop surrounded by
a shell ofPEGisoo-b-PBD250o(7.14 mg.mLY) with PDPA42s+b-PEGeooo (0.28 mg.mL?) diblock
copolymer dissolved in a toluene. The last image oPtBafter complete evaporation of toluene

after 24 hours is show as comparison.

By regulation of flowrateswe could achieve B 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 contffledesulting B demonstrate
exceptionamonodispersity, andrecisesize control.
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The giant polymersomes loaded mEalcein andNile Red {igure 54) wasimaged and
processd by the fluorescence microscopy using an 1X83 confocal laser scanning microscope

89



(Olympus, Tokyo, Japan) equipped with a plaap®chromat objective (lens magnification 10x;
NA 0.4; WD 3.1mm). Theexcitation light at 488 m was delivered into a diffractidimited spot,

and the emitted fluorescence was collected by a dichroic mirror DM405/488/543/635; all
measurements were performed af\eBA C .

Figure 54. A) Confocal microscopy images of Gidef loaded with Nile Red and Calcein after
solvent evaporation at creashannelB-C) and single channels foreachdge¢c al e bar 100

6.7 Giant esiclegisruption/explosiorstudy

Direct following of vesicleslisruptionéxplosion was done on confocaicnoscopy using
different buffers solution®.1M PBSpH 7.4with 0.1M of glucosandpH 6.5i 5by 0.1M acetate
buffer containing 0.1Mylucose adjusted witlceticacid. For control studyhe experimend were
performed with nofresponsive giant polymer sieles produced from PE6so-b-PBD2soo,results
demonstrated complete stabilay physiological pH 7.4 and as well at slightly acidic pH ranging
from 6.5 to 5,as represented iRigure 55 and Figure 56A. The pHresponsive giant polymer
vesicles based orH&is00-b-PBD2sooand PDPAzs+b-PEGoooalso demonstrated full stability at
pH 7.4, butundergototal disruption in 15 minute§Figure 55 GD). The reason of disruptiois
theprotonation of the PDPA blodkr which pKais ~ 6.8 below this value PDPBecanessoluble
in aqueous media, which in turns collaptee polymeric membran®&loreover,in more acidic
environment disruptions proceed faster, demonstrauagial and temporal depender{Eggure
56B). Additionally, disruption ofpH-responsive giant poifger vesiclesvith following calcein
releasavas captured in real time asdlected imagesver timeareshown inFigure57.
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Figure 55. pH disruption(explosion) testfollowed bgonfocal microcopy withid5 minutes.
A) Non-responsivéPS PBDzsoob-PEGisceat pH 7.4B)pH 6; Scale bar 100 Om.
DegradationC) Composition of BD2soo-b-PEGisocoand 5% pHresponsive PDPAs#b-PEGooo

atpH7.4D)at pH 6; Scale bar 100 Om;
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Figure 56. Time-dependent disruption/explosion of giantlBfwed by confocal microscopk)
NonresponsivePS PBD2soo-b-PEGisoo at pH 7.4and pH 6, Composition of BDzsoo-b-PEGis00
and 5% pHresponsive PDR42s+b-PEGooo at pH 7.4 at pH 6B) PBDzsoob-PEGs00 and 5%

PDP Auz2s7+b-PEGooopH-responsive giant®at differenpH (5-7.4); Thegraphshows thelecrease
of pH-responsive P8umberin pH-dependent manner

Figure 57. Time frames in seconds showingettisruption of a pHesponsive polymer vesicles
and calcein release at pH 5.0. The images were obtained using the fluorescence
excitation/ emissé4®8em@TFiQ5cdaddl cnem)n. (Tehe scal e bar

6.8 Fluorescent imaging of laleel giant polymer vesicles

In previous imagingve obtainonly indirect evidences of dibloatopolymerpresencen
giant polymer vesicles. With the aim to visualize the localization of polymers in vesicular
membraneswe synthesized PBlW-PEG coupled with Aéxa Fluor 405 dye and triblock
copolymer poly[2(diisopropylamino)ethyl methacrylageoly(ethyleneglycol)-poly(fluorescein
o-methacrylate).The excitation and emission wavelength of Alexa 405 and fluorescein are a
suitable pair for independent fluorescenaging since they are not crasgerfered. 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/fsualization of giant Baqueous corérigure ).
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Figure 58. A) Confocal microscopy images of GianER) PBD-b-PEG-Alexa 405giant 5
polymeric membraneB) membrane of giant®from PDPAb-PEGfluorescein emethacrylate;
C)aqueous corewitRhodami ne 6G; Scale bar 100 Om;

6.9 Loading of BSRITC into plymeric membrane of gianSP

In orderto evaluate encapsulation properties of polymeric membsenehose albumin
from bovine serum conjugated with Alexa Fld@&8dye (BSAFITC), the protein withrelatively
high Mw ~ 66.5 kDa. The BSAITC was predissoived with DMSO and mixed with polymer in
organic phase. The resulted highly monodisperse gi@rmdelfmonstrated successful loading of
BSA-FITC into membrane, which was confirmed by confocal micros¢bmure ®).

Figure 59. A) Fluorescentonfocalmicroscopy images of GiantSRoaded with BSAFITC in
membrane wall; B) Transmittance and fluorescence aioasnel.
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