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The present PhD thesis represents a otribution to the IndiTreat project which started on January
2011 supported by the Danish Council for Strategic Researcihe main goal of the project is to
improve chemotherapeutic treatment of patients suffering from colorectal cancer (CRQ this thesis
we investigate the use of polymers for drug screening assays. The aintld study is the development
of a polymer platform that enablesto overcomesome of the limitations that characterize the existing
screening methods, by requiring very small mounts of tissues and permitting a fast and lowcost
screening of individual drugsas well as combined drugsHuman colorectal adencarcinoma cell line
(HT-29) hasbeen selected as cell culture modddecauseeasy to handle and phenotypically stable. The
responsiveness of HT29 cells to the individual and combined drug regimens normally selected for
colorectal cancer therapy is finally evaluated using our technologies. Two main platforms are
proposed: one is based on the use pbly(ethylene glycol) diacrylate (PEGDA) hydrogls for controlled
drug release and the second one consists on the use of poly(3(2-azidomethylene)dioxythiophene)
(PEDOTN3) micro-electrodes for co-localization of drug-loaded nanoparticles (liposomes) and cancer
cells.

PEGDA hydrogls are widely used in different fields including tissue engineering anéh vivo drug
delivery. A homemade setup for the fabrication of PEGDA hydrogels through visibleght photo-
polymerization is described in detail. The method is utilized to create gelin which various clinically
relevant drugs are embeddedwithin the polymer network . The release profile of these molecules is
determined and the antiproliferative effect of passively released drugs is evaluatedn HT-29 cultures.
Individual drugs and cambinations of chemotherapeutics are embedded within PEGDA gels as free
molecules or loaded into nanoparticles (liposomes). Theelease of molecule from liposomes is
temporally controlled through heat treatment and stable nanoparticles embedded within polyrar
networks are achieved. With the developed technology, various hydrogel architectures and sizare
produced allowing the confinement of targeted molecules within defined volumes of geFrom our
described findings, the PEGDAbased hydrogel platform canideally be applied for the screening of
different compounds and to explorein vitro, various pathological cell lines.

In this thesis is presentedalso an alternativemethodology for drug screening purposesconsisting on
the fabrication of a micro and naro-platform for drug-loaded liposomes immobilization and cell
capture. PEDOIN; micro-electrodes are fabricated through printed dissolution that, contrarily to the
traditional lithography processes, preserves the biochemical properties of the exposed subates.
Cyclic olefin copolymers(COC)supports are used for PEDON; deposition and in situ polymerization.
Various chemical modifications to create a coating do the support surface arealsoexplored. A variety
of highly hydrophilic poly(ethylene glycol) (PEG}based molecules are photehemically grafted orto

COC supports to fornmprotein repellent surfaces. Posffabrication covalent modifications of polymer
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available azide groups presented at the surface of micrelectrodes. By covkently attaching

appropriate bi-functional molecules ontoa thin PEDOTN; film, chemical reactive liposomes (~100nm

in diameter) are immobilized onto electrodes.

In addition to these findings, an extensive optimization of electrodes fabrication, liposomes stability
and chemical engineering of the support areas between the electrodes for cell capture purposes, is
necessary. We find that it would be highly relevant for future studieso explore the mechanisms

involved on calocalization of liposomes that are triggeredfor drugs release and specific cell lines.
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Denne ph.d. afhandling er et bidrag tilndiTreat projektet, der startede 1. januar 2011 wgttet af Det
strategiske Forskningsrad. Projektets hovedmal er at forbedre kemoterapi af patienter med kolorektal
cancer. | denne afhandling har vi udforsket anvendelse af polymerer i systemer til at male effekten af
forskellige typer medicin ("screening"). Formalet med dette studie er at udvikle en polymebaseret
teknologi, der undgar begraensninger i eksisterende screenirgystemer ved at muliggare analyse pa
meget smé veevsmaengder og analyse af bade individuelle aktive stoffer og kombinationer af stoffén
human kolorektal adenocarcinoma cellelinie (HT29) blev valgt som cellemodel da den er let at arbejde
med og feenotypisk stabil. Den udviklede teknologi er blevet anvendt til at eksponere 2B celler til
individuelle stoffer eller kombinationer af stoffer, der normalt anvendes ved behandling af kolorektal
cancer, hvorefter stoffernes indvirkning pa cellerne er evalueret. To forskellige teknologiplatforme
bliver foreslaet. Den ene platform gar brug af poly(ethylenglykokbdiakrylat (PEGDA) hydrogeler til
styret frigivelse af aktive stoffer. Den anden platform er baseret pa poly(3;@l-azidomethylen)-
dioxythiophen) (PEDOFNs) mikroelektroder til at samlokalisere stof-fyldte nanopatrtikler (liposomer)
og cancerceller.
PEGDA hydrogeler anvendes i mange arbgomrader inklusive vaevs regenerering og
medicinfrigivelse i kroppen (in vivo). En instrumentel opstilling og eksperimental procedure til
fremstilling af PEGDA hydrogeler ved fotopolymerisering med synligt lys er detaljeret beskrevet.
Metoden er blevet anvedt til at fremstille geler med Klinisk relevante stoffer indlejret i
polymernetveerket. Den tidslige profil for frigivelse af disse molekyler samt den veekstheemmende
effekt af passivt frigivne stoffer pd HT29 cellekulturer er blevet analyseret. Individuele stoffer savel
som kombinationer af kemoterapeutiske stoffer blev indlejret i PEGDA geler som frie molekyler eller
indkapslet i nanopartikler (liposomer). Frigivelsen af molekyler fra liposomer kan tidsligt styret ved en
varmebehandling, og stabile nanopdikler indlejret i polymere netveerk blev fremstillet. Den udviklede
teknologi blev anvendt til at producere en raekke forskellige hydrogeformer og -starrelser, hvilket
tilod afgreensning af de gnskede aktive stoffer til veldefinerede gelolumener. Vores resultater
muligger anvendelse af den PEGDHydrogel baserede teknologiplatform til screening af forskellige
stoffer og til at udfgre laboratorieforsgg (n vitro) pa forskelllige cellelinier.
Denne afhandling preesenterer ogsa en alternativ metode til metin-screening baseret pa fremstilling
af en mikro- og nanoplatform til at immobilisere medicin-fyldte liposomer og indfangne celler.
PEDOTNs; mikro-elektroder blev fremstillet med metoden "oplgsning ved stempling”, der, til forskel
fra traditionelle litografiske processer, bevarer de biokemiske egenskaber af det eksponerede
underlag. Underlag fremstillet i cyklisk olefin copolymer (COC) blev anvendt til deponering dg situ
polymerisering af PEDOTNs, og forskellige typer af kemiske modificeringer af ovdladen blev udfart
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og karakteriseret. En reekke meget hydrofile poly(ethylen glykobbaserede molekyler blev fotokemisk
bundet til COC underlagene for at skabe proteinafvisende overflader. Kovalent modificering af de
fremstillede polymer mikro-elektroder blev undersggt, hvor "klikkemi" blev anvendt til modificering

af de tilgeengelige aziegrupper pa overfladen af mikraelektroderne. Kovalent binding af udvalgte bi
funktionelle molekyler p& en tynd PEDOTN; film gjorde det muligt at immobilisere kemisk reakive
liposomer (~100 nm i diameter) p& elektroderne.

| tilleeg til de opndede resultater vil det veere ngdvendigt at udfgre en omfattende optimering af
elektrodefremstilling, liposomstabilitet, og kemisk styring af omraderne af underlag mellem
elektroderne for indfangning af celler. Vi mener at det vil vaere meget relevant i fremtidige studier at
undersgge de underliggende mekanismer bag samlokalisering af specifikke cellelinier og liposomer

der er blevet stimuleret til stoffrigivelse.
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1 Introduction

The IndiTreat project: from prevention to personalized medicine

The present PhD thesis represents a contribution to théndiTreat project. This project, which started
on January 3 2011 supported by the Danish Council for Strategic Researctaims at impoving
chemotherapeutic treatment of patients suffering from colorectal cancefCRC) The main purpose is to
develop a micro and nanao-platform able to test different combinations of available chemotherapeutic
compounds on each malignant tissue collectedrdm individual patient and thereby enable a
personalized medical treatment. To fulfill the projects goals, nanotechnology researchers, medical
doctors, cell biologiss, and a private company collaborate to deelop the system and establishts
efficiency for treatment of colorectal cancefll

At the moment, colorectal cancer is the second leading causecahcerrelated death in Denmark and it

is the most diagnosed cancer in European countries. CRC is a highly heterogeneous disease with
multiple interconnected extra and intra-cellular pathways implicated on the cancer onsetl The
complexity of processes involved on colorectal malignancy is reflected on patients with a diverse
responsiveness to standard chemotherapeutic treatmentsNowadays, various chemotherapeutal
treatments (FDA approved) are daily usedogether with surgery to cure CRC. Some examples are the
application of antibodies against the epidermal growth factor receptor, EGFR such as cetuximab and
panitumumab. It has been shown that these antibodiesra effective only when the related protein
KRAS involved in theintracellular signaling pathway is un-mutated.3! Therefore, in patients where
KRAS protein is mutated, different chemotherapeutic treatments are needed. Currently, 47 new drug
candidates areunder evaluation in CRC trialsand 42 of them are administrated in combination
regimensl3l Thus, in vitro screening assays to predict individual patient responsiveness to drugs or
combinations of drugs are required and their demand is gradually increasing. Recentlyarious celt
handling techniques prove a great correlation oin vitro results with the in vivo physiological condition

of patients[4 ° Such correlation betweenin vitro and in vivo data has led the US Government social
insurance program, Medicare, to evaluate thén vitro efficiency of adjuvant medical treatment for
individual cancer patient. Normally, patients presenting primary tumor are subjected to surgery and
adjuvant chema or radio-therapy, whereas patients with primary metastasis or recurrent malignancy
are offered combination chemotherapés as palliative treatment and to prolong survivalThe aim of
IndiTreat is to improve the responsivenesg¢o chemao-treatment and decrease the risk of resistance to
the selected treatment raising the clinical response rates.

In the light of that, the overal objective is to develop a micre and nanctechnology platform that
enables fast, reliable and inexpensive efficacy and resistance test of the colorectal drug combination

therapies used clinically in small tissue volumes from individual patients. The nartchnological
13



platform should identify the optimum drug combinations for the treatment of colorectal cancer and

introduce the established tecmology for the in vitro study of various pathological diseases

1.1 Multi -drug screening in vitro and in vivo

Oneof the major challengs encounters on chemosensitivity screening is the evaluation @ vitro and

in vivo correlation. To determine the cytotoxic or apoptoticeffect induced by anticancer drugsin vitro
evaluation in cell culturing systems is required, ad a subsequent chemosensitivity assessment in
animal models is essential. Many studies have shown the substantial evidence that vitro
chemosensitivity is associated within vivo drug responsell011] As a consequence, the understanding of
drug sensitivity of a spedfic tumor for a certain drug can help doctors to choose and plan
chemotherapy treatment for each patient. There are many fundamental questions at which scientists
should answer when evaluatingin vitro drug screening assay: i) are thén vitro results obtained with
tumors of a specific histological cell line similar to those clinically observed for the same tumor type?
ii) can the selected chemotherapy improve the patient survival after a prolonged time of drug
exposure? iii) are thein vitro results compaable to thosein vivo? When malignant cells deriving from
tumor biopsy are cultured for drug screening purposes, they are subjected to an extensive
manipulation that could alter their drug response. Moreover, then vitro growth rate of tumor cells
may be much faster thanin vivo and falsepositive results may be obtained” Another concern is
whether the tumoral cells selected forin vitro assays are representative of the cancer cells in patient’s
tumors. In fact, primary tumors and metastasis are highly heterogeneous in terms of cell populations
and it could be that the cell line ued in vitro is predictive for only a small portion of the patient’s
tumor.l’1 Although thein vitro chemosensitivity study is a simplified approach for the investigation of
in vivo cell responsiveness on tumor, it is necessary to predict the sensitivity, accuracy and specificity
of chemotherapeutics. Among the existingn vitro assays,one should select the one which better
satisfy the following requirements: the results should correlate with clinical response and survival; the
outcome of the assay must be related to the effect of drugs on a certain cell line; the assay information
must be easy to interpret and apply; and the test should baexpensive The most commonin vitro
assays used to evaluate drugnduced cdl proliferation are various: clonogenici?? cell suspension?sl
differential staining cytotoxicity,!!4 Kern/15 and collagen gel droplet drug sensitivit{t6l tests are
usually employed to evaluate the doseesponse curves. Another class of drug screening assays is
based on the measurement of the celinetabolic activity in response to therapy, such as the ATP
bioluminescencell”l the coloration with sulfo-rhodamine, the fluorescence generated from cellular
hydrolysis of fluorescein diacetatd!sl the coloration with reduction of MTS or MTT}9 the
measurement of extracellular acidification ratel20 or quantification of cellular protein content. An
alternative technique to evaluatethe effect of drugs on a cell line is to measure the DNA damage at the

chromosome level, for instance rearrangement, loss, breakage of chromosomes, cell division inhibition,
14



cell apoptosis and necrosi&!l No matter which in vitro assay is chosen, all the listed methods must
provide a drug sensitivity index in order to compare outcomes obtained using different approaches.
Moreover, when multi-drug regimens are adopted for curative therapy, then vitro assay must also
assess the drug interactions providing eventual synergism, additivity or antagonism behiav.["]

In general, e study ofin vivo chemosensitivity in preclinical tumor-bearing animal models must be
also evaluated. In factin vitro assays do not take into account many relevant concerns: the distribution
of drug to tumor is poor or absent due to a missing vascularization system, the need for drug
activation, difference in tumor growth rate in vitro and in vivo, pharmacological barriers?l In
conclusion, in vitro results obtained from one site of solid tumor may not be representative of other
sites in the same patient, thus new approaches able to correlate drug treatment to tumor cell

sensitivity are required.

1.2 Fabrication of miniaturized platforms for drug -screening in

colorectal cancer therapy

The existing pointof-care (POC) devices have a proven role in diagnosis and assessment of colorectal
cancer. Althoudn many of the screening tests previously described are well established and validated
in diverse commercially available POC devices, their accuracy remains an important drawb&kThe
POC diagnostic industry is gradually expandowith an estimated 35% share of thén vitro diagnostic
market within United States and was valued at $15.1 billion in 201231 Despite the increasing number
of screening strategies and the emerging technologies in molecular marker application, not all methods
satisfy the criteria required for screening tests in

population programs24 Another issue that must

be considered is the current discovery of new

FDA-approved drugs. Only few novel drugs for

colorectal cancer therapy have been developed

and anyhow, the traditional drugsfor colorectal

cancer treatment remain the favorited and

mostly used (Figure 11) due to the observed

survival rate. On the other hand, because of the

Figure 1.1 Overall survival of patients with colorectal

lar heterogenei f lor I ncer an ) i
arge heterogeneity of colorectal cancer a d cancer diagnosed aftr prolonged chemotherapeutic

patient’s responsiveness to drug therapy, a treatment (data reported from 1980 to 2015).200

personalized clemotherapeutical treatment for
individual patients is required. Nanotechnology is an emerging discipline in the fields of drug delivery
and drug screeningMicro- and nancosystems are widely used in cell culture based studies due to their

unigue physico-chemical and biological properties, small sizes (ranging between 1000nm in at least
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one dimension), and their ability to protect encapsulated molecules susceptible to the environment
(pH, enzymatic degradation, ionic strength) and enhancing drug biodistrition when involved in in
vivo applications[2] However, to achieve these goals offered byanodelivery systems, manyissues
which include the development oftoxic-free system, improved biocompatibility, effective drug loading
and release processmust be assesse#>26 In particular, biocompatibility and biodistribution are
crucial key points in achievingin vitro and in vivo successful outcome fordrug development. The
properties of these delivay systems are strictly influenced by the synthetic process by which they are
produced, the coating materials, the particles size, the route of administration and the method used to
induce drug releasd?’.28] Over the last six decades, more than 85000 compounds were screened
against cancers using cancer nanotechnolodyecause ofits emerging interdisciplinary research and
great potential in diagnosis and treating cancer8?! In vitro models are characterized by the absence of
immune effect, blood proteins, and endocrine systems, thus limiting the use of cell cultubased
results obtained with nanotechnology to animal model&% However, animal systems a& extremely
complicated with unique bio-distribution, clearance mechanism, immune response and metabolism;
therefore, in vitro studies can complement animal studies in assessing nanodelivery systel#fs.

The IndiTreat project provides a distinct technology that selects specific drug treatment based on
cellular responsiveness of tissues from individual patient. The microand nanotechnologies proposed
here may overcome some of the limitations that chracterize the existing screening methods, by
requiring very small amounts of tissue and permitting a fast and loveost drug screening of individual
drugs and combinations of them.n this thesis, tuman colorectal adenocarcinoma cell line (HR9)
have beenselected as cell culture model because ease to handle (cells can be passaged many times, up
to 200 passages) and they are phenotypically stable. The responsiveness of-20T cells to the
individual and combined drug regimens normally selected for colorectatancer therapy is finally

determined using the developed nanotechnologies.

1.2.1 Development of PEG-based hydrogel for multi -drug release

Hydrogels are a large class of biomaterials with numerous advantages and widely applied for
simultaneous encapsulationof cells and biomolecules. Polhdthylene glyco) (PEG}based hydrogels
have been extensively used as matrices for controlling drug delivery, as well as cell delivery vehicles
for promoting tissue regeneration. Particularly interesting is the use of poly (ethigne glycol) di
acrylate (PEGDA) hydrogels in many biomedical applications due to their cytocompatibility, poor cell
adhesion and ease to handlé321 Some of the PEGDA applications include hydrogel developnieior
drug delivery, tissue engineering, wound healing and electrospinning processg8.3% In this thesis,
PEGDA hydrogels have been fabricated through visiblight photo-polymerization for drug release
purposes, in particular creating threedimensional (3D) hydrogel structures in which different drugs
are embedded. The release of eaanti-colorectal cancer drug (5FU, oxaliplatin, SN38 and folinic acid
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described in detail in thefollowing sections) is characterized and tuned to guarantee a releaser

three days. Moreover, drugloaded nanoparticles (liposomes) are employed and embeddewithin

hydrogels to protect and control the release of oxaliplatin, otherwise rapidly lost during washing

process(Figure 1.2).

Figure 1.2 Schematic of the nanotechnology presented in this thesi§he system involves threedimensional (3D)-hydrogel

structures composed of PEGDA and antiolorectal cancer drugs embedded within polymeric network. Human colorectal

adenocarcinoma cells (HT29) are cultured onto the hydrogel surface and the effect of released compound doses on cell

proliferation is evaluated. Drugs are embedded within the network as free drugs or loaded into nanoparticles (liposomes) which

are thermally triggered. The passively released molecules are collected into the supernatant and quantified.

The effect of individual embedded drug and ambinations of embedded compounds is evaluated by

culturing human colorectal adenocarcinoma cells onto the hydrogel surface, and the response of cells

exposed to different drug doses is determined (cell proliferation or cell cytotoxicity). Among the

existing drug releasing systems, the proposed nanotechnology hasiumber ofadvantages:

a)

b)

<)
d)

e)

f)

PEGDA hydrogels are easily fabricated through phofmolymerization (the process takes 1
minute to completely crosslink a solution of polymer and photeinitiator);

the material is biocompatible due to the choice of light source, photiitiator and reactants
concentration;

multiple solutions can be polymerized at the same time (12 wells are crosslinked in 1 minute);
traditional disposable may be employed for hydrogel curig and drug release study (96 well
microtiter plates);

drugs with a determined concentration are directly embedded within polymeric network
during photo-polymerization;

after a washing step, the drugnhydrogel system is utilized for cell culture purposes ad
because of the miniaturized technology, various parameters may be tested in the same

experiment (for instance drug dose andcell concentration);
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g) the release of drugs can be tuned by changing the physicbemical properties of hydrogel
(small and hydrophilic compounds are quickly released from hydrogel);

h) the use of drugloaded nanoparticles embedded within hydrogel ensures a protection of
molecules from the environment and controls drug release through the application of a proper
trigger (thermo-sensitive liposomes are sensitive to temperature changes, so their content is
released only when a certain temperature is reached);

i) a direct dosecytotoxicity outcome is obtained using conventional proliferation assays (for

examplemetabolic activity assays) with a high reproducibility.

Besides the specific employment of PEGDA hydrogels for drug screening in colorectal cancer therapy,
the described nanotechnology may be transferred to other types of solid cancers and can be further
developed for largescale production and perhaps at a smaller scale. A detailed description of the REG

based hydrogel nanotehnology is found in Chaptetl.

1.2.2 Fabrication of inter -digitated PEDOT -Ns electrodes for co -localization of
nanoparticles and colorectal cancer cells

In this thesis, amicro- and nanotechnology platform has been also explored with the aim of eo
immobilizing drug-loaded nanopatrticles (liposomes) on functionalized polymer micreelectrodes and
human colorectal adenocarcinoma cells (HR9) on the surrounding electrodes aras. More
specifically, we wanted to capture cell subpopulations, in particular cancer stem cells.

Conductive and semiconductive polymers are an extensive class of materials largely used for bio
medical devices due to their ability to replace expensive ntals and semiconductors. Conductive
polymers have the capability to act as conducterand bio-molecules may be embedded within the
polymer during polymerization process or attached by pospolymerization coupling chemistry. The
release of certain moleculesnay be induced as an examplepon an electrical trigger without altering
the physicochemical properties of the targeted compoundt®3’l Specifically, poly(3,4-(1-
azidoymethylethylene)-dioxythiophene) (PEDOFNs) has been used for the fabrication ouch system
due to its ease of handling, chemical stability, cellular compatibility and pogabrication chemical
functionalization. Briefly, PEDOTN3 electrodes are fabricated using printed dissolution technigque on a

PEGcoated support which is used to disourage proteinand cell adsorption (Figure 1.3.
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Figure 1.3 Schematic of the micre and nanotechnology platform. Polymer micrastructures (width around 100pm) are
fabricated through printed dissolution method and subsequently functionalized viao ...«Z «...S % « < ste "enéure drugloaded
liposomes immobilization. A specific antibody against celnembrane antigen expressed by colorectal cancer cell line (F29) is
stabilized onto the areas surrounding the electrodes. The application of a certain curretirough the polymer electrodes

enhances a thermal leakage of nanoparticles and the effect of released drugs is evaluated.

The printed dissolution technology, previously investigated in our group, is based on the use of
agarose stamps presenting micrestructures on their surface; the contact of such stamps with polymer

films allows the removal of poymer only from the areas which were in contact with the stamp. After

fabrication, drug-Z‘ftft Z<'‘e‘efe f"f <o’ «Zcoett ‘o —St FZF..-"'tFe e—""f .

¢S 1« <+ —"Gdpper(l)-catalyzed azidealkyne Huisgen 1,3dipolar cycloaddition or CUAAC) and biotin
avidin conjugation.
Such micre and nanctechnology presents many benefits:
a) No need forcleanroom facilities for the micro-electrodes fabrication;
b) the miniaturization of the drug screening system (the polymer electrodes have a width of
100um and liposomes have an average diameter of 2100nm);
c) a spatially-controlled liposomes immobilization;
d) the overall electrodes area may be increased by maximizing the numbef micro-electrodes
in order to augment the concentration of immobilized drugloaded liposomes and potentiate

the cytotoxic effect of released drugs.

However, the fabrication method used to produce micreelectrodes was challenging and an extensive
optimization of the processwas required. The lack of a techniqueable to createreproducible and
defined polymer electrodes ledus to explore other fabrication methods A deeper explanation of the

described micro- and nanotechnology is reported in Chapter 1l
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In future, the integration of nanofabricated PEDON; electrodes with the already established
electrode functionalization will be explored in more detail.ldeally, once the liposomesre immobilized
onto PEDOTN;3, a certaincurrent may beapplied onthe conductive electrodes The electrical current
through the electrodes will lead to resistive heating and consequentlydrug moleculesloaded into

liposomesmay be releasedrom the aqueous interior compartmentdue to temperature changes

1.3 ColoRectal Cancer (CRC)

Colorectal cancer (CRC) is a pathology in which malignant cetsm a tumor in the tissues of colon and
rectum. The colon is part of the digestive system in which nutrients are processed and removed from
the body. The digestive system is composed tife esophagus, stomach, small and large intestines. The
colon, also defined as large bowel, is the first tract of the large intestine and is about 1.5 meters long,
and the rectum represents the final part of the large intestine (circa 20 centimeters londFigure 14A).
The large intestine is a muscular tube and its wall is formed by several and different layers (Figure
1.4B), from the lumen to the outer: the mucosa which is composed by many layers including a thin
muscle layer, the submucosa (mainly fibros tissue), the muscularis propria (a thick layer of muscle
that contracts to force the nutrients of the intestines along), the subserosa (a thin stratum of

connective tissue) and the serosa, the second and eutlayer of connective tissue.

Figure 1.4 (A) Anatomy of the lower digestive systemshowing the colon and other organ&3! (B) Layers composing the colon

wall.l38l

1.3.1 Tumor cell properties

The development of cancer occurs whenan imbalance of cell homeostasis andunregulated
proliferation of cells are found. Cancer cells grow and divide in an uncontrolled manner and are
represented by highly heterogeneous neoplastic dé populations. This heterogeneity is dynamic,
changing continuously over time and in certain cases, it can turn to irreversible state with an increased
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biological aggressiveness of tumor in terms of spreading in normal tissues and organs, and metastatic
features39 The generalized loss of growth controshowed by cancer cellsderives from an increased
number of abnormalities in cell regulatory systems andit is recognizable in several aspects of cell
behavior that discern cancer cells from their normal counterpartsl#® The tumoral cells possess defined
characteristics: acceleratd cell cycle, genomic alterions, invasive growth, enhancement ofcell
mobility, changes in the cellular surface and morphology, and a variation of the secreted molecules
pool At the cellular level, @ncer cells present large nucleus, irregular sizeand morphology,
increased number of nucleoli anda poor density of cytoplasm. Frther, changeson the organization of
the genetic materialand proliferation are displayed: a scarcecontent of heterochromatin, a higher
number of nuclear membrane pores,and atypical structures formed during mitosis processare
discovered on multinucleate cellsThe cell membrane of cancer cells plays also a crucial role in the
tumor progression: proteins and surface receptors undergo important modifications, thus losing their
normal sensitivity towards natural ligands; rather, new molecules are exposed on the surfasghere

mainly act as antigendavoring the recruitment ofimmune system response

1.3.2 Colorectal cancer staging

Staging of the disease and a complete visualization @flon regions are required once colorectal cancer

is diagnosed4? There are two main questions that patients ask to doctors in order to learn how
survive to a disease: firstly, what is the prognosis to be folloveein order to achieve the greatest
recovery and survival; and secondly, what treatment should be applied. A possible answer to these
questions is given by the knowledge of the type of cancer and how advanced it38. The staging of
cancer is one of the cru@al parameters to take into account because it defines the growth and the
location of cancer. Once the stage is known, then the doctor may be able to predict the course of tumor
and the best suitable treatment for each individual patient. The TNM stagingstem is a universal and
standardized method for doctors to classify the spreading degree of cancers. Except for leukemia and

brain cancer, it is applicable to any kindf disease:

- T category:it is used for primary tumors where tumors are localized in a gecific region
and/or a specific cell ling;

- N category: it is referred to regional metastasis (or primary metastasis) in which the
malignant cells have spread to the nearby tissues, for instance lymph nodes;

- M category: it is used to indicate distant metasasis (or secondary metastasis); this class

includes all the malignant cells which have invaded organs or distant areas of the body.

Once the patients tumor has been recognized within a T, N, M claghe iliness degree is ealuated,

normally after surgery in order to define the progression and theseverity of the tumor (expressed in
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Roman numerals from sage O to stage IV) (Figure 16 Despite surgery is the first treatment for many
people with colorectal cancer, some of them may receive radiation and/ochemotherapy before
surgery. Thus, the stage of cancer after treatment & important information for doctors to evaluate

the prognosis and treatment choice for eaclpatient.

Figure 1.5 Schematic othe invasivenessof tumors in different stages#3!

1.3.3 Pathogenesis

Colorectal cancer is a very heteragneous disease that, as many other cancers, is caused by the
interaction of genetic alterations and environmental factors. Most of the CRCs arise at a certain age
(usually after 40 years) and only a small proportion of these cancers (2B5%) are connectedto
hereditary component, such as familial adenomatous polyposi&! Generally, colorectal cancer is
provoked by a gradual accumulatin of genetic and epigenetic changes, leading normal colonic mucosa
cells to phenotypically transform into malignant and invasive cells. The majority of CRC cancers
develop from adenomas which are able to become neoplastic cells within 1% years[24]

Once colorectal cancer is diagnosed, the following treatment consists on the surgical removal of
primary tumor combined with a pre- and postsurgical therapy which may be radiotherapy,
chemotherapy or adjuvant chemeradiotherapy. Often adjuvant chemeradiotherapy is applied for

loco-regional cancer treatment because of great improvements on the eradication of malignant
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metastasisi4l As reported in literature, important progresses have been done on the research of new
drugs or new combinations ofindividual drugs. As widely demonstrated by MOSAIC projeé&€
increased survival rates are obtained whenFDA-approved chemotherapies(FOLFOX and FOLFIRgre
administrated to patients with primary colorectal tumor. In light of the fact that approximately half of
the patients diagnosed with CRC develop metastasis, especially in the liver, specific treatments are
needed. Surgical removal of small and large metastasis is still necessary and other techniques
(radiofrequency ablation/4”1 hepatic arterial chemotherapy®“8 and radioembolization with yttrium -90
microsphered4®l) have been incorporated as a complement to surgery to achieve resectabili¢§l. For
neo-adjuvant treatments of resectable liver metastasis, FOLFOX, FOLFihd FOLFOXIRhave shown
high response rates with similar survival outcoms of 30% for FOLFOX and FOLFIRY and 66% for
FOLFOXIRI treatmentll respectively.

1.4 Chemotherapeutics approved for CRC treatment

Colorectal cancer refers to cancer of the colon (bowel) and rectum. When cancer is diagnosed,
screening tests are used to charaerize the type of colorectal cancer, the stage (meaning how far the
cancer has progressed), the mlization and the grade otumor. These characteristics are then used to
determine the most suitable treatment for each individual patient. Nowadays, the dgs approved by
Food and Drug Administraton (FDA) for colorectal cancerare commonly used as combinations of
individual drugs (FDA-approved), while drug combinations themselves are not approved (Table
1.1) 152 In this thesis, four drugs against colorectal cancer haveeen selected and studiedSN38 (the
active metabolite of Irinotecan), 5fluorouracil, oxaliplatin and leucovorin hydrochloride (also known

as folinic acid). These drugs were used as individual treatment and as well as combinations of drugs;
further, their anti-proliferative effect was evaluated on human coloreetl adenocarcinoma (HT29) cell
line. The cellular function and molecular characteristics will briefly be discussed in the following

subsections.
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Table 1.1 Individual drugs and drugs combinations approved by FDA for the treatment of ColoRectal Canégr.

1.4.1 Camptothecin and its chemical analogues

Irinotecan and SN38 are derivatives of camptothecina water-insoluble natural alkaloid produced by
Camptotheca acuminaté3! and Mappia foetidd®¥ Asian trees. Thiscompound demonstrated excellent
anti-cancer activity in early clinical trials for gastric cancer treatment, but also important side effects
such as hemorrhagic cystitis, gastrointestinal toxicities and myelosuppressid#:56! The main
mechanism of antitumor activity of camptothecin was assessed as inhibitor of topoisomerase | (Topo I)
enzymels7] Due to poor watersolubility and severe side effects of cantpthecin, researchers began to
synthesize analogue compounds of it, and currently the most clinical used analogues are Topotecan
and Irinotecan. Topotecan, commercialized as Hycamfinis used for the treatment of patients with
metastatic ovarian cancer, wile Irinotecan (Camptd®) is widely applied in several European countries
as secondline treatment of recurrent metastatic colorectal cancer. Even though Irinotecan induces

remissions in 11-23% of the 5fluorouracil (5FU)-resistant tumors/58] the combination of Irinotecan
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with 5FU and Leucovorin (also known asFolinic Acid, FA) has been approved as firstine
chemotherapy for patients with meastatic colorectal cancef®® As depicted in Figure 16, all
camptothecin analogues have a common chemical structure composed of a planar fiirey system
with a lactone group. Further substitutions at positions 7, 9 and @ are usually responsible ér an
enhanced Topo | inhibitory activity[69.611 whereas substitutions at carbons €2 and G11 result on a

activity neutralization. [60]

Figure 1.6 Structures of camptothecin and analogues: Topotecan, Irinotecan (CRT), Lurtotecan (GW211), 9
aminocamptothecin (3-AC), 9nitrocamptothecin (9-NC) and DX8951.62]

The biological function of the nuclear enzyme topsomerase | is to remove torsional stress generated
during DNA replication and transcription preserving the threedimensional DNA conformation. As
reported by Takimoto et al.[63] topoisomerase | interacts with supercoiled double strands DNA forming
a transient catalytic intermediate (cleavable complex), in which the enzyme is covalently bound to

DNA and torsionally relaxed singlestranded DNA are produced. With a rapid rdigation mechanism,
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original double-strands of DNA are reformed. Camptothecinmhibit the re-ligation process by non
covalently association to the Topo -DNA cleavable complex, and single strand DNA breaks are

therefore accumulated within the cell (Figure 17).

Figure 1.7 Mechanism of Topotecan action: the stabilization of DN#opoisomerase | cleavable complex ipresence of ongoing

DNA replication generates cytotoxic DNA damad@l

Cytotoxicity of camptothecins can be attributed to the arrest of the replication f& and finally
cessation of RNAsynthesis64 Sincethe activity of Topo | is often higher in colorectal tumors than in
normal colonic tissues, it may confertumor specificity of the Irinotecan-mediated effectd®s! This
cytotoxic DNA damage in some cancer celhés leads to programmed cell death or apoptosi&! and
because of the need adngoing DNA synthesiscamptothecin is mosty active during Sphase of the cell
cycle. The cytotoxic potency of camptothecin analogues against human colomctdenocarcinoma
(HT-29) cells differs widely with the following order of anti-proliferative activity: SN-38 (the active
metabolite of irinotecan) > camptothecin > 9AC > topotecan >> irinotecaff’! The effect of irinotecan
itself is minimal, whereas when arapid hydrolysis of irinotecan to SN38 occurs a higher anti
proliferative effect is observed Al camptothecin derivatives commonly used in clinical trials possess a
lactone ring which is chemically unstablehowever the need of an intact lactone group is essential for
the interaction of drug with DNA-enzyme complex. Under acidic conditions (pH<4the lactone moiety
prevails whereas under basic conditions (pH>10), an opering state is mostly present®s! As depicted
in Figure 18, at physiobgical pH all camptothecins are converted to the carboxylate form except for
SN38.

In vitro studies have shown that the treatment of H129 cell line with SN38 is 100-1000 fold more
potent than the water-soluble irinotecanlé”l It has been also reported that irinotecan(also known as
CPT11) induces a dosedependent apoptosis or premature senescence in a large variety of cell

lines%9 Rudolf et al. evaluated irinotecan cytotoxicity in normal human colonic fibroblasts (NCF),
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normal human colonic mucosa cells (NCM) and human coloreti@arcinoma cells (HCT)?% The treated
HCT and NCM cell lines showed tygal apoptotic morphologies (cell rounding, shrinkage and
blebbing), while these phenomena were significantly reduced in NCF cells which displayed alternative
morphologies, enlargement of cell bodies and a reduced cellular density. When 429 carcinoma cel
line is subjected to SN38 treatment, a dose and exposure durationdependent antiproliferative

activity of drug is established’!

Figure 1.8 Schematic representation of the reversible pktlependent hydrolysis of the lactone ring ) into the carboxylate form

(B) of camptothecin analoges|®

SN38 is considered an $hase cytotoxiccompound and it has a very small effect on apoptosis and
percentage survival in HF29 during the first 48h for concentrations lower than 5ng mkt:. Conversely,
when higher SN38 doses are used (100 ngiL1), an immediate arrest in the Sohase is achieved At

the moment, irinotecan is used as an effective chemotherapeutic agent for advanced colorectal cancer
as first- and secondline treatment. Irinotecan has been reported to be active also in gastric cancer,
non-small lung cancer andsmall-cell lung cancer, as individual therapy or in combination with other

cytotoxic agentsl’2

1.4.2 5-fluorouracil (5 -FU)

5-fluorouracil (5-FU) is a fluorepyrimidine compound largely used in the treatment of aroad range
of cancers, such as colorectal and breast cancers and tumors of the aerodigestive tréadthough 5FU
in combination with other chemotherapeutics improves the response and survivahtesin breast, neck
and head cancers, it is in colorectal cancer thatBU explicates the greatest artiumor activity.[73 5-FU
has a dual antitumor mechanism: it inhibits essential biosynthetic processesand is directly
incorporated into nucleic acid molecules (RNA andDNA) impairing their normal function. 5
fluorouracil is an analogue of uracil and presents a fluorine am at the carbon G5 (Figure 1.9A). When

cells are treated with this drug, it rapidly enters the cell using the same transport mechanism of uracil,
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and once located into cytoplasm, U is converted intracellularly to various active metabolite$4
These active metabolites a& responsible for the interruption of RNA synthesis and the enzymatic
activity of thymidylate synthase (TS). Briefly, this enzyme catalyzes the reductive methylation of
deoxyuridine monophosphate (dUMP) to deoxythymidine monophosphate (dTMP), normally useab
essential component for DNA replication and repair. The metabolite of-BU (fluorodeoxyuridine
monophosphate, FAUMP) covalently occupiethe substrate-binding site of TS forming a stable ternary

complex, and thus inhibiting the DNA replicatiofi>.761 (Figure 19B).

Figure 1.9 Structure of fluoropyrimidine 5-FU (A) and mechanism ofthymidylate synthase inhibition by 5-FU B). The active
metabolite FAUMP (fluorodeoxyuridine monophosphate) blocks the binding site of TS normally occupied by the natural
substrate dUMP (deoxyuridine monophosphate). A consequent deoxynucleotide (ANTP) pambalances cause the inhibition of
DNA synthesis and DNA damagdél

5-FU-based chemotherapy improves overdlsurvival of patients with resected stage Ill colorectal
cancerl’”l Despite that, the response rates for the HU treatment as firstline therapy for advanced
colorectal cancer are only 1015%./[’81 Consequently, the combination of U with aher
chemotherapies such as Irinotecan or oxaliplatin has enhanced the response rates for advanced

colorectal cancer to 4050%.[79.80]

1.4.3 Oxaliplatin and platinum -based chemother apeutics

Although for more than four decades 8U has been the most commonly used drug for the treatment of
colorectal cancer, the development of new active drugs for CRC treatment, such as oxaliplatin, has
improved clinical outcome and has offered léernative therapeutic options8ll In particular, platinum-
based drugs including cisplatin, carboplatin and oxaliplatin, have been widely studied and used for the
treatment of lung, colorectal, ovarian, breast, head, neck and testicular canc&®.Cisplatin was

approved as anticancer drug in 1978 and within a decade a secondgeneration platinum drug
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(carboplatin) replaced cisplatin due to higher stability. Nowadays, oxaliplatin (OxPt), the third
generation platinum drug, is the standard compound used for the treatment of advanced and
metastatic colorectal cancers in combination with Sluorouracil and leucovorin. An improved survival
among stage Ilpatients when OxPt/5-FU/leucovorin poly-chemotherapy isobserved compare to5-
FU/leucovorin therapy showed an inferior responsdgd Cisplatin, carboplatin and oxaliplatin
chemically differ in solubility, reactivity, structure, pharmacokingics, and toxicology (Figure 110A).[84
Each canpound has a different chemical structure and oxaliplatin contains a diaminocyclohexane

(DACH) group which is more reactive with nucleophiles than the other drugs.

Figure 1.10 (A) Chemical structure of platinumbased drugs: cisplatin, carboplatin, oxalatin. (B) Schematic of cisplatin uptake
inside cell and consequent aquation into the cytoplasm. The compound is then translocated into the nucleus whitrexplicates
its toxicity. 183 (C) Schematic of different complexes formed by the interaction of platum-based molecules and doubkstranded

DNA and nuclear proteins.
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Platinum-based drugs undergo hydrolysis reaction by which one or both oxygenated groups are
replaced by moleules of water, thus resulting m positively charged molecules (Figure 1LOB). The
aguation reaction represents the crucial step by which drugs manifest their toxicity: only when the
drugs are in the charged state are able to form covalently stable adducts with doukdéranded DNA[&¢]
The crosslinking of platinum-drug molecules to DNA leads to the inhibition of synthesis and repaaf
DNA and finally to apoptosis (Figure 110C)[&7.881 Even though the cellular damage is thought to be
induced by the formation of these DNA adducts, additional complexes of platinuBINA-protein have
been demonstrakd as potentiating mechanism of cytotoxicitye® Nevertheless, these platinum agents
have also shown a significant ngrotoxicity (cisplatin > oxaliplatin >> carboplatin). Therefore, the
efficacy of platinumbased drugs is often impaired because the substantial risk for severe toxicitigg
Indeed, the FDA reported that more than 70% of the patients receiving oxaliplatin as main

chemotherapy are affected by some degree of sensory neuropat§}.

1.4.4 Leucovorin

Leucovorin is also called folinic acid (FA) ob-formyltetrahydrofolate and is generally administered as
calcium or sodium folinate. CommonlyFA is an adjuvant used in cancer chemotherapy in combination
with methotrexate,®1 or with 5-fluorouracil in treati ng colorectal,head and neck, esophagealncers
and other cances of the gastrointestinal tract. FA should be distinguished from folic acid which is a
necessary vitamin (B9), eventiough FA is an analogue of faiacid and has the full vitamin activity 6
vitamin B9. FA is not a drug itself and has almost no side effects but when used in combination with
methotrexate it acts as chemeprotectant becauseit preserves the bone marrow and gastrointestinal
mucosa cells from methotrexate side effects. Contrdyj the effect of folinic acid in combination with 5
FU is to enhance the cytotoxic effect &-FU by further inhibition of thymidylate synthase enzyme and
by prolonging the availability of 5-FU incancer cells. FA is a-formyl derivative of tetrahydrofolic acid
(Figure 111) and when administered, it is rapidly converted to other folnic acid analogues

(tetrahydrofolate).
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Figure 1.11 Chemical structure of Leucovorin (folinic acid, FA).

Therefore, FA has vitamin activity comparable to folic acidand because it does not requir¢he action
of enzymes for its conversion, FAiological function as vitamin is always guaranteed. Leucovorin is

also used by itself for the treatment of anemia defects when folical deficiency is present.

1.5 Effect of drugs combinations on the treatment of CRC

Although the approved chemotherapeutics (Irinotecan, oxaliplatin, U and Leucovorin) have proved
to be active for the treatment of colorectal cancer when used as single agencombinations of these
drugs have reported great results and an increased survival rat&l Nowadays, the significant
reduction in the risk of death even in patients having earliestage colorectal cancer, is attributed to
the use of combination regimens such as FOLFOX and FOLFIRI. FOLFOX corresponds to the
chemotherapy combination EOLinic acid/ Fluorouracil/ OXaliplatin, and FOLFIRI is the common name
used to indicate the combined drugs=Olinic acid/Fluorouracil/ IRInotecan To the extent that 5FU
and irinotecan each have a substantial single agent activity and they appear to be relatively ronss-
resistant, researchers have started to explore modes in which both drugs may be used simultaneously
as front-line systemic therapy for the treatment of advanced colorectal cancel®] Preclinical studies
have demonstrated that the simultaneous administration ofrinotecan and 5-FU resultedin a reduced
cytotoxicity of the active metabolite SN38, suggesting that 5FU may interfere with the metabolic
conversion of irinotecan to SN38.[°4 Indeed, the addition of leucovom to irinotecan and 5FU
combination enhances the overall cytotoxicity of therapys! Moreover, Mullanyet all®! have proposed

a sequencedependent synergy between SMNB8 and 5FU/FA and provided a possible mechastic
model for this observation. Briefly, thein vitro cytotoxicity obtained after the simultaneous or
sequential drugs treatment (SN38 followed by 5-FU/FA or 5-FU/FA followed by SN38) were found to

be different. As described for FOLFIRI therapy, also éhFOLFOX treatment has shown successful
results: despite oxaliplatinbased therapy has been used for many decades as powerful treatment

against colorectal cancers as single agent, when combined withFbJ/FA, the response rate and overall
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survival are improved more than double’®! FOLFOX and FOLFIRI are therefore widely used as first
line and secondline chemotherapy for metastatic colorectal cancer. However, in some cases, especially
those with metastatic lesions, solid tumos may acquire chemeresistance to therapy. Most solid
tumors present a central area which is characterized by a poor vascularization, intratumoral perfusion
and a hypoxic environment® It is well-known that tumor cells under hypoxic conditionsare more
resistant to ionizing radiation and chemotherapy?” The effect of hypoxic environment on the chemo
sensitivity of human colorectal adenocarcinoma (H29) cells exposed ®¢ FOLFOX and FOLFIRI
treatments has been evaluate®4 The addition of FOLFOX at different doses to HA9 cells under
normoxia conditions strongly affected their proliferative activity; contrariwise, the effect of FOLFOX
therapy was completely abrogated when cells were cultured under hypoxia. Unexpectedly, the
cytotoxicity of FOLFIRI chemotherapy was still maintained even under hypoxic conditions, overcoming
the chemoresistance developed by intrdaumoral cells.

In conclusion, the success of FOLFOX and FOLFIRI regimens has been demonstrated to provide clinical
benefit in the treatment of colorectal cancer which are noteported only in an advanced stagg but
also earlier-stages of tumor. In particular, FOLFOX has been approved YDA as adjuvant therapy for

resected stage Ill colon cancéf®!

32



33



34



2 PEGDA hydrogels for drug screening assays

In this chapter, a technology based on the use pbly(ethylene glyco) diacrylate (PE@A) hydrogels
for drug screening purposes is describedn detail. Hydrogels are widely applied in many fields, for
instance in tissue engineering, forin vivo drug delivery and for the fabrication of micro- and nano
structures. Here, we want to focus on the application of hydrogels fan vitro molecules embedding
and their consequent release through passive diffusior stimulated by the application of a proper
trigger. Hydrogels are polymeiic 3D networks which are formed via chemical or physical crosslinking
and they are characterized by a high water content. Different methodae generally usedo create gels
and in situ radical photo-polymerization has been selected toembed compounds within PEGDA
hydrogel. An extensive study of the fabrication conditions (photeinitiator compound, source light,
PEGDA and photanitiator concentrations, PEG length chain and exposure time) are explored.
Furthermore, a technology able to eate 3D shaped PEGDA hydrogels has been adopted in order to
entrap moleculeswithin certain volumes of gel. The passive release of different molecules in terms of
size and chemical properties from hydrogels is also determined. On the basis of the observetbase
profiles, the properties of PEGDA gels atened to enhance the diffusion of molecules/hich are slowly
released and to prevent a rapid diffusion of released compounds. In this casaplecule-loaded
liposomes are employed to control the release ofsuch molecules applying a thermatrigger which
destabilize the lipid bilayer. The developed system is then used to embed multiple drugs (which are
selected as relevant candidates for the treatment of human colorectal adenocarcinoma cell line, HT29)
withi n the gel. Finally, the cytotoxic effect of individual and combined drugs is evaluated culturing
HT29 cells onto the surface of 3D shaped hydrogels.

The drug screening technologyresented hereis characterized by different properties

a) the developedtechnology is fast since the polymerization process takeplace within 30-60
seconds to create a completely crosslinked polymer network;

b) the equipment adopted to produce the gels has a low cost because composed of a modified
projector which has an emitting irtensity at 410nm, a stage where the support used to contain
pre-polymer solutions can be located, and a computer mainly utilized to illuminate the
samples with a desired digital mask;

c) multiple hydrogels may be producedsimultaneously reducing the fabrication time;

d) different 3D architectures can be obtained according to the final application of the geis
agueous media

e) multiple molecules can be embedded within defined volumes of hydrogel and afterwards
release them into areservoir; on the basis of the chmical nature and size of targeted
molecules, nanoparticles can be included within the matrixo prevent rapid diffusions;
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f) once the drugs are embedded within the hydrogel the system can be stored atl5 <+ f
humidified atmosphere and on demand the cytotoxic effect of releasing drugs on the
proliferation of a specific cell linecan be studied

g) Iideally this technology can be applied for any type of pathological condition once the release

kinetics of drugs is optimized and the PEGDA hydrogel features are tuned.

In this chapter, an overview of the applications of hydrogels in bimnedicine and drug deliveryfields is
given, with a particular focus on the mechanisms involved on the encapsulation and releasé bio-
active molecules when embedded within PEGDA hydrogels. Moreoverthe use of liposomes as
potential drug carrier for controlled release is also discussed. A detailed description of the pheto
polymerization of PEGDA gels and the optimization of the pameters affecting the process (light
source, photainitiator and equipment) is provided. A new technologyecently developed in our group
for the crosslinking of PEGDA hydrogels is reported and applied for controlleich situ embedding of
relevant drugs used for the treatment of ColoRectal Cancer (CRC) cells. The release kinetics of these
compounds is characterized and controlled by tuning the hydrogel physical and chemical properties or
introducing drug-loaded nanoparticles within the polymer network. Furher, an extensive study of the
cytotoxic effect induced by drug releasing hydrogel systemis evaluated usingthe human colorectal
adenocarcinoma cell line (HT29). Finallya short conclusion summarizes the key points encountered
on the fabrication of hydrogel systems used for drug screening purposes, and what are the benefits and
the future improvements of our developed technology. An experinmgal section at the end of the
Chapter Il is also included and all the materials, equipment and protocols adoptedrfour experimental

results are described.

2.1 Hydrogels and liposomes as drug carrier

During the last few decades, hydrogels have reached increasing interest with more than 2000 papers
publishedup to nowd  ™«<t3Z> "fe%of *° Ti coc—c'oe 5FLé%etZT Foft o+eitfhretlS —
definition is the one given by Peppa®8 Hydrogels are waterswollen crosslinked polymeric
structures which either present covalent bonds deriving from the reaction of one or more co
monomers, or are physically crosslinked due to polymer chains entanglementsor hydrogen bonds
and van der Walls interactions between chaing? In genegal hydrogels are hydrophilic polymer
networks able to absorb from 10%20% up to thousands times their dry weight in water. They may be
chemically stable or may degrade and eventually disintegrate and dissolve. Hydrogels in a crtisked
state reach an eqilibrium swelling in aqueous solutions which depends on the polymer crostinking
density. In fact, when a dry hydrogel starts to absorb water from the environment the first water

molecules entering the matrix, also called primary bound water, hydrate th@olar and hydrophilic
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chemical groups of the network. As soon as these groups are hydrated, the overall matrix swells
meaning that also the hydrophobic groups are exposed to water molecules and new hydrophobically
bound water molecules are included withinthe structure (secondary bound water).The additional
swelling water that is imbibed after ionic, polar and hydrophobic groups become saturated is called
free water and it is assumed to fill the space between network chains. In case of degradable polymer,
the matrix will begin to disintegrate and dissolve with a certain rate depending on its composition and
crosslinking degreelt00 The volume fraction of water contained within the polymeric matrix
influences the absorption and diftision of solutes through the gel. Indeed, the release of molecules
from a hydrogel is mainly controlled by the pore size, pore volume fraction, pore interconnections,
molecule dimension, and strength of interaction between the embedded compound and polymer
chains. The space available between macromolecular chains is responsible faplecule diffusion;
moreover, highly crosslinked hydrogels have a tighter structure in which the overall chains mobility is
hindered and a lower swelling is observed.Therefore, the application of hydrogels for drug release
purposes is strictly dependent on these concerns and when designing a -8i&twork for controlled
drug release, the polymer composition and the crosbnking density should be tuned according to the
molecules ske and physicalchemical properties[i®0 Moreover, other parameters like the processing
conditions, the method of polymerization, and the incorporation of various polymers to achieve a
biomaterial with determined characteristics areextremely important.[101]

Hydrogels are classified on the basief different parameters such asthe preparation method used to
cross-link them, the overallmonomer or macromer charge and the mechanical and structural features.
For instance, according to the preparation methodhydrogels can be defind as homo- or co-polymer
hydrogels and they may have a neutral, anionic, or cationic chargiepending on the building blocks
charges. Further, hydrogels can exist as amorphous, senmystalline, hydrogen-bonded,
supramolecular or hydro-colloidal physical state. The reason for the extensive study and application of
hydrogels is their great retain of large amount of waterand excellent biocompatibility, sothey are
mostly applied in the medical field becausemimicking a favorable environment for cell proliferation.
Moreover, hydrogels have a poor tendency to adsorb proteins from body fluids due to a low interfacial
tension, whereas natural polymers (such as collagenr gyelatin) are prone to protein adsorption.[102]
Many studies have demonstrated the need of extreellular matrix proteins deposition onto the
hydrogel surface to achieve cell adhesion. Other application®mcern the use of hydrogels as drug
releasing system where different release profiles are obtained by tuning hydrogel propertié®3! The
applicability of hydrogels as biomedical materials dependsainly on their bulk structure. Some of the
most relevant parameters characterizirg the network structure are the molecular weight of polymer
chains, the corresponding mesh size, and the network density which are measurable through

equilibrium -swelling theory and the rubberelasticity theory.[°®!
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2.1.1 Loading and release mechanisms of biomedical relevant molecules

The delivery and release study of various biomedical relevant molecules has been the subject of
intensive research. The compounds which are embedded within polymer networks are different in
terms of size (low and high molecular weight molecules), nature (proteins, peptides, DNA, RNA and
drugs) and physicatchemical properties. Hydrogels are a class of materials greatly suitable for delivery
and molecules release applications because of their ability to encapstéabiomolecules and tailorthe
gel’s physical and chemical structuré€% Many improvement have been reported in drug delivery
hydrogel-based systems, and over the numerous polymerapplied for that purpose, polygthylene
glycol) (PEG}based hydrogels are extraordinarily promising biomateriald104 Over the past few
decades, PEG hydrogels have been extensively used as matricesémtrolling drug release, as well as
cell delivery vehicles for promoting tissue regenerationlos 1081 PEG polymer is water soluble and
resists recognition by the immune systenit8l It also exhbits a rapid clearance from the body and has
been approved for many applicationsThe versatility of PEG macromer chemistri§o®l together with its
excellent biocompatibility resulted on the development of many smartlesigned hydrogel systems for
regenerative medicine applicationdi®4l Further, PEG hydrogels provide a unique niche for cell
encapsulation because of high biocompatibility to cells underrpper polymerization conditions /32 and
the coupling of biological molecules to PEG usually cwoibutes to its biological activity.[208] In the
context of drug delivery, one of the most relevantrequirement is the capady of the hydrogel to
provide an extended release of the emhdded therapeutics, prevent unfavorable reactions and
maintain the bioactivity of compounds.Consequently, several considerations must be assessed: the
gelation and loading/release mechanisms, the molecular characteristics of the drug to be delivered, the
possible interaction with polymeric chains and the method used to crosknk the hydrogel. For
example, PEydrogels are usually ceHrepellent materials meaning that the adhesion of cells onto
their surface is discouraged; thus the introduction of moietie like RGDBpeptide (an ArgGly-Asp
tripeptide) within the network promotes the adhesion and survival of encapsulated cells such as
osteoblasts(10l Targeted molecules may be embedded within polymeric networks using two different
approaches: one consists oin situ polymerize the compound and polymer chains at the same time,
and the second one in based on thendedding after hydrogel polymerization (Figure 2.1A). Thein situ
polymerization has important advantages due to the simultaneous molecule loading and hydrogel
network cross-linking; thus, multiple and highly concentrated compounds may be entrapped in a pal

manner within the matrix.
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Figure 2.1 Schematic of loading strategies used to embed therapeutics within hydrogeld) Compounds can be entrapped
through in situ polymerization or after hydrogel fabrication; (B) drugs are bound to degradable linkersncluded in the polymer
structure and molecules release is induced by enzymatic degradation of the linkers)(drug-loaded micro- or nano-particles are

directly embedded within the hydrogel during polymerization .Figure reproduced fromi04].

On the other hand, depending on the polymerization method adogetl to crosslink the mixture,
potential reactions between molecules and polyrar may occur with the risk of affecing the final
compound bioactivity. The embedding of drugs after polymerization consists on the incubation of pre
formed hydrogels with highly concentrated molecule solutions which are entrapped within the matrix
through osmotic driving force until solute equilibrium is reached. Despite this approach preserves
drug bioactivity, it does not permit accurate control over the amount of drug loading because of
partitioning limitations. 11941 Moreover, it appears difficult to fabricate hydrogels with multiple drugs at
defined concentration for sophisticated biemedicine applications.Although the loadingmethod used
to embed compounds within hydrogel is extremely important, release mechanisms argkewise
relevant for the design ofcontrolled release systens. Because of the diversityn the chemistry and size
of released molecules, the criteria for contrled release from hydrogels may widely differ from one
application to another. In general, for drug release purposes two major concerns must be considered:
the availability and the stability of releasa therapeutics. In fact, to achieve a desired therapeiat effect
in vitro or in vivo, the drugs should bedelivered at a right dosage (availability) and with preserved
molecular structure and bioactivity (stability). The commonly used mechanisms of molecular release
from hydrogels include diffusion, swelling, and chemicallycontrolled delivery.[04 When the

releasing compounds are small in terms of size and molecular weight such asgs, peptides or small
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proteins, the high permeability of hydrogels towards small molecules does not permit to control their

release kinetics.

At the moment, different methods suitable to control the release profile and to tune the gel
permeability are normally used. One of thee approacles is based ommodulating the crosslinking
density, thus by increasing the crosdinking density, the number of network chains per unit volume
also increases and amaller network mesh size limits rapid molecule diffusion. However, this method
relies on sizeexclusion concept, sdhe release of small compounds like drugs is not controlled in any
case; further, an increase on the croslinking density results on a reduced hydrophilicity of hydrogel
which corresponds to a mor cytocompatibility.l104 Another strategy primarily used for drug
encapsulation is the use of pralrug molecules: in this appoachdrugs can be covalently immobilized
within hydrogel network via functional groups. The introduction of degradable linkers betweerdrug
and tether allows the liberation and release of molecules when enzymatic degradation of linkers
occurs (Figure 2.1B)111.112] The pro-drug strategy is effective on controlling drug release but hasra
important drawback: the covalent association of drugs to degradable linkers may imjpathe
bioactivity of molecules especially when fragile peptides and proteins are the target therapeutid®4!
Furthermore, the chemistry adopted to include linkers into polymer structure must be biocompatible
and designed in such way that completely degradation of linkers occuéd3l However, the use of pre
drug molecules requires the synthesis of a new compound which is a modified version of an already
existing drug, thus a consequent approval of the new prdrug is needed.A third strategy to entrap
drugs within hydrogel consists on the incorporation of drugloaded micro- or nano-particles into the
network prior to polymerization (Figure 2.1C). In particular, dug-loaded liposomes have been
extensively studied and applied for different purposesAccording to the chemical properties of the
molecule loaded into liposomes and the lipid comgsition of these nanoparticlesa controlled release
can be achievedln condusion, the maintenance of drug stability is of critical importance not only for
drug release purposes but also for biocompatibility issues; in fact it has been shown that the
entrapment of proteins and peptides into hydrogel induces their denaturation andheir consequentin

vivoimmunogenic effectl114]

2.1.2 Diffusion of drugs from hydrogels and liposomes

The diffusion of drugs from hydrogels or other drug carriers depends on various parameters. A slow
release of drug from network ©rresponds to a therapedic but non-toxic concentration and a
prolonged release profile, meaning that less frequent administrations of drug are needesince the
therapeutic concentration is notreached(!15 On the other hand, when drug compounds diffuse rapidly
from a matrix, a toxic concentration may be obtaing; a controlled drug releasing system is therefore

necessary to achieve the right therapeutic dosélathematical models are normally used to predict the
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temporal release of encapsulated cargo molecules as well as to describe the release mechanisms
supported by experimental verification[116! Since diffusion of drugs strictly depends on the structure
through which the diffusion takes place, models thaassess polymer morphology and properties are
needed(!161171 The mechanism ofdrug release from hydrogels can be i) diffusiorcontrolled; ii)
chemically controlled; iii) osmotically controlled; and iv) swelling and/or dissolution -controlled.[117]
Drug release from diferent carriers consists onthe movement of mdecules through the bulk of

polymer, a process that can be described by Fick’s lawf diffusion for transport in one dimension

(Equationand Equation2.2):

@y
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0% 06?U
_ N Eq.2.2
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Here, the concentration andmass flux of species are designatel asc and j;, respectively; Dy, is the
diffusion coefficient of speciesi in the polymer matrix and x and t are position and time,
respectively®8l A semiempirical power law equation (Higuchi kinetic equation)18 widely used to
describe diffusion- controlled drug release from semisolid polymeric systems isstated in Equation
2.3

Eq. 2.3

Here, M; and M, are the cumulative amounts of drug released at timé and at the equilibrium point,
respectively, k represents structural and geometrical information regarding the device andh is
indicative of the drug rdease mechanism.The presented equation is the result of a detailed
mechanistic process that includes diffusional process (Fickian) and additional relaxational or
convection mechanisms. Further, the mathematical solutions of Equation 2.1 for Fickian drudfdsion
result in release kinetics with n = 0.5, whereas when the release is zeooder, n = 111171 Therefore, the
diffusion of drug from polymeric systems can be obtained directly from the slope of the linear part of

plots M/M ,, versus t/2, as shown in Figure 2.219]
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Figure 2.2 Release of Lidocaine Hydrochloride from gelopen square$ and from liposomes embedded within the ge{half-filled

diamonds).Figure reproduced from[119],

The linear part of curves correspads to pure diffusion according to Eq.2.3 and Figure 2.2. A later stage
of drug release up to equilibrium point is characterized by a notfinear behavior until approaching
steady state where the driving force for mass transfer of drug diffusion graduallylawvs. In Figure 2.2
should be also noted that, as expected, the diffusion of lidocaine hydrochloride from a gel is faster than

the diffusion of the same compound when loaded into liposomes and mixed to the gel.

2.1.3 Liposomes for controlled drug release

Over the last 30 years, the application of liposomes as drug carriers in pharmaceutical and medical
fields is considerably increased!20.121] Liposomes are seHassembled spherical sofimatter particles
consisting of a central aqueous compartment surrounded by one or more concentric phospholipids
layers, also called lamellagFigure 2.3).122.123] | iposomes, as analog of natural membranes, are formed
by auto assemblingof natural or synthetic lipids. The application of liposomes fordrug and gene
delivery purposesis extensively studied becausef liposomes amphiphilic nature; in fact, liposomal
particles are used as vehicle for both lipophilic and hydrophilic compounds. Hence, hydrophilic
molecules are loaded in the interior aqueous compartment while lipophi compounds are entrapped
within the lipid bilayers. Liposomes constitute a physical barrierand canprotect the loaded substances
from the surrounding environment and degradation processes (induced for example by pH changes).
Due to the variable nature oflipids, liposomes are classified in terms of composition, size, number of

bilayers forming the vesicle andaccording to the mechanism of release/deliveryt22
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Figure 2.3 Schematic illustration of selfassembly process involved on the liposomes formation from individual phospholipid
molecules @) to a bilayer membrane b), followed by organization into liposomes €). Normally, a single bilayer has a thickness
around 5nm which consists of arranged single lipid moleculesvith their hydrophobic tails facing each other and their

hydrophilic headgroups facing toward the internal and external aqueous compartmerfd). Figure reproduced from[123],

Among the variety of available phospholipids involved in the process of liposome production,
phosphatidylcholine (PC) and phosphatidylethanolamine (PE) are the main structural components of
biological membranes. Further, liposome membranenay also contain other constituents, for instance
cholesterol, largely used to improve the membrane fluidity and stability, and hydrophilic polymer
conjugated lipids such as PE®Gased lipids.Nowadays, the methods available for liposomes synthesis
are various and they can be applied singularly or as combination of processes. A suitable method for
liposome manufacture must ensure a high degree of structural homogeneity in order to achieve the
optimal performance of vesicle as molecukearrier.['24] The method mostly used for liposome
synthesis is the classical hydration technique (also called Bangham methdt! This approach
consists onthe dispersion oflipids in an organic solvent which is removed after solubilization through
evaporation; a thin dried lipidic film is obtained. Then the film is hydrated in aqueous buffer solution
under stirring at a temperature above the lipid transition temperature. Thedispersed phospholipid
populations form a suspension of multilamellar liposomes (MLVs) which are characterized by a high
heterogeneity in terms of size and shape (usually ranging from 1 to 5um in diameter). The synthesis of
small unilamellar vesicles (SUVsor large unilamellar vesicles (LUVSs) is achieved by extruding the lipid
suspension through a plycarbonate filter which has the appropriatepore size in diameterto obtain
the final desired size of liposomes (for example 100 or 200pumpAmong the traditional multi-step film
hydration technique, an alternative method can be addpd and it is called DELO@pproach. In this
case,advanced equipment composed of a system for the compression of fluid (§@nd pressurized
chambers are needed. The depressurizatio of an expanded liquid organic solution has proved to

provide crystalline solids having a high purity126l Elizondo et all*271 have demonstrated by CryeTEM
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microscopy that liposomes prepared with traditional film hydration method are a mixture of
multilamellar, unilamellar and multivesicular particles, whereas homogeneous populations of
unilamellar liposomes are achieved with DELS procedure.Independently from which technique is
used for liposomes synthesis, the chemical and physical properties of vesicles must be assessed in
order to guarantee their stability as drug nanocarrier. The main parameters affecting liposome
features ar: i) the size, expressed as average mean diameter; ii) the polydispersity indeshich
provides the degree of suspension homogeneity; iii) the surface charge, or zeta potential; iv) the
lamellarity; v) the encapsulation efficiency; vi) thein vitro drug release and mostly important vii) the
liposomes stability. One of the major concerns for liposomes use as drug carrier is their stability,
meaning that stable vesicles must maintain their physical integrity over time and they should not
influence the chemicaintegrity of the encapsulated cargo. However, liposomes naturally tend to be un
stable because of aggregatiomand le&kage processes when they are k& upon long term storage;
further, the interaction of lipids with the loaded cargo mayinterfere with drug availability and
stability. Normally, liposomes are characterized througtdynamic light scattering (DLS)to evaluate the
average mean size and polydispersity index; moreover, the overall charge of liposomes surface is

establishedvia zeta potential whichis a good index to predict the stability of colloidal suspension.

Figure 2.4 lllustration of thr ee different physical states adopted by a lipid bilayer in aqueous mediumaTtays for phase

transition temperature. Figure reproduced from(12s],

44



Two issues becomeémmediately relevant when trying to encapsulate drugs into liposomes: firstly, the
encapsulation of molecules is more difficult and inefficient as the size of compound increases, and
secondly, the encapsulation efficiency strictly depends on the method agted to load drugs into the
bilayer. Therefore, a liposomal drug carrier must be stablevhilst circulating (drug retention) and
render the drug bioavailable when it reaches the targeted site (drug release). These parameters are
strictly dependent on the hlayer permeability properties: the liposome bilayer is a selective barrier
and membrane permeability varies for different types of solutes, such as water, electrolytes and ron
electrolytes. Moreover, the membrane features can be regulated by changing figgdd composition, for
instance the saturation number of lipids, length of fatty acid chains and charge of headgroup, or by
introducing cholesterol molecules which are responsible for liposome stabitation. Phospholipids
have a phase transition temperatue (Tm) which defines their physical state (Figure 2.4): when heated,
phospholipids undergo a shift from a wellordered and tightly packed gel phase to a fluid and
disordered liquid-crystalline state.[128.129]

In this thesis and in other numeous published applications, heatis employed to induce drug release
from liposomal vesicles through temperature changes. Thermsensitive liposomes containing drug
molecules into the aqueous cavity are studied; the effect of temperature and lipid composition is
evaluated in order to achieve the maximum released drug amount. When a certain heat treamn is
applied above the transition temperature, the lipid membrane of thermo-sensdtive liposomes
undergoes a geto-liquid-crystalline conformation transition which results on an increased

permeability towards water and solutes due to an augmented phospholipids mobilitk30]

2.2 Development of PEGDA hydrogels for digital drug dosing

Poly(ethylene glyco) diacrylate (PEGDA) hydrogelsre largely used in manybiomedical applications
and their study isgradually increasing due tofavorable properties: excellent biocompatibility, poor cell
attachment, ease of use and PEthemistry versatility. These hydrogels are employed for various
purposes including tissue engineering, wound healing, electrospinning processes and drug delivégy.

3% In this thesis, PEGDA hydrogels are fabricated through visiblgght photo-polymerization for drug
release purposes: different drugs commonly used for the treatment of colorectal cancer are embedded
within PEGDA hydrogels vian situ polymerization. Further, the release kinetics of chemotherapeutics
and their cytotoxic effect on human colorectal adenocarcinoma cell line (H29) are evaluated. For this

purpose, various issues are considered:

a) the crosslinking method used to polymerize PEGDA monomers drconsequentembedding of

various molecules (drugs and proteins);
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b) the release stidy of embedded compound andiuning of chemical and physical hydrogel
properties;

c) the use of drugloaded nanoparticles (liposanes) embedded within PEGDA hydrogels and
study of controlled drug release;

d) fabrication of 3D hydrogel structures for drug confinement ira small scale;

e) multi-drug dosing within PEGDA hydrogel for drug screening purposes;

f) evaluation of cytotoxic effect of dfferent drug releasing systems.

2.2.1 Photo-polymerization of PEGDA gels

Among various method of gelation (physical, ionic or through covalent interactions), chemicabr
covalent-crosslinking leads to relatively stable hydrogel with tunable physiochemical fdares.
Nowadays, photopolymerization is oneof the preferable way to fabricate hydrogels because is a rapid
process (quite often thke polymerization is completed within few seconds) and is suitable for
encapsulation of cells and fragile molecules.

In this thesis, PEGDA hydrogels are fabricated through situ photopolymerization which is a process
that requires photoinitiator species and a light source. This approach provides a spatial and temporal
control over the formation of the material When a solutionof PEGDA monomer and photoinitiatolis
exposed to a specific wavelength, gelatiowill occur. During the reactionthe photoinitiator species are
decomposed intoreactive radicals which are responsible for polymerization initiation. Photoinitiators
are normally classified into two classes: type | (or cleavage type) includes photoinitiators that are split
into two radical speciesafter photon absorption, and type Il comprises photeinitiating systems that
after photon absorption are in an excited state and aecond ceinitiator species extract from them a
hydrogen atom[t31] When selectingthe photoinitiator to use for a certain application, it is important to
consider a vaiety of parameters. Most of the photoinitiators commonly used for polymerization
process are waterinsoluble and they must ke dissolved in organic solventavhich are cytotoxic; thus
the use of these initiators precludes the possibility to photencapsulae fragile molecules and living
cells. Moreover, the majority of photoinitiators require UV light to initiate the polymerizationwith the
risk of generating damages on the encapsulated molecules, such as dowdtland DNA breaks in
encapsulated celld!32 Eosin Y for exampleis a widely used photoinitiator because of its great
cytocompatibility, water solubility and photon absorption in the visible range33! However, eosin Y
suffers from many drawbacks: firstit requires a cainitiator and accelerant species to produce enough
radicals for initiating the process; secondlythe eosin Y absorptbn and emission spectra overlapvith

many fluorophores commonly used in cellular imaging.
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2.2.1.1 Fabrication of PEGDA hydrogel using IrgaCure 2959 photoinitiator

For the fabrication of photopolymerized three-dimensional PEGDA hydroged, the commercially
available compound "% f —"1; t{w{ istsele¢ted agphotoinitiator candidate. This initiator is
the most commonly used compound for cellular encapsulation within hydrogels, despités low
solubility (less than 2%wt). 12959 is a type | photoinitiator meaning that when these molecules are
irradiated in the UV light range they are decomposed into two radichforms (Figure 2.5A). Then,in
presence of PEGDA monomeric moleculethese free radicals propagate through double bonds of

PEGDA chemical structure and chain polymerization occu(gigure 2.5B).

Figure 2.5 UV-photopolymerization of PEGDA and IrgaCur@959 solutions. (A) Mechanism of radicals formation from 12959
UV-light exposure; B) Polymerization of PEGDA monomers together with free 12959 radicals to form a thredimensional

hydrogel.

A preliminary study is conducted to evaluateptimal concentrations of PEGDANW 700Da) and 12959
needed to obtain homogeneous and transparent hydrogels. As depicted in Figure 2.@#ferent
concentrations of PEGDA (700Da) dissolved in MilliQ water and Irgaf@ 2959 dissolved in
acetone/milliQ water (1:1) are tested.In a 24 wellmicrotiter plate these prepolymer solutions are
exposed to UMight in a photo-reactor for 1 hour. From the photo of the obtained gels, it is notable that
partially formed hydrogels are found (red circles on the first plate column), suggestig that the
initiator concentration may be too low to ensure a complete crosslinking of the solution©n the other
hand, PEGDA hydrogels are formed whendaCure amount issqual or higher than 0.3%w/v. However,

the fabricated hydrogels are extemely heterogeneous and coloredeven though the entire solutions
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are crosslinked. Further, some particles are found on the bottom of the wells which can indicatelew
solubility of the initiator when diluted in the polymer solution. Since the efficiency of
photopolymerization depends on how many photons are absorbed by the initiator molecules and on
the amount of radicals produced after photon absorption, theUV-vis spectra of different
concentrations of 12959 dissolved in acetone/water (1:1) not exposed to U\ight are reported (Figure
2.6B). It should be noted that as the iniator concentration increasss, a linearly proportional UV-vis
absorption is measured. In fact, for low concentration of IrgaCure the absorption at 365nm is
negligible, whereas it starts to absob at this wavelengthfor concentrations higher than 0.5%w/v.
These results obtained from the UWis analysis are in agreement with what is observed from the
polymerization of gels after exposure. In fact, the fabrication of completely crosslinked solutioris
achieved for concentration of IrgaCure 2959 higher tha®.5%w/v, as shown in the photo of the well
plate (Figure 2.6A).Therefore, to fabricate PEGDA hydrogels using 12959 as photoinitiator, a suitable
concentration is needed (at least 0.5%w/v). Desp# hydrogels can be produced when a certain
concentration of initiator is used, there still an issue that should be clarified or at least optimized: the
color of gels suggests a low solubility of 12959 when added to polymer solution due to its low water

solubility (less than 2%wi/v).

To further improve the quality of hydrogels, a different polymer composition is used to evaluate how
the physical and chemical properties of PEGDA affect the hydrogel fabrication. Thus, PEGDA having
different PEG chain lengths1kDa, 5kDa and 6kDa) and concentrations are mixed with PEGDA (700Da)
and a constant amount of IrgaCure 2959 (1%w/v) is used. In a 24ell microtiter plate, the solutions
are UVtexposed for 1 hour in the photereactor (Figure 2.7). The resulting hydrogels i less colored
than those obtained from the mixtures of PEGDA (700Da) and 12959, but they are still imperfect
because of high heterogeneity and extremely soft materials. These characteristics are important to
accomplish the desired drug releasing platform meaning that hydrogels must be ease to reproduce,
colorless, homogenous in terms of composition and thickness, and it should be possible to polymerize
gels within a shorter exposure time (less than 1 hour) and eventually create desired 3fructured
hydrogels. In light of these considerations, a preliminary test for the fabrication of 3Bhaped PEGDA
hydrogels is conducted by mixing different amounts of PEGDAgwpa With IrgaCure 2959 as
photoinitiator and UV-irradiated through a traditional photolithography aligner (Figure 2.8A).
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Figure 2.6 PEGDA hydrogel fabrication vidUV-light photo-polymerization. (A) Photo of a 24 wellmicrotiter plate of various
concentrations of PEGDA (700Daand IrgaCure 2959after exposureto UV-light (emitting range 330-380nm) for 1h. In the first
column of the plateit is notable the incomplete polymerization of prepolymer solutions and the presence of holes in the center

of well (red circles) (B) UV-vis spectra of different concentrations of 12959 dissolved in acetone/watefl:1) not UV-exposed.

49



Figure 2.7 Hydrogel fabrication using 1%w/v IrgaCure 2959 dissolved in acetone/water (1:1)PEGDA (700Da) solutions are
mixed with various concentrations of different PEGDA chain lengthdkDa, 5kDa and 6kDa)Photo ofa 24 wellmicrotiter plate
where the mixed PEGDA compounds are exped to U\light for 1 h in presence of photoinitiator. Less colored and softer
hydrogels are obtained when PEGDA 700Da is mixed with different PEBain lengths and all the tested amounts generate a
crosslinked solution even though with some inhomogeneity.

Different solutions composed of PEGDA (700Da), photoinitiator and fluorescein are poured inside a
GeneFrame® and sealed with a coverslip. For the polymerization of 3®ructured hydrogels, two
different chrome masks are employed: one of them consists of square grids of different diameters
(Figure 2.8B); the other mask is made up of dual sets of interdigitated electrodes 200um wide and
3.5mm long and with 200pm spacing (Figure 2.8C). The gene franis exposed for 10min to UMight
(365nm) using one of these photomasks and the obtained structures are washed several times with
MQ water to remove unrexposed compounds. In Figure 2.9, some example$ 8D structures are
reported: well-defined structures are obtained when a square grid with diameter of 25um, a centeo-
center interspace of 66um and 5 x 5 structwes is applied (Figure 2.9A and P Conversely, when a
larger square grid with the same diameter (25um) and interspace (66um) but 20 x 20 total istctures

is applied, a hydrogel with not defined squares, rather with circldike morphology with a central cavity

is obtained (Figure 2.9B andE).
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Figure 2.8 Schematic of the process used to photpolymerize 3D-structured PEGDA hydroged. (A) The geps involved on the
hydrogel structures fabrication are: a gene frame of the dimension of 1.5 x 1.5cis used to contain the prepolymer solution (1);
a solution of PEGDA 700Da, IrgaCure 2959 and fluorescein is poured into the gene frame (2); the soluti@moiered with a cover
slip and protected from light (3); a chrome mask is used to create 3D hydrogel structures by illuminating the solution to Wght
for 10min using the UV-aligner (4); the cover slip is removed (5) and the obtained shaped hydrogel isaghed with water to
remove unreacted compourds (6). The produced hydrogels ar@bserved through confocal microscope using an excitation light
at 488nm and collecting the fluorescence for wavelengths longer than 505nm (7)B) and (C) represent the chrome mask
designs employedto create the structures within the gene frameln Figure 2.8A, the confocal picture of the obtained hydrogel
structures (step 7) is produced by exposing the solution to Wight using the mask reported in Figure 2.8C which is compodeof
interdigitated electrodes having a width of 200um and a spacing of 200urithe mask reported in Figure 2.8B includes a pattern

of squares having a dimension of 60um and spacing 60um.

Defined 3Delectrode shaped hydrogels are achieved when the fluoresst PEGDA/photoinitiator
solution is exposed to UMight through the second mask (Figure 2.9C and);Fas depicted in Figure
2.9F, the fluorescence profile across the electrodes reveals a width of each structure approximately of

230um, not far from theline width on the photo-mask (200um).
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Figure 2.9 Confocal microscope imagesf the 3D-structured PEGDA hydrogels obtained after curingA) and (D): square design
with a diameter of 25um, interspaing of 66um and the pattern is composed of 5 x 5 squares;B) and (E): square design with a
diameter of 25um, interspacing of @um and the pattern is formed of 20 x 20 squares;g) and (F): inter-digitated electrodes
design characterized by an electrode width of 200um, 3.5mm long and 200pm spacirg. F), the fluorescence profile of

fluorescein across the electrodes is shown.

The method proposed here to fabricate hydrogels should be then applied for drug molecules
embedding and consequent release study. As described in the introduction, different suitable ways for
molecule entrapment may be used: inclusion of compounds within the network during polymerization,
or chemical bonding of molecules to a préormed matrix, or the embedding of moleculdoaded micro-

or nano-particles within the gel. A preliminary study fordrug encapsulation within PEGDA hydrogels is
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conducted. The approach which is intended to use for that purpose consists on tire situ photo-
polymerization of pre-polymer solution together with drug molecules. Ideally using this technique, the
initial concentration of the targeted compound should be entirely confined within a certain volume of
gel. Further, the release kinetics can be determined by quantifying the number of molecules diffused
into the supernatant. For that purpose, the drug SI88 commonly used for the treatment of colorectal
cancer (CRC) is chosen as model molecul8N-38 is a small molecule (MW = 392.4 g/mol),
hydrophobic, poorly soluble in water and has a majolV-vis absorption peak at 374nm. Thereforefor
the fabrication of SN38 embeddd molecules within PEGDA hydrogels, different concentrations of
PEGDA (700Da) andrgaCure2959with a constant amount of SN38 are cured for 1 hour through UV-
light exposure in a photo-reactor. After polymerization, milliQ water is added into the well andthe
releaseddrug molecules are quantified via UWis spectrophotometry. From the analysis of collected
supernatants, no peaks aredetected, especiallythe characteristic doublet peak of SN38 (365-385nm,

as shown in Figure 2.10A). Furthermore, when a PE@GIand SN38 mixture is exposed to UMight for 1
hour without gelling due the absence of the photoinitiator, the corresponding visible spectra are totally
comparable to the one observed without U\exposure. Indeed, in Figure 2.10B is reported the
spectrum of a PEGDA solution (green line) and the spectrum of PEGISA38 solution (red line) after
exposure. Contrarily to that, a solution of 129595N38 irradiated to UVlight for 1 hour presents a
spectrum with a single peak, which is the result of two overlappegeaks (Figure 2.10C). The
impossibility to quantify the concentration of released SN38ue to a problematic overlapping of
IrgaCure absorption with the compound spectrum, limits the use of UWis spectrophotometry as
detection tool. Other methods to measte the released SN38 may be applied, for instance
chromatography techniques or mass spectrometry; on the other hand, an analytical method as simple
as possible should be recommended for a fast measurement. Also notable is the available volume of
supernatant in which compounds are released; in fact, the polymerization of gels may be adapted to
smaller support including 96-well microtiter plates or even tinier.

The need of a different quantification method to identify the released drug is not the only issuie: fact,
the presence of 12959 into the supernatants even after an extensive washing of hydrogels is detected,
indicating a possible accumulation of the photoinitiator molecules within the network as unmodified
compound or as radical speciesMoreover, ater curing, the hydrogels with embedded SMKB8 appear
more colored than those fabricated in absence of drug which is also confirmed by the Wig spectra of
12959-SN38 after exposure. A long tail of their spectrum is observed when drug and initiator spectra
are overlapped even for wavelengths longer than 400nm that may confer to gels a stronger color in

comparison to those without drug.
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Figure 2.10 UV-vis spectrophotometric characterization of PEGDA, 12959 and S8B solutions. (A) UV-vis spectrum of a slution
composed of 30%w/v PEGDA (700Da), 0.5%w/v 12959 and 100uM SBB not exposed to UMight. The relevant absorption
peaks of the drug at 365nm and 385nm are marked (B) U\-vis spectra of 30%w/v PEGDA (700Da) in green and 30%w/v
PEGDA(700Da) with 100uM SN38 in red after 1h UV-exposure. C) UV-vis spectrum of a solution composed of 0.5%w/v 12959
with 100pM SN-38 after 1h irradiation to UV-light.

Taking into account all these consideratios, the use of IrgaCure 2959 as photoinitiator to
photopolymerize PEGDA hydrogels is not particularly satisfyingfor many reasons: firstly the
photoinitiator is poorly soluble in water, thus fresh solution of 12959 dissolved in acetone/water (1:1)
need to be prepared all time to avoid acetone evaporation during handlin secondly, to achieve a
L2t 7 eeZcoeco%o t7 o' Z——<tesd f Sc%S .te.fe-"f—c'e T 'St
0.5%w/v) and a long U\texposure time @ hour for hydrogels with a thickness of 15 mm or more and
10min for thickness of 200um). Maeover, when trying to produce 3D-structured hydrogels only large
sized patterns can be fabricated since smaller features are obtained with a low resolutigerecluding
the possibility to create miniaturized gels (as described in Figure 2.9B and E)Regardng the
embedding process of desirednolecules, a rapid and ease methoth evaluate the released molecule
amount even at smaller volume scalés fundamental. An efficient and reliable polymerization may be
achieved usingan initiator that greatly absorbs onthe range of theemitting light source. The molar
FE—co..—c'e L E L cte— 7 t{w{ [ —edrxdMvis cr! infatetaheyandBrails off almost

entirely before 370nm, thus limiting the polymerization kinetics at or near these wavelengths.
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Polymerization at longer wavelengthssuch asin the visible or violet light may be also possible but for
12959 is completely precluded because ofnegligible absorption of light in that range. As widely
reported in literature, although IrgaCure 2959 is relativdy cytocompatible for many cell lines at
concentration between 0.03-0.1%, it has been demonstrated that various cell types show differential
toxicity towards both photoinitiator and UV-light.[321341 |t has been also reported that the U\photo-
encapsulation of proteins or nucleic acids causes important damages like protein degradation or DNA
breaks[t32

Therefore, according to all these issuesthe photopolymerization of PEGDA hydrogel with an

alternative photoinitiator which may satisfysome of the describedeaturesis explored.

2.2.1.2 Fabrication of PEGDA hydrogels using LAP photoinitiator

In the light of the discussedlimitations on using IrgaCure 2959 as photoinitiator, another compound is
evaluated for PEGDA hydrogel polymerization. This compound is a lithium acylphdspate salt,
shortly called LAP, whichhas beensynthesized according to the protocol published by Majimat al[135]
The detailed synthesis of LAP phoiaitiator is reported in the Experimental section of the manuscript

in Appendix 1.

LAP is a typel photoinitiator, water soluble, cytocompatible andlargely used for the encapsulation of
cells within photopolymerized PEGDA hydrogel836] Contrarily to IrgaCure 2959, LAP is highly water
soluble and has a significant absorbance at 365nms*Z f” f&—«cs...—<'e '3 " c..<fe— fim uxweed E
cml).[136] Additionally, as reported in Figure 2.11A, the photoinitiator absorbs, albeit weakly, also in
the visible range between 400420nm «‘Zf” F8—<e..—<‘'e .. ‘1 "¢, dfemy vhick ws
corresponds to purple light. When the LAP is exposed to UNght, a changeof its absorption is
observed:in fact the molecule is photocleaved into tworeactive radical species (Figue 2.11C)Asthe
acylphosphinateis cleaved, the chromophoreesponsible for LAPabsorption is lost (black line, Figure
2.11B). Therefore, after UVexposure a much lowerabsorption is detected between 365420nm (red
line, Figure 2.11B)due to the chromophore loss The features of LAP photoinitiator are particularly
interesting for our application since it has a good solubility in water, eventually it is possible to
polymerize hydrogels with visible light (from 400nm to longer wavelengths)js cytocompatiblel13¢l and
has a higher absorptionthan IrgaCure 2959.Moreover, the absence of LAP absorption aftetJV-
exposure for wavelengths longer than 365nm may be useful for the spectrophotometry detection of
molecules released from gels which absorb in this range. Hence, the conditions involved on the
polymerization process with PEGDA polymer and LAP photaitiator are studied and optimized in

order to obtain successful drug releasing hydrogels.
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Figure 2.11 UV-vis spectrophotometric characterization of LAP photoinitiator. (A) Spectra of different concentrations of LAP
dissolved in Mlli Q water. B) Spectra of a solution 0.1%w/vLAP before (black line) and after (red line) 10min exposure.Q)

Mechanism ofphoto-cleavage of LAP molecule induced by tiight exposure.

In order to determine the optimal photopolymerization conditions for PEGDA hydrogels fabrication,
various experimental parameters are consideredln a 24well-microtiter plate, different concentrations

of PEGDAwopa and LAPR, both dissolved in MQ waterare mixed and exposed to UMight in a photo-
reactor for 10min. Already after 2min of exposurea complete gelationof all tested solutionsoccurs. As
shown in Figure 2.12A, when a solution of highly concentrated LAP (1%w/vjvithout polymer is
exposed to UMight, a whitish solution is produced On the other hand, when a constant concentration
of LAP ismixed with various amaunts of PEGDA, the color disappears as éhPEGDA concentration
increasesuntil colorless, homogeneous andompletely photo-crosslinked hydrogels areachieved The
Figure 2.12B shows the UWis characterization of formed hydrogels which are prepared by mixig a
large excess of LAP (1%w/v) and increasing concentrations of PEGDBetween 0.1-1-5%w/v). A
strong absorbance in the visible range (from 400 to 500nm) is observed and its magnitude decreases
as the concentration of PEGDA increases. This behaviorpsobably due to an abundant amount of
photoinitiator which produces a large number of radical species that, in presence of low PEGDA
molecules, crosslink all the PEGDA monomeend confer to the final gel awhitish coloration due to

light scattering by particulates.
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Figure 2.12 Fabrication of PEGDA hydrogel in presence of the LAP photoinitiatoA) Photo ofa 24 well-microtiter plate where
various concentrations of PEGDA are crosslinked in presence of 1%w/v LAlssolved in MQ waterupon U\texposure in a
photo-reactor for 10min. As the concentration of PEGDA added to the pmolymer solution increases, the whitish color of
exposed LAP solution disappearqB) UV-vis characterization of hydrogels showed in Figure 2.12A Q] UV-vis spectra of gels
composed d a constant PEGDA concentration (5%wi/v) and variable amounts of photoinitiator after 10min of curing.

As the concentration of polymer molecules increases, the overflow of radicals still crosslisk
completely the polymer and the hydrogels look less coloredA similar behavior is observed when a
constant concentration of polymer is used (5%w/v) andexcessamounts of LAP are used (Figure
2.12C): the addition of 0.01%w/v of LAP to 5%w/v of PEGDA already results on a completely cured
hydrogel after 2min of expaure. Although PEGDA hydrogels are formedh all the tested conditions
the gels havevarying appearances: as described above, some of the gels are strongly colored because
of an excasamount of LAP compare to that of the monomer, whereasothers are competely colorless
but extremely soft due to alow content of polymeric molecules. According to these considerations,
PEGDA (700Da) concentration of 20%w/v and 0.5%w/v of LAP are chosen as optimal concentrations
for the fabrication of reproducible, un-colored, completely crosslinked and homogeneougelsin terms

of thickness and shape.

The use of LAP as candidate photoinitiator results in improved polymerization rate since the time
required for a complete crosslinking of PEGDA solutions is one order of guitude lower for LAP than

for 12959 with 365nm illumination at the same intensity and initiator concentration. Further, when
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LAPis used as initiatorthe polymerization takes place alsdor longer wavelength light (between 400
420nm), contrarily to IrgaCue 2959. In general, the polymerization rate is proportional to the square

root of the initiation rate, R[!37 which is given by:

tovY Bg

= Eqg. 2.4
0o Di a

4yL

Here, +is the incident light intensity (units of power per area) and %is the initiator concentration. The
initiator properties that influence the photo-initiated polymerization rate are Y the molar extinction
coefficient; 6, the quantum yield or cleavage events that occur per photon absorbedB the
photoinitiator efficiency or the ratio between initiation events and total radicals generated by
photolysis. The Avogadro’s number0s ; the Plarck’s constant, Dand the frequency of initiating light, i
are included for unit conversion. From this equation it is clear that the utility and performance of a
photoinitiator are affected by various parameters. Usually, tincreasethe polymerization rate, +or %
are increased, butigh light intensity and initiator concentration can induceimportant cytotoxic effect.

In the case of 12959 is not possible to increase its concentration because of poor water solubility which
limits its utility. Furthe rmore, as the initiation rate strictly depends on the photons absorbedby the
initiator, the weak absorbance profile of 12959 restricts its usefulness for polymerization in a narrow
UV-vis region centered at 365nm; in contrast, LARbsorbsalso in the visble range (400-420nm). The
main benefits on using LAP instead 12959 are not only due to a higher extinction coefficient of LAPt bu

alsohigher quantum yield and initiation efficiency (6 and Brespectively in the equation){3¢l

2.2.1.3 Photo-polymerization of PEGDA hydrogel through projector light

According to the reported considerations about LAP properties and its utility on photgolymerization
process, one should also consider the light source that mostly satisfies the reqaiinents for hydrogel
fabrication. As previously reported, the curing of PEGDA gels is Wight-assisted and simple
equipment is used for their processing. Solutions of polymer and photoinitiator are dispensed into well
plates and protected from light untilintended crosslinking.

The entire well plate is located inside a photgeactor which is mainly composed of a series of UV
lamps on the top and bottom of the chamber (Figure 2.13A). Therefore, the curing process takes place
on both interfaces of each well.For hydrogel crosslinking, a traditional UValigner may be also
employed: this machine is normally used for micrdithography purposes and its functioning consists in
positioning the sample in the stage, aligrand put it in contact with a mask which presets desired

features, and exposdhe sampleto U\-light at 365nm (Figure 2.13B).Both techniques are relatively

58



simple, ease to handle and they do not require specific sampteanipulation. However, these two
approaches are not gitable for the fabrication of our intended PEGDA hydrogels, as they should be
able to create 3Dstructured hydrogels without damaginggel properties. The use ofa photo-reactor is
consistently limited to a complete crosslinking of the poured solution and 3Btructures are
impossible to form with this technique due to the diffused UMight all over the chamber. Contrariwise,
the use of a UMaligner permits to selectively crosslink certain areas within the solution according to

the pattern designed on the mask.

Figure 2.13 Schematicillustration of the equipment used for photopolymerization process (A) A photo-reactor based on a
series of UVlamps is used to polymerize multiple solutions without particular 3Dstructures; (B) a traditional UV-aligner is
employed to create 3Dstructured PEGDA hydrogels on glass slides, an€)(a micro 3Dprinter machine is utilized to
simultaneously polymerize multiple pre-polymer solutions illuminating them with visible light generated by a modified
projector with a maximum emitting light at 410nm. On the enlargements are reported a homanade support which permits to
exactly fit a 96 wellmicrotiter plate on the printer stage (on top), and the tools required for visiblephotopolymerization, a

projector and a support where prepolymer solutions are cortained (on bottom).
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To achieve this goal, the sample has to be in contact with the mask, thus thick supports like well
microtiter plates or Petri dishes cannot be used for this purpose. The main advantage on using well
plates is the ability to crosslink multiple solutions at the same time in a rapid step; thereforewhen
using an aligner,a proper support needs to be used, such as glass slides, wafers and any kind of flat and
thin surface. Moreover, when the samle is in contact with the maskan appropriate confinement of the
solution on the support should be adoptedsince when in contact mode, the solution will tend to be
squeezed outand its final thickness will be difficult to control. It is clearly neededto use adifferent
method for the simultaneouscrosslinking of multiple polymer/p hotoinitiator solutions having desired
3D-structures. Since the LAP photoinitiator absorbs not only in the UV range (maximum peak
absorption at 375nm) but also in the visible region (between 408420nm), a visible light souce can be
considered.As illustrated in Figure 2.13C, the EnvisionTEC Perfactory® Micro 3pxinter is utilized for

in situ visible-light photopolymerization. The equipment is composed of a projector on the bottom of
the instrument which is modified to hawe a maximum emitting light at 410nmbased on a LED light
source, a stage where the sample is located, a lightotected box which is moved during the
polymerization process to protect the sample from external light, and a computer connected to the
machine (Magics Desktop Software)A homemade support to exactly locate 96 welmicrotiter plates

on the stage is used to polymerize simultaneously 12 wells in a single step, as depicted on the
enlargement (op, Figure 2.13C). When the sample is placed on the qugrt, the polymerization starts

as the projector light coming from the bottom of the sample is turned onn addition, any desired 3D
structure may be produced in each well: digital masks, based on a grayscale graphic fiétlf a final
resolution of 650dpi), are designed and directly projected onto the samplddence, through a simple
and cheap light source like a projector, multiple hydrogels can be fabritad in a single step and with
desired 3Dstructures. Further, many types of support may be used: welimicrotiter plates with
various shapes and sizes, Petri dishes, glass slides, coverslips, etc.; the only requirement for a
successful process is the need of completely transparent supports to permit projected light to pass

through it.

2.2.1.4 Characterization of PEGDA hydrogels

When solutions of PEGDA and photoinitiator are mixed and poured into a certain support and exposed
to projected light, the entire volume of the solution is crosslinked. According to the initial volume of
mixture, a certain exposure time $ needed to achieve a complete cured gel. Besides that, the final
morphology of the hydrogel is basically controlled by the shape of the support in which the volume is
poured, meaning that desired shapes of gel maybe be obtained by changing the supportwileer, by
varying the morphology of the solution support one can control only the appearance of the edges of the
gel, for instance square, circle, needlgke shapesmay be produced The exposure to digital masks

presenting characteristic features permits to create multiple 3D-structures having various
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morphologies within the gel with a great resolution. A preliminary study for the fabrication of PEGDA
hydrogels through visible-light photo-polymerization is conducted using the micre3D printing
technology. In a 96 well-microtiter plate, pre-polymer solutions with the same total volume composed
of PEGDAvwopa and LAPare poured in each well. In order to evaluate the patternability of gels with
desired structures, two simple digital masks are designed: one cosss of a semicircle (half in white

and half in black), andhe second isa completely whitecircle.

Figure 2.14 lllustration of visible -light projection technology: ina 96 well-microtiter plate the pre-polymer solutions are poured
and a modified LEDBlight projector that has a maximum emitting light at 410nm is used to cure the solutior{on the left). Two
digital masksare designed to create 3D structures on the gela semicircle and circle structures are tested (in the panel on the
right). A schenatic of the top view of projected mask, exposed solutianand the obtained hydrogel 3D-structures having a

thickness of 1.5mm are reported.

These two masks are then projected onto the bottom surface of the well plate; so, the corresponding
white areas of digital masks are projected while black areas not (top view of projected feature in
Figure 2.14). The solutionsare exposed for 1min to visiblelight through digital masks. The final 3D
structures of hydrogel correspond to a semcircle and an entire cirde as also confirmed by the
obtained shaped PEGDA hydrogels in Figure 2.14 (top view 3iydrogel structure and PEGDA
hydrogel structure). The entire volume of solution is completely crosslinked in the case of circle
design, while only half solution volumes cured when a semicircle pattern is applied.

An important parameter that should be also evaluated is the thickness of the final structured

hydrogels, and how it changes when different times of exposure and solution volumes are employed.
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To investigatethat, in a 24well-microtiter plate different volumes of the mixture 20%w/v PEGDA and
0.5%w/v LAP are poured in each well; then the solutions are exposed to a seniicle shaped digital
mask for increasing exposure time (15, 30, 60 and20 seconds).The fabricated hydrogel thicknesses
are measured through a caliber and they are plotteds function of the exposedsolution volume (in
microliter) and exposure time (in second) (Figure 2.15A)As reported in the graph, when the volumes
are illuminated for 60seconds, a linear increase of hydrogel thickness is found suggestinghat a
complete crosslinking of the exposed area is occurretlowever, whensolutions are exposed tovisible-
light for more than 60s for example 120seconds,a substantial decrease ohydrogel thickness is
observed. h Figure 2.15Ba possible explanation to this behavior issuggested In fact, a prolonged
exposure of PEGDA/photoinitiator solutions throwgh the semicircle digital mask results on an over
crosslinking; in other words, in the soluton not only the exposed areas are crosslinked but also those

which should not be cured §ince corresponding to black regions on the digital mask).

Figure 2.15 (A) Hydrogels thickness plottedas function ofthe exposed volume of 20%w/v PEGDA and 0.5%w/LAP solutions
and as function of exposure time. EacB4-well is illuminated through a semicircle shaped digital mask for different period of
curing. (B) Hydrogels obtained after prolonged exposure time using the semicircle shaped mask.An over-crosslinking is
observed when prepolymer solutions are cured for more than 60snd the desired shape (semtircle) is lost when the exposure

time rises up to 10 or 20min.

Indeed, as the exposure time increases a larger area of the well is photopolymerizedicating that a
short curing time may be optimal for 3Dpatterning. Since during lightexposure the molecules of
photoinitiator absorb photons, a diffusion of radicals from the crosslinked areasmay cause a
polymerization of the nortilluminated regions. Moreover, the emitted light may be scattered on the
already crosslinked gel and thereby islso directed into the nominally dark areas

The wettability of PEGDA hydrogels formed by visibiight photo-polymerization is also evaluated De-
hydration (loss of water content) and hydration (uptake of water content)processesare sequentially

conductedon hydrogelsformed by different PEGDA and LARmountsin order to evaluate whether the
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gels can be maintained in a humidified environment once the drugs are embeddedthin the matrix . A

total volume of 2mL of PEGDA/LAP mixture is crosslinked for 1minute without any particular 3D

structure in a Petri dish andthe formed gels have a final thickness of 2.2mm. The weighbf empty

Petri dish, solution-Petri dish, and hydiogel-Petri dish are measuredto evaluate the water loss and

uptake. The water exchange through the gels is determined studying the -digdration and hydration

processes. The crosslinked hydrogels in the Petri dishes are incubated in the oven in dehumidified

atmoe’ St f— xri 717 —<etd fot 7L L F"—fce co—1"ASBhevBin Figlrd <% S— <o o
2.16D, once the evaporation of water from hydrogels takes place, a delamination and shrinkage is

observed. After 19hours, a box containing water is locatedi$ide the oven which is always maintained

f— xrT  fot %otZe S>t"f—c'e co Fo—cof—%1 f%fco ,> otfo—"co% —Stc” ™1c%S-
of PEGDA and three different amounts of LAP are tested: 0.0%.1 - 0.5%w/v of LAP and 10 20

30%wi/v of PEGDA70opa.

Figure 2.16 Graphical description of water exchangérom visible-photopolymerized hydrogelscured for 1minute. (A, Band C
Three different concentrations of PEGDA (1€20-30%w/v) and three variable amounts of LAP (0.050.1-0.5%w/v) are tested.
The loss of water is induced by evaporation inanoven atri  *~1” 4naflehumidified atmosphere, and the water uptake is
ensured by introducing a bath of water inside the ovenTo evaluate the content of loss and uptake of water content, the weights
of samples are measured before and after polymerizatioand during the dehydration and hydration processes. D) Photos of

hydrogels after 19h of dehydration: the evaporation of water induces ashrinkage of hydrogelson their support.
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In Figure 2.16A, B and C, the plots of water exchanged over time are regattincluding two physical
phases pointed out: an initial phase in which water is lost from polymeric networks and a second stage
where gels uptake water from the environmentWithin the first 19hours, the networks show a rapid
loss of water andthe water evaporation content is inversely proportional to the PEGDA concentration
composing the gelsThis behavior is mainly due to a different amount of water in the initial saltion
prior crosslinking, thus on gels where the polymer concentration is 10%w/v a highr volume of water
is included in the matrix. The evaporation process is followed by the uptake of water from the
environment which is rapid within the first 4hours and slower during the remaining period At the end
of the hydration process, almost all theprepared hydrogels reach an equilibrium state meaning that
the amount of water up-taken from gels is in equilibrium with that present in the environment and no
more water can enter the matrices. However, from the plot in Figure 2.16A it is notable that wh
hydrogels are crosslinked with a concentration of 0.05%w/v LAP after 70hours they do not reach an
equilibrium state, rather a liner increasing amount of water uptaken from the environment is
detected. These hydrogels are particularly soft and maybe thgresence of a low concentration of
photo-initiator results on a diminished crosslinking degreeof gels.The entire process of water loss and
uptake depends on the experimental conditions inside the oven (for instance temperature and
humidity). Therefore, once the gels are loaded with various drugs, they can be stored in humidified

atmosphere to keep them in a wet state.

2.2.1.5 3D-structured PEGDA hydrogels

One of theimportant issues for the final goal of fabricating hydrogels for drug release purposes is the
patternability of PEGDA material in 3D hydrogel structures. The main parameters that need to be
considered are the shape of these 3Btructures according to the intended use and the support that
will be employed for hydrogel fabrication. The hydrogel platfom for drug screening applications must
be fabricated in a cytocompatible support because cell culture experiments will be conducted onto the
hydrogel surface, and it should be as small as possible in term of size in order to maximize the number
of hydrogel structures on the same support. The shape and size of hydrogelre directly defined by the
designed digital mask, the volume of PEGDA/photoinitiator solution and the time of visibliight
exposure.Various shapes, sizes and supports are tested in order have an idea of which combination
of these parameters is mostly suitable for our purpose. In Figure 2.17 some examples are reported: all
the obtained structures are prepared through visiblelight photopolymerization of solutions composed

of 20%w/v PEGDA(700Da) and 0.5%w/v LAPilluminated for 1min using a specific digital masks.
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Figure 2.17 Pictures of same examples of PEGDA hydrogels obtained by visibight photopolymerization with different digital
mask designsAll the 3D structures are obtained &posing for 1min a solution of 20%w/v PEGDA and 0.5%wi/v LAP(A) A photo
of a circle shaped hydrogel mm in diameter with (B) holes of 30um in diameter. (C) A photo of a circle shaped hydrogel
composed of four segments loaded with far food colors, and(D) a photo ofdifferent volumes of hydrogel (2550-75 and 100%

of the total well area) loaded with calcein.

Rectangular, circle, segments and holes may be fabricated of different sizes; further, they can be
prepared in Petri dishes, or glass slides owell plates of various dimensions.Figure 2.18 shows a
hydrogel composed of 20%w/v PEGDA and 0.5%AP exposed for 1minwith a digital mask. The design

is a bit more complicatedthan those showedin Figure 2.17 becausein this casethe gel is formed by
multiple concentric circles(where the larger measures 6.2mm) andvith a central hole (3 = 600um).
The particularity of this structure is that on the digital mask(Figure 2.18C)each circle hasa different
greyscale value; therefore less or mordight intensity will pass through each concentric circle. The
application of this design results on a rounded hydrogel with a hole in the center and a gradual slope
along the structure (3D-plot of hydrogel in Figure 2.18). This construct is particularly useful when
culturing cells, like spheroids; due to the poor cell attachment properties of PEGDA hydrogel,
spheroids may be seeded into the central hole facilitating their handling and characterizatiosince

cultured on a confined area.
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Figure 2.18 (A) and (B) fluorescence micrographof a PEGDA hydrogebbtained by visible-light photopolymerization using a
particular digital mask design.The 3D structure is obtained exposing for 1min a solution of 20%w/v PEGDA and 0.5%wi/v LAP.
(© The mask is made ofmultiple concertric circles which have different grayscale valus. In that way, thesample will be
exposed todifferent light intensities and (D) a final 3D structure with a slope will be obtained.

A digital mask with three concentric circles whichcompletely cover the entire well area may be also
used (Figure 2.19A) and it could be useful to confine multiple compounds within various hydrogel
volumes. Contrarily to the design showedabove (Figure 2.18), the three circles are fabricated in three
steps: an external ring isexposed for 1minto visible-light, a second ring with smaller diameter than
the previous one is also formed, and the remaining volume is crosslinked by a third circle with an even
smaller diameter. The resulting 3Dhydrogel is shown in Figure 2.18 and for a better visualization of
the three structures thepre-polymer solutions are mixed with dyes: the external circle isabeled with
Rhodaminelabeled albumin, the circle in the middle iscomposed ofun-labeled hydrogel andthe last
central circle is visualized through embedding ofFITGlabeled albumin. The final hydrogel is the result

of three constructs which cover the entire well area and have a constant thickness of 1mm.
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Figure 2.19 Fabrication and visualizationof three-circle shaped PEGDA hydrogebaded with two different dyes and fabricated
through a multi -step processAn external ring structure (radius: =3.1mm; area ringt =10mm2; thickness =1mm) is produceddy
illuminating a solution of 20%w/v PEGDA (700Da), 1%w/v PEGDA (5kDa), 0.5%w/v LAP and BuRholabeled albumin for
1min. A second circleshaped hydrogel is formedby illuminating a solution of 20%w/v PEGDA (700Da), 1%w/v PEGDA (5kDa)
and 0.5%w/v LAP using a smaller ring structure (external radius =2.5mm; internal radius, =1.8mm; area ring =10mmz;
thickness =1mm). A third circle is producedby illuminating a solution of 20%w/v PEGDA (700Da), 1%w/v PEGDA (5kDa),
0.5%w/v LAP and 5uM FITGabeled albumin (radiuss =1.8mm; area ring =10mm?2; thickness =1mm).(A) Digital masks used for
the multi-step hydrogel fabrication. B) Photo of the produced hydrogel and corresponding enlargement obtained through
confocal microscope.The dimensions of structures are defined by the digital masksAj while the thickness of each gel is

controlled by the pre-polymer solution volume.

The network is visualized through confocal laser scanning microscope to detettte fluorescent dyes
embedded within the external and internal circles. Rhodamindabeled albumin is detected using an
excitation light at 543nm and collecing the fluorescence at wavelengths longer than 560nm, whereas
for FITGlabeled albumin detection, an excitation light at 488nm is used and emitted light is collected
for wavelengths longer than 505nm. As shown in the two panels on the bottom of Figure 9,1he 3D
fluorescence profile of FITGalbumin embedded within the internal circle is reported (on the left), and

the 3D-fluorescence profile of Rhelabeled albumin embedded within the external ring structure is
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described on the right panel. No fluorescereis detected corresponding to the circle structure in the
middle.

2.2.2 Molecule and drug release study from PEGDA hydrogels

In general, the diffusion of molecules embedded within hydrogels depends aseveral parameters
including the physicalchemical properties of the molecule and polymeric network and the
crosslinking degree of the matrix, thus on thanetwork pore size. Considering these factorsccording

to the mesh size of gelsmall molecules will diffuse faster than largerones, such as proteins or nuleic
acid. Moreover,the photoinitiator concentration, exposure time, or hydrogel thicknessre parameters
that affect the release rate of targeted compoundd.o evaluate whether PEGDA hydrogelsare suitable
asreleasing systens, different model compoundsare considered; these molecules are chosen in such
way that various molecular weights and physicathemical properties are investigatedA preliminary
study is conducted by encapsulating a concentration of 50uM calcein within 20%w/v PEGDA (700Da)
and 0.5%wv LAP photo-crosslinked for 1min. Calcein is a small and hydrophilic molecule (MW 666.50
g/mol) usually employed as fluorescent dye because of its excitation at 495nm and emission at 515nm.
The hydrogels are formed without a digital mask, thus all the aeeis exposed to projected light.
Moreover, cylindrical gels are produced in various well plates (1224, 48 and 96-well microtiter plate)
using pre-polymer solution volumes whichare of the same heighbut different area (corresponding to
the well area). Ater polymerization, homogeneous and colored gels are produced demonstrating the
presence of calcein emapped within the matrix. The gels arethen washed with MQ water and a
certain volume of buffer is added to each welpromoting calcein release mto the supernatant. The
release of calcein from PEGDA hydrogels is measured over time through-U¥ spectrophotometric
characterization of the collected supernatants until complete releasé\s reported in Figure 2.20A, a
rapid release of calcein is found withinthe first 90minutes of release experiment, while almost no
increase of released molecules is observed during thfellowing 18h. In fact, as depicted in the pade
the hydrogels lose their coloration ateady after 90min due to calceinrelease.Moreover, it is possible

to observe that the maximum cumulative release reachable corresponds to 50% of the total embedded
calcein. Since the hydrogels have clearly lost their coloration after 90min of release study, it is highly
probable that most of the compound iswvasted during the prior washing steps because of the rapid
diffusion of calcein.Figure 2.20Balso showsthe U\tvis spectra of supernatants obtained from the
measurement of calcein absorption at 495nm; the spectrum related to the released calcein after 90m

confirms a decreasing amount of compound into the supernatant.
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Figure 2.20 (A) Cumulative release profile of calcein from PEGDA hydrogeEhe gel is composed of 20%w/v PEGDA (700Da),
0.5%w/v LAP and 50uM calcein solution which is crosslinked for 1mirwithout using digital mask to form a cylindrical gel.
Different well sizes are used to produce gels of same thickness but various areas (which corresponds to the well area). The
pictures of a calceinembedded gel at time zero and at time 90min of releastudy are also reported. B) After washing, acertain
volume of supernatant is added to each well (1000pl irL2 wells, 580pL in 24 wells, 326pL in 48 wells and 110pL in 96 well). At
different intervals the supernatants are collected and replaced with frestsolutions. The UV-vis spectra of calcein content

released into supernatants collected over timés measured at 495nm.

Therefore, small and hydrophilic molecules such as calcein embedded within this specific hydrogel
composition are rapidly released becase they are smaller than the gel pore size and their diffusion
through the gel rapidly occurs. In the light of these considerations, the behavior of small but
hydrophobic compounds is also explored: in particular, SN38 is chosen as model molecule. SB8B is
one of the drugs used for the treatment of colorectatancer (CRC); it is a small molecule (MW
=392.4g/mol), hydrophobic and poorly water-soluble. In a 96 welmicrotiter plate, a solution of
20%w/v PEGDA (700Da), 0.5%w/v LAP and 200uM SR8 is cured for Imin without any digital mask.
The hydrogels are extensively washed with MQ water and the release of drug is collected over time
into the supernatants. Thereleased SN-38 molecules are quanfied through U\-vis measurement
recording the absorption at 374m (Figure 2.21B).The cumulative profile (Figure 2.21A, black line)
shows that the drug isslowly releasedand the 90% of total embedded molecules is obtainedfter a
week of release stdy (data not shown). Because of that, the composition of PEGDA hydrbge
modified by introducing longer PEG chains:different concentrations of PEGDA 5kDa (0:0.5-1-
1.5%wl/v) are added to the main precursor solution (20%w/v PEGDA 700Da and 0.5%w/v LAP)n
Figure 2.21A, anenhancement of drug release is achieved as the ammtration of PEGDA 5kDa
increases. Athough no difference is observed between the release profile of SB8 in presence of
0.1%w/v or 0.5%w/v PEGDA 5kDa, or when it is used a concentration of 1%w/v or 1.5%w/v
PEGDA5kDa, a remarkable difference is shown leten 0%w/v and 0.1%w/v PEGDA 5kDa. A further
enhancement of drug release results when 1%w/v PEGDA 5kDa is used. The presence of longer PEG
chains induces an increase of the pore size on the polymeric netwd#R8] thus promoting the diffusion

of hydrophobic molecules such as SN8. Acomplete release of drug ighen achieved in a shorter time
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compared to the partial release obtained from PEGDA hydrogel free of PEGDA 5kDa whiequires up

to a week.

Figure 2.21 (A) Cumulative release profiles of SM8 embedded within PEGDA hydrogelsn 96 well plate. Different gel
compositions are tested: 20%w/v PEGDA (7008), 0.5%w/v LAP, 200uM SNB8 plus 0-0.1-0.5-1-1.5%w/v PEGDA(5kDa). (B)
After washing, a specific valme of supernatant (110puL) is added to each well and at different intervals the supernatants are
collected and replaced with a fresh solution. Th&V-vis spectra of supernatants collected after 1h release (black line) and after
40h release (red line)from a gel composed of 20%w/v PEGDA (700Da), 1%w/v PEGDA (5kDa), 0.5%w/v LAP and 200uM38N
are measured. SN-38 has a maximum absorption peak at 374nnT.he experiment is replicated three times (n=3).

The embedding of larger molecules in terms of igh molecular weight is studied by entrapping a
concentration of 5uM FITGalbumin within PEGDA hydrogel. The labelegrotein has a molecular
weight of ~ 66kDa and anamphiphilic behavior. Because of the protein dimensions, the molecule is
photopolymerized within hydro gels composed of 20%w/v PEGDA (700Da), 0.5%w/v LAP and 1%w/v
PEGDA (5kDa)yased onthe results obtained without including PEGDA5kDa) in which no release is
observed (data not shown) The release profile of FIT@lbumin is reported in Figure 2.22: the praein
content is collected into the supernatants whichare measured through UWvis spectrophotometry and
the amount of dye moleculesis quantified at 495nm. Although the protein is bigger than the
compounds previously tested (calcein and SI88), within a period of circa 5 days an almost complete
release of the protein is obtained. An increase of PEGDA 5kDa concentration may facilitate further
molecules diffusion, thus reducing the time needed for a complete release. From these preliminary
studies it emergesthat the release of a certain compound from PEGDA hydrogels can be easily
optimized by tuning gel composition. In that way, even bigger molecules like proteins may be released
in a reasonable time without their damage, since the spectra of released moleesilare identical to

those of free compounds.
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Figure 2.22 Release profile of 5uM FIT@Ibumin embedded within a hydrogel composed of 20%w/v PEGDA (700Da), 0.5%w/v
LAP and 1%w/v PEGDA (5kDa)The content of released protein is characterized by UVis spectrophotometry recording its
absorbance at 495nm.

The application ofthis hydrogel is intended for drug release purposesnd in specifig on the release of
relevant chemotherapeutics commonly used for the treatment of colorectal caer (CRC).Since, as
already discussed in the introduction, the application of such hydrogels is intended for drug release
purposes, he release profile of various drugs is characterized SN38, already described above,
Oxaliplatin, 5-FU and Folinic acid (FA). Oxaliplatin (MW =&7.3g/mol), 5-FU (MW =130.1g/mol) and
FA (MW =511.5g/mol) are relatively small and hydrophilic drugs. Hence, each individual drug is
entrapped within gel composed of 20%w/v PEGDA (700Da) and 0.5%w/v LAP, except for S8 which

is embedded in a hydrogel mad of 20%w/v PEGDA (700Da), 0.5%w/v LAP and 1%w/v PEGDA
(5kDa). The precursor solutions are crosslinked for 1min in a 96 welnicrotiter plate without the use

of digital mask, thus all the liquid is cured to formcylindrical gels with dimension of 6.2mm in
diameter and thickness of 1mm.After photopolymerization, the gels are washed and the released
molecules are collected into the supernatants. Tie contents are then evaluated through UWis
spectrophotometry for SN-38 (at 374nm), 5FU (at 288nm) and FA (aB00nm), whereas oxaliplatin is
guantified via inductively coupled plasma mass spectrometry (IGRS).

As shown in Figure2.23,90% of 5-FU is released within 30h, circa 90% of FA already after % is
diffused into the supernatant and SN38 is completely rdeased after 1day. Contrariwise, oxaliplatin
reaches a value around 65% after Zays releasing. All the experiments are terminated when no
molecule signal is detected into supernatant; in fact, even if the maximum release reachable by OxPt is
around 65%, no drug is detected after 2days. This behavior may be due to doss of drug during the
washing step which cannot be prevented with the tested PEGDA composition. An eligible approach to

prevent loss of compounds during washing step is the use of drugloaded nanoparticles, such as
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liposomes which can be used to encapsulate oxaliplatin into their agueous cavity, embed them within
polymeric network and on demand, release drug molecules by applying a proper trigge
In the next paragraphs, the release of oxaligtin when loaded into liposomes is characterized. In

particular, the effect of thermal triggering of OxP4oaded liposomes is investigated.

Figure 2.23 Release profiles of various chemotherapeutics from PEGDA hydrogels. 1mMr8 (@), 200uM FA p), and 200uM
oxaliplatin (c) are embedded within hydrogels composed of 20%w/v PEGDA (700Da) and 0.5%w/v LAP; 200uM-S8!(d) is
entrapped in a gel made of 20%w/v PEGDA (700Da), 0.5%w/v LAP and 1%w/v PEGDA (5kDa). All the solutions are crosslinked
for 1min by visible-light exposure. The released molecules are collected into the supernatant and quantified through -Ui¥
spectrophotometry (374nm for SN-38, 300nm for FA, and 288nm for 8-U), and ICRMS for oxaliplatin. All the experiments are
repeated three times (n=3)

2.2.3 Drug-loaded liposomes and their embedding within PEGDA hydrogels

After a molecule is embedded withina polymeric network an extensive washing step is crucial. In fact,
after polymerization, even though the entire solution is crosslinked to form homogeeous gels, radical
species and umreacted compounds must be removedo avoid interference with the encapsulated
moleculeswhich may affect the releaseThese reasondead us to consider the use of nanopatrticles as

drug carrier; the main advantages on usig drug-loaded nanoparticles are due to the ability of nano
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carriers to protect compounds from the chemical and physical environment, control their release by
applying a certain trigger and the possibility to load a high concentration of molecules into snial
vesicles (around 100nm in diameter). In this work, liposomes areused as oxaliplatin carrier. Two
different stocks of oxaliplatin-loaded liposomes are synthesizedccording to the protocol described in
the Experimental section of the manuscripin Appendix 1. One liposomal formulation is composed of
DPPC/HSPC/cholesterdDSPEPEG2kDacomponents (thermo-sensitive liposomes which have an
average diameter of 112.7nm with a polydispersity of 0.022),while the other composed of
DSPC/cholesterol/DSPEPEG2kD4&(stealth liposomes which are characterized by an average diameter
of 132.5nm and polydispersity of 0.016). The main difference between these two suspensions isithe
response to heat treatment thermo-sensitive liposomesbecomeleakier when heated up at a ertain
temperature and their cargo can diffuse outside from the interior aqueous compartmentSealth
liposomes are much more stable in terms of bilayemobility because of the presence ddSPdipids
which have ahigher phospholipids phase transition temperature. The phase transition temperature
(Tm) of thermo-sensitive liposomes is determine by embeddingn a 96 well-microtiter plate a
concentration of 100uM OxPHoaded liposomesis embeddedwithin a hydrogel composed of 20%w/v
PEGDA (700Da) and 0.5%w/v AP both dissolved in phosphate buffer solution (PBS) which is
photopolymerized for 1min and extensively washed with PBS (30min)Figure 2.24A shows a
schematic illustration of the nanesystem used to evaluate the phase transition temperature of thermo
sendtive OxPtloaded liposomes. After entrapment of vesicles within the gel, the hydrogels are heated
at different temperatures for 1h in a thermablock hotplate. The released OxPt is thus collected into the

supernatant and the aliquots are measured throughQRMS.

Figure 2.24 (A) Schematic illustration of thermosensitive OxPtloaded liposomes embedded within PEGDA hydrogel; a
following heat treatment of the nano-platform induces a liposomes leakage and consequent drug releas®) (The phase
transition temperature of thermo-sensitive liposomes is characterized by heat treatmerfor 1h at different temperatures when
vesicles are embedded within gel.@ The OxPtreZ$ fet <ot — .. i1 f— vri sofhdat’éxbddure-is-alectmeasured; the
nanoparticles are always entrapped within PEGDA hydrogels. The concentration of OxPt is collected into supernatants and
determined by ICRMS.
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In Figure 2.24B, the amount oflrug leaked from liposomes and diffused from the gel into supernatant
is plotted against the applied temperature When the system is heated for 1lthe maximum release of
OxPtis obtained f — vri *~ St f— whitefalmdst-no leakage is shown between 5 fet url &
As the phase transition temperature ispassed, a decreasef moleculesrelease is obseved: in fact,
fZ"tft> f-theaiount of drugleaking out approaches zero. Aurther investigation consists of
establishing the heating time required to reach the maximum releaseHence, 100uM of OxPlbaded
thermo-sensitive liposomes are entrapped within 20%w/v PEGDA (700Da) and 0.5%w/v LAP
dissolved in PBS$cured for 1min and subjected to a 30min washing step. The hydrogels are then
Stf-tt —' ffor diffdrent heat exposure times; as before, the amount which leaks out into the
supernatant is detected by ICRMS and plotted against the time of heat exposure (Figure 2.24C). As
previously found, after 1h heat treatmentthe concentration of OxPt releasd is almost50% of the total
embedded drugwhereas the highest leaked amount is achieved after 24h of heating. Also notable is
that after 30min already more than 20% of the embedded drug is releaseduggesting a rapid phase
transition of lipids within th e bilayer.Heat triggering is one of the most interesting strategies for active
release of content from nanecarriers; indeed, these liposomes are largely used for hyperthermia
medical applications which are based on lipid formulations having a narrow phas transition

temperature just above body temperature.

Figure 2.25 Differential scanning calorimetry thermos-grams for different liposomes compositionsLiposomes are composed of
DPPC/HSPC/cholesterol/DSPEPEG at the indicated molar ratiosFigure reproduced from 239,
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When close to the T, heterogeneity in the membrane will occur and the cargo leakage from interfacial

membrane regions is induced. The thermaensitive liposomes used for drug release purposes are

composed of DPPC/HSPC/cholesterol/DSPEEG2kDa at molar ratios of 100/50/30/6. A similar lipid

composition has been explored by Gabeat alit39: the thermotropic transitions for different liposome

compositions were detected by differential scanning calorimetry (DSC). As shown in Figure 2.25, they

found that when the molar ratio of cholesterol to phospholipids is higher tha 2 or more, there is no

clear phase transition (Figure 2.25B, C and D), and that the composition which seems to be optimal for

T7"—% "fZffet Sfe f 'Sfet —"foeec—c'e f— vzl <%o—"F tatw & fet & ‘"%
PEG causes a small increases —St 'Sfef —"feec—c'e —Fe't"f_—"%4 tl S<%St” -
composition in absence of PE@rafted lipid (Figure 2.24A and E)lIt is generally recognized that the

presence of cholesterol decreases the permeability of liposomes and proteechem from dedabilizing

environments, while PEGgrafted lipids provide a hydrophilic surface coating (steric stabilization) omo

liposomes membrane. Gaberet al[139 also showed the release of doxorubicin from these described

lipid compositions at three different temperatures (Figure 2.26).The release of @xorubicin in the

"fefZe Tie ' e TR Z'™ fet <= "7 <o "ffete 5 "fcoeco%o —SE —Fe i f
fet vwi & <otc.. f-pre¥enceSof eholeStérol educes the drug release compareo liposomes

without cholesterol. In fact, whenvesicles are madeof only phospholipids (DPPC and HSPC), a high

"tZffet <o TE-F ... —Ft f— vwi ™Sc..S . ""fertete - St 'Sfsfated foeec—c‘e —:
before, the optimal lipid composition is observed in the panel F that isimilar to the thermo-sensitive

Zc<tetete ose_St_cefit " =" '—"''efed otfiFta —Stef Z<'te'efe ™Ste SEf-
vwi  Zffe '—— fZe'o— wr” " =St Z'ftit T'§8 " —, .08 SE"ETUEA <o T -

e—f,Z% f— uyleasgtheir conientat 42- vw i thé phospholipid composition should beprepared
insuchwayto—e1tf"%‘ f 'Sfed —"feec—c'e f"'—et vwi &

Hence, the OxPt release from thermeensitive liposomes when embedded within PEGDA hydrogels is

in agreement with the findings reported n literature. Stealth liposomes instead are composed of
DSPC/cholesterol/DSPEPEG2kDa with molar ratios of 55/40/5. These liposomes are more stable than
thermo-sensitive liposomes simply because formed by an abundant amount of DSPC which has a phase
transi—<‘e —te'f"f——"% f— wzl & ‘e—"f"<Z>4 & —S 1 -aghsitive liposomies: *~ —St7e"
"Mlefe—e f eofce —"feec—cte —Fo'f " f "t ffaekshkie fotte'ff"FE—"F f— uvli feo Tte
in Figure 2.27[140]
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Figure 2.26 Release kinetics in buffer of doxorubicidoaded liposomeswith different molar ratios of liposome components
te'd"f——"%« f— uyl & vtl testedfovreleasefstddyFigure reproduced from(1sel,

Figure 2.27 Table reported by Yellinget a4 representing some phospholipids transition temperatures and enthalpy changes.

Thus, tS+ Stf— —"ff—ete— ‘" e—1%fZ-S tidat cortesponds-tovtrd temperature at which
thermo-sensitive liposomes release the highest concentration of drug, results on a stable state and a
weak leakage (according to transition temperature of DPPC ah DSPC in Figure 2.27)The lipid
composition of liposomes affects also the stabilit of vesicles suspensiorsince after their synthesis,
liposomes naturally tend to aggregate and precipitate. The presence of cholesterol and Pgi&fted
lipids together enhance liposome stability for a prolonged time. However, when dru¢paded liposomes
are stored for extended periods a possible leakage may occur even without heat treatment. Therefore,
the stability of both OxPtloaded liposomes(thermo-sensitive and stealth) is evaluated over a period of

100 days; in specific, 100uM OxPibaded liposomes are embedded within a hydrogel composed of
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20%w/v PEGDA (700Da) and 0.5%w/v LAP cured for 1minThe entrapped liposomes are kept for 100

tf>e f— wl fet ttiempetature) in a wet state (supernatant); aliquots are taken at different

intervals and the amount of OxPt into supernatant is measured through IG@RS. As expected, the

leakage of thermeeteec—<"t fot e—1fZ—-S Z< *etete feo FtTtt ™Mc—Sce ra S>t” %ot7
period of 100 days is very low (circa 10% of the total encapsulated drug). No relevant difference is

observed for the two liposome stock suspensions (Figure 2.28A), meaning that liposomes arery

e—fL 2% "7 "t Z'e%ett —<of ™Site o—'itef scerarie lis féund whént beth liposome
o—e'teecioe fofr it ™c_Sce %ofZe f"F ofco—fcott f— "OxPtichkagdsd ——"1 ttl
above 60% and this value seems to increase over time, while a lower but stilrge leakage is measured

also from steath liposomes (Figure 2.28B). The collected supernatants are also analyzed through

dynamic light scattering (DLS) to evaluate the possible presence of liposomes into the supernatants by

measuring the average diameter of aliquots. An average diameter of 4rn(polydispersity index

=0.017) for thermo-sensitive liposomes and 4.14nm (polydispersity index = 0.035) are detected when

—St ese—fe <o o—"ft f— ttl A& Stetr “fZ—%e <ot f—F —Sf— o ZtelefZ 7
hydrogel network and that the oxalidatin detected into supernatants is mainly due to leakage process.

Taking into account all the obtained results, a given instability of vesicles over prolonged storage is

observed; however, the suspensions can be kept in a stable state for long periodsvat ™S f Ztee '

loaded compound of around 10%.

Figure 2.28 Oxaliplatin leakage from stealth and thermesensitive liposomes embedded within 20%w/v PEGDA (700Da) and
0.5%w/v LAP after 1min curing; the liposomesembeddedwithin hydrogels are kept at 5 A f+1 ttiB) over a period of
100 days. The content of released drug into supertant is characterized by ICPMS.
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2.2.4 Digital drug dosing

The release profiles of chemotherapeutics (S8, 5FU, Oxaliplatin and Folinic acid) from PEGDA
hydrogels (reported in Section 2.2.2) demonstrate the possibility to entrap within certain volumes of
gel, specific concentration of compounds and completely release them intmaqueous compartment
over acertain period (maximum in 24h). A rapid diffusion of oxaliplatn from the polymeric network is
prevented by including OxPtloaded nanoparticles into the gel angpromoting drug release by applying
heat treatment. As stated in the introduction of this thesis, the colorectal cancer chemotherapy is based
on a combinationof multiple drugs: FOLFOX (59U, Folinic acid and oxaliplatin) and FOLFIRI {BU,
Folinic acid and Irinotecan). These drug combinations are thus embedded within hydrogels anileir
release and cytotoxicity areevaluated. A relevant question that could benteresting to answer is
whether these drugs when entrapped together into the matrix are still stable and efficient. Further,
how the concentration of embedded compounslcan be controlledin order to reach the therapeutic
doses after release? The simplesapproach when the release profile of a certain compound is known
consists of encapsulating acertain concentration of drug within the gel to release the desired
therapeutical doseinto the supernatant. In general this approach is the easiest way to proceaghen
the release profile of a certain compound is knowrtHowever, here a snart and reproducible method
based on digital photepolymerization and drug dosing processess proposed.To give an idea of how
the processworks, two model molecules are considere: FITGlabeled albumin and Rhodamindabeled
albumin. As reported before, albumin is amedium size protein and its diffusion through PEGDA
hydrogel has been optimized to guarantee a sustained release. Indeed, gels composed of 20%w/v
PEGDA (700Da), 1%w/v EGDA (5kDa) and 0.5%w/v LAP are employed for protein encapsulation. In
a 96 wellmicrotiter plate, hydrogels of 6.2mm in diameter and 1mm in height are polymerized by
visible-light exposure using a digital mask with a design made of three concentric cirsléthe same
that has been adopted to create 3Iircle shaped hydrogels in the paragraph 2.2.1,5-igure 2.19.
These circles are prepared in such way that different combinations of hydrogel areas are producaud

in each circle adifferent compound is embelded: FITGalbumin within the external circle, bare
hydrogel in the middle, and Rhodaminealbumin within the internal circle. Figure 2.2% shows a
schematic of the three concentric circles produced on the hydrogel and the molecules embedded: in

orange theFITGalbumin gel, in light bluethe bare hydrogel and in magenta the Rhealbumin gel.

78



Figure 2.29 (A) Schematic of digital molecule dosing methodlhree-circle shaped PEGDA hydrogels are used to embed two
labeled compounds: 200ug/mL of FITGalbumin and Rhodaminealbumin both dissolved in PBS. Combinations of different areas
of embedded FIT@lbumin (in orange), Rhodaminealbumin (in magenta) and bare hydrogel (in light blue) are fabricated to
determine the resulting molecules release. 8) The cumulative amounts of FITGalbumin and Rhealbumin into the supernatants
after 48h of releaseare plotted as function of the area in which they were originally entrappedThe experiment is triplicated
(mean £ SD, n=3).

The final 3D circle shaped hydrogel is obtaied through a multi-step process: first a solution of FITE
albumin, PEGDA (700Da and 5kDa) and LAP is cured for 1min using the corresponding digital mask
(external circle, @ =6.2mm); then the formed structure is washed and the second circle is fabricated
polymerizing a PEGDA and LAP solution, and a Rhtbumin, PEGDA and LAP solution is cured to
create a third structure. Since the thickness of these three structures is constant (1mm), only their area
will change; the chosen hydrogel areas, as reported inéhx and y axis of Figure 2.2%, correspond to
10 30 100% of the total well area. The release of compounds entrapped within various areas is
evaluated by collecting the supernatants over a period of 48h and measuring the Wi¢ absorption of
FITC and Rbdamine at 490nm and 540nm, respectively through a microplate reader (Figure 2.B9.
As already mentioned earlier, mrmally when considering drug releasing systemsne should increase
the initial compound concentration to obtain a desiredeleased amounton the basis of knownrelease
kinetic. With this method, the released concentration is controlled mainly bghanging the area of
hydrogel in which the compoundis embedded; in other words, the number of molecules that are
released into a supernatant is diretly proportional to the area in which molecules are confined.
Another benefit from this technology is that multiple compounds may be embedded in a hydrogel
produced in a single wellthrough a multi-step process where each specimen is confined in a certai
area. In order to test the cytotoxic effect of combinations of chemotherapeuticghe hydrogels are
produced by entrapping multiple drugs within 3D-structured circles of the same area (10m®) and
thickness (1mm). In the following paragraph, these threecircle shaped hydrogels are used to test the
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cytotoxicity effect of combined drugs that are released in cell culture mediwhen human colorectal

adenocarcinoma cell{HT29) are cultured onto the shaped gels.

2.3 Drug screening of individual and combined free

chemotherapeutics

A preliminary study of the cytotoxic effect of SN38, 5FU, Oxaliplatin and Folinic acid (FA) as
individual and combined treatment isconducted Different concentrations of each drug are explored in
order to test the inhibition degree on proliferation of human colorectal adenocarcinoma cell line
(HT29) as function of drug doss. A simple illustration of the method used to evaluate drug cytotoxicity

on HT29 is shown in Figure 2.30.

Figure 2.30 lllustration of the approach adopted to evalate free drug cytotoxicity on HT29 cell lineCells are initially cultured
at a concentration of 100 000 cells/mLon a 96 weltmicrotiter plate and after 24h growth, a certain concentration of drug is

added to the medium. Thalrug dose effect is evaluatetby measuring the ell viability after 48h from drug treatment.

The protocol consists on culturing theHT29 cells in Dulbecco’s Modified Eagle MediuDMEM) in a
96 well-microtiter plate. A concentration of 100 000 cells/mL and kept in the incubator for 24 in
order to allow cell adhesion on the well surface. Cells are then exposed to different concentrations of
individual drugs (SN-38, 5-FU, Oxaliplatin and FA). These drugs are dissely in dimethyl sulfoxide
(DMSO)except for FA which is solubilized in wder. It is well-known that organic solvens such as
DMSO are cytotoxic (as also reported in Figure 2.31). Therefore, concentrated stock solutions of drugs
are prepared in order to add the minimum volume of DMS&olubilized drug and limit the solvent
toxicity. In particular, 1uL of each concentrated drug solution is added to the adherent cells and 1pL of
DMSO isused as control. ie 96 wellmicrotiter plate is maintained in the incubator for 48h. To
determine the cell viability after drug exposure, the commoly used[3-(4,5-dimethylthiazol -2-yl) -5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium] (MTS assay isperformed.
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Figure 2.31 Cytotoxic effect on HT29 proliferation of different concentrations(logarithmic scale) of dimethyl sulfoxide (DMSO)
which is used to solubilize drugs. An increasing volume of solvent is added to 100 000 cells/mL and incubated for 48h. Cell

viability is evaluated through MTS bioassay.

The MTS substrate is bigeduced into a colored and soluble formazan product only wire

metabolically active cells are present (Figure 22A).

Figure 2.32 (A) Chemical reduction of MTS substrate into a formazan product; this conversion is achieved only when
metabolically active cells are presentand is therefore proportional to viable cédls concentration. (B) Absorption spectra of a
formazan solution which hasa maximum absorption at 490nm, while the negative absorption at 382nm corresponds to the

disappeared MTS compoundrigures reproduced from PromegéaCellTiter 96® AQueous Assaprotocol.

The absorbance spectrum of the formazan product resulting from reduction of the MTS tetrazolium
compound shows amaximum absorbance at 490nm. The negative absorbance values correspond to
the disappearance of MTSlue to its conversion toformazan (Figure 2.32B). A microplate reader is
used to measure the absorbance of each well at 490nm and the resultiogloration of the well will be
proportional to the number of viable cells.Figure 2.33 shows the effect of different drug doses
(logarithmic scale). n panel A, the SN38 cytotoxicity is shown and a clear antproliferative effect is

detected; already at aconcentration of 0.5uM of SN38 almost half of cell population is dead A
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different scenario is observed when folinic acid is added, since an incress cell viability results when

FA doses in the range between 0:3.5uM are used (paneB).

Figure 2.33 Cytotoxic effect induced bydifferent doses of (A) SN-38, (B) folinic acid, (O 5-FU and (D) oxaliplatin on
proliferation of human colorectal adenocacinoma cell line (HT29). In a 96 weHmicrotiter plate, 24h after seeding, different
drug doses are added to adherent cells (100 000 cells/mL) and incubated for 48h. The MTS assay is used to evaluate cell
viability. All the experiments are run three timesand values are represented by mean and SD (n =8)n the bottom panelphase
contrast microscope pictures of HT29 cells incubated for 8h with free oxaliplatin are reported (E). The scale bar value

corresponds to 50pm.

The addition of 5FU or Oxaliplatn to the seeded cells causes a detrimental cell deafpanel Cand D,
respectively) comparable to that induced by SN88 doses (panelA). However, the cytotoxic effect

provoked by SN38 is two orders of magnitude more efficient than 8U or Oxaliplatin beause a two
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fold lower concentration produces a similar effect. In Figure 2.3 phase contrastmicroscope images
of HT29 cells incubated for 48h with50uM and 100uM oxaliplatin are reported: when cells are
exposed to the druga morphology change is observd, including cell rounding, shrinkage, blebbing,
lower cell density, an enlargement of cell bodies an@bnormal cell morphologies. All these cell
features suggest an apoptotic state of cells after drug exposure.

Although the in vitro cytotoxicity of individual therapy on cell viability is significant, except for folinic
acid that seems tohave apro-proliferative effect, many studies reported in literature and fom FDA
approvals demonstrate a higher antiproliferative effect when these drugs are used in @ombined

therapy. Thus, the cytotoxic effect of combined therapeutics is also measured on HT29 cell line.

Figure 2.34 Cytotoxic effect of dug combinationtherapy on proliferation of human colorectal adeocarcinoma cell line (HT29).
Cells (100 000 cellémL) cultured for 24h in a 96 wellmicrotiter plate, are exposed to chemotherapeutics for 48h.A) 5-FU
therapy potentiated by the addition of FA at two different concentrations (2.96uM and 7.41uM)B) OxPt therapy in association
with 5-FU (5uM) and FA(741pM); (O the SN38 cytotoxicity is further augmented by the addition of 5FU (5uM) and FA
(7.41pM). Cell viability is evaluated through MTS assay measuring the absorbance at 490nm. Values are represented by mean
and SD (n =3).
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In Figure 2.34, all combied drug treatments are reported: in panelA, the 5-FU toxicity (black line) is
enhancedwhen FA is added (red line, 2.96uM and blue line, 7.41pM, respectively) by decreasing cell
viability down to 20%; in panel B, the combination of oxaliplatin and 5FU denonstrates a strong anti-
proliferative effect (red line). In fact, when 5uM 5FU is combined together withoxaliplatin, adecrease
of 40% viability is caused already at 0.01uM oxaliplatin dose. This cytotoxic behavior is additionally
potentiated when FA iscombined to OxPt and 5-U (blue line). A similar outcome iobserved for SN
38 therapy (panel C) where doses in the range of nananolarity induce a further reduction of cell
viability. As expected, all combined treatments have a detrimental effect on ceiability and the role of
folinic acid is relevant only when associated to the other drugPue to its vitamin activity, the folinic
acid itself does not induce toxicitybecause it possesses a vitamin activify4!l whereas when usedas
adjuvantin chemotherapy against colorectal canceit prolongs the bioavailability of 5-FU and enhance
thymidylate synthase inhibition (more details about FA and 8U interaction can befound in Chapter
1.

The effect of FOLFOX and FOLFIRI chemotherafipfue lines in Figure 2.34b and c, respectivelyhas
been validated forthe selected cell line (HT29)and the results are totally in agreement with those
found for the same and other colorectal cancer cell liné®¥! The main challenge is to evaluate whether
these drug combinations are able to induce a similar cytotoxic effect when embedded withirEBDA
hydrogels. In particular, the FOLFOX and FOLFIRI compounds are entrapped within threiecle
shaped hydrogel 3DBstructures and the toxic effect of released drugen HT29 cells cultured onto the

hydrogel surfacewill be determined.

2.4 Cytotoxic effect of triggered OxPt -loaded liposomes

So far, the release profile of oxaligtin from PEGDA hydrogehas showna rapid diffusion of OxPt
through the matrix and a waste of drug during the washing process. Hence, the cytotoxicity induced by
embedded oxaliplatinwill be lower than that expected because of drug los§ his issue, as previously
reported, can becircumvented using oxaliplatinloaded liposomes which protect the drug during the
manipulation of hydrogels and discourage OxPt waste The cytotoxicity of OxP4oaded thermo-
sensitive and stealth liposomes must be also assessed. In particular, stealth liposomes are used as
negative control, meaning that from their heat treatmentat 40 T no release of oxaliplatin should be
induced, thus no effect on cell viability is expectedn Figure 2.35, the characterization of liposomes
effect on proliferating HT29 cells is described: in paneRf, a schematic illustration of the procedure
adoptedto test liposomes toxicity is shown. Briefly, different concentrations of OxHbaded liposomes
f"t ftttt - =St ettc—e fet Stf-11 — f-blockin stéfile sddditions. —S 1"«

84



Figure 2.35 Cytotoxic effect induced bythermal triggering of thermo-sensitive and stealth OxPtloaded liposomes. &)
lllustration of the procedure adopted to evaluate liposomes effect on proliferating HT29 cell lineBJ Cytotoxicity induced by
different doses of stealth OxRtoaded liposomes (negative control) andthermo-sensitive OxPtloaded liposomes with and
without heat exposure prior cells seeding. A concentration of 100 000 cells/mL is incubated in each-9&ll and cells are
exposed to liposomes for 48hunder culture conditions. The MTS assay is used to evaligacell viability. Values are represented
by mean and SD (n =3).Q) Phase contrastmicroscope images of cells exposed for 48h to various liposomesspensions at the

same OxPt dose (50uMithe scale bars correspond to 20um).

For negative control, the sat ...*s...fe—"f—c'es '~ Zc *e'efe ¢o —SF effc—e f"f <o .

in order to evaluate also the effect of leakage when cells and liposomes are maintained under culture
conditions. After heat treatment of stealth and thermesensitive liposomes, thg are cool down at room
temperature and a concentration of 100 000 cells/mL is seeded in each 9@ell. HT29 cells are
exposed to thermal untriggered and triggered stealth and thermesensitive liposomes for 48h, and cell
viability is evaluated through MTSassay. In Figure 2.35B, the cytotoxic effect of different doses of OxPt
loaded liposomes is reported: stealth liposomes (negative control) show a similar cytotoxicity when

triggered and urttriggered (in Figure 2.35B, open red circles and filled red circlesrespectively),
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meaning that the lipid composition of stealth liposomes prevents oxaliplatin leakage even upon heat
treatment. However, as the concentration of liposomes increases a significant cell death is observed. A
different scenario appears when vaious doses of thermesensitive liposomes are added to cells: un
triggered OxPtloaded thermo-sensitive liposomes induce a toxic effect similar to that caused by
stealth nanoparticles (filled black squares), while triggered thermesensitive liposomes produe a
significant cytotoxicity with about 100% cell death when 75uM of OxPloaded liposomes are used
(open black squares).

These results are also confirmed by thehase contrast microscopyin panel Cwhere a clear apoptotic
effect is induced by thermesendtive OxPtloaded liposomes after their heat triggering.

The heat treatment of drugloaded liposomes successfully induces the release of oxaliplatin. The toxic
effect caused by urtriggered liposomes is mainly asribed to partial lipid toxicity; an improvement
may be made by synthetizing liposomes with a higher concentration of loaded drug. In that way, the
same antiproliferative effect due to the drug can be achieved by using a lower volume of vesicles

suspension, therefore a smaller number of nanopartles.

2.5 Three-circle shaped PEGDA hydrogels for combined-drug

release

In the light of the results showed above, the toxicity of FOLFOX and FOLFER#&lsodetermined when
drug combinations are embedded within threecircle shaped PEGDA hydrogels. Firstly, ¢heffect of
bare PEGDA hydrogels resulting from visibKight polymerization of various concentrations of PEGDA
(700Da) and LAP is tested. In a 96 welhicrotiter plate, different mixture s of PEGDA (700Da) and LAP
are crosslinked for 1min without digital mask in order to obtain cylindrical gels of 6.2mm in diameter
and 1mm in thickness. The gels are washed extensively to remove -teacted precursors and a
concentration of 100 000 cells/mL is seeded onto the surface of each gel. HT29 cells are incubdted

48h onto polymeric network s and their viability is evaluated by MTS bieassay.
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Figure 2.36 Cell bio-compatibility of PEGDA hydrogels on HT29 proliferation. Gels are produced by exposing the precursor
solutions to visible-light for 1min without digital m ask, thus cylindrical networks are formed (& =6.2mm; thickness =1mm). All
the solutions are illuminated to visible light even though one of the reagents,LAP or PEGDAis missing After hydrogel
fabrication, a concentration of 100 000cells/mL is seeded oot gel surface and incubated for 48hcell viability is evaluated

through MTS bicassay The experimentis repeated three times and the values are represented by mean and SD (n =3).

As reported in Figure 2.36, different concentrations of PEGDA (700Dwajjt hout photoinitiator solution
are illuminated with visible-light, and they induceequal toxicities due to the acrylate groups which are
known to be cytotoxicl32 Solutions of LAP exposed to visibldight in absence of polymeric monomers
causea decrease of cell viabilityproportional to photoinitiator concentration. When PE5DA and LAP
solutions are mixed and exposed for 1min to projector light, cell viabilities are found to be in the range
between 80%-95% suggesting a good bicompatibility of PEGDA and LARvhen in a hydrogel state
Also notable is thatwhen the concentration of LAP is increasg while PEGDAconcentration is
constant, a higher cell viability is measuredAs the photoinitiator amount increases, the number of un
reacted acrylate groups is reduced whereas more covalent monomer interactions are formedn the
basgs of these resultsand the characterized drug release kinetigsthe concentrations that areselected
for the fabrication of three-circle shaped gels are 20%w/v PEGDA (700Da) and 0.5%w/v LAP with the
addition of 1%w/v PEGDA (5kDa) for the entrapment of SM8. In the light of that, the toxicity induced
by free drugs in the medium is compared to the angproliferative effect caused by combinations of
drugs embedded within shaped hydrogelsFOLFOX and FOLFIRtherapeutics are therefore embedded
within PEGDA hylrogels using three-circle shaped structures which are fabricated through amulti-
step process, as previously described. In Figure 2.37A, thembination and doseof drugs, the area and
radius of each circle, andhe hydrogel composition for each formed cicle are reported. These values

are chosen in agreement withour previously described findings, in particular considering the release
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profiles of drugs from un-structured PEGDA hydrogels andhe HT29 cells response when exposed to
individual and combined dugs. The final gel structure is thus composed of three hydrogel circles
containing each of them a drugThe gels are produced in a 96 welhicrotiter plate and during the
fabrication for every polymerization step, an extensive washing is conducted. The 3ibug-embedded
hydrogel has a total diameter of 6.2mm and a thickness of 1Imm. HT29 are then seeded onto the surface
of each polymeric system at a concentration of 100 000cells/mL, and cells are exposed to the releasing
platforms for 48h (illustration in Figure 2.37B). The viability of HT29 ighen determined though MTS
assay (Figure 2.37C). As expected, the empty structured hydrogel has a cytotoxic effect comparable to
that observed from unstructured gel (Figure 2.36), while the cytotoxic effect induced bgmbedded
OxPt/5-FU/FA (FOLFOX) is less pronounced than the toxicity caused by the free dr{fggure 2.34b).

On the contrary, the cell death resulting from the treatment of embedded SB8/5 -FU/FA (FOLFIRI) is
remarkable and similar to that induced by freedrugs (Figure 2.34c) The poor potency of embedded
OxPt/5-FU/FA is mainly determined by the loss of oxaliplatin during the washing step, thereby a
partial effect of its toxicity is measured together with 5FU/FA. According to the release profiles
showedin Figure 2.23 a complete passive release of SB8, 5-FU and FA is obtained after 24h; cells are
therefore exposed to drug for the entire period of incubation. The embedding of drugs (S!88, 5-FU
and FA) and OxPtoaded liposomes isalso conducted by using three-circle shaped PEGDA hydrogels
which combinations of drugs and liposomes aremployed. In Figure 2.37A, the parameters considered
for the embedding process are reported. Each drug or liposonfermulations is entrapped within a

certain circle structure, washing each structureafter gel polymerization, and then the platform is

Stf—-31 —' f—vrl 77 8S <o o—F"<Z% ..tefc—<'eed § — fet —St ‘—=SE” t"— %o
HT29 cells are seeded onto hydrogel surface at a concentration of 1000cells/mL just after cooling

T ™e —St efe’ZF ""'e vrl —‘ratufe. Fiksystem is incubated for 48h and cell viability is

measured.
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Figure 2.37 Cytotoxicity induced by passive release ofombinations of drugs embedded within threecircle shaped PEGDA
hydrogels produced in a 96 weHlmicrotiter plate with a multi -step fabrication process. A) The table summarizes the drug
combinations, drug concentrations, area and radius of each circle structure and hydrogel composition that are employed to
evaluate multi-drug release system toxicity. (B) Schematic of the procedure adopted to test HT29 viability onto hydrogel
surfaces.3D circle shaped PEGDA hydrogels are fabricated, washed andoncentration of 100 000cells/mLis seeded onto the
surface of thegel. After 48h of incubation, cell viability is evaluated through MTS assg¥C) Comparison of cell antiproliferative
activity induced by combinations of free drugs (dispersed in the medium) and embedded compounds; the growth of cells onto

the surface ofempty hydrogel is also presented (mean + SD, n=3).

The combinations of OxP{oaded liposomes with 5FU and FA are tested for both stealth and thermo
sensitive liposomes when exposed and not exposed to a thermiaigger (Figure 2.38B). The toxicity

induced by untriggered liposomes/5-FU/FA is around 50% for thermosensitive liposomes and 60%
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for un-triggered stealth liposomes;here acell viability decrease results from the effect of U and FA.
Ste Zcte'ete f"1 Stf—1h dffferent kituation is observed: stealth liposomes/5FU/FA

cause a comparable cell death when in triggered and trniggered state, while thermo-sensitive

liposomes/5-FU/FA heated upproduce a consistent reduction of cell proliferation that is higher than

that induced by combired free drugs.

Figure 2.38 Cytotoxicity induced by the combinations of erhedded free drugs and liposomegOxPtloaded liposomes/5
FU/FA). (A) lllustration of the procedure utilized for liposomes leakage and cell drug exposureBf The HT29 antiproliferative

activity induced by passively released drugs upon heat treatment and without triggering is measured

The use of drugloaded liposomes is a great tool to prevent the fast diffusion of oxaliplatin from the
polymeric matrix, and the combined effect ofdrugs can be detected when HT29 cells are cultured
together with the hydrogel releasing systemsThese results are important not only becausa cytotoxic

effect is reached after passive release, but especially becaude drug releases are temporally

controlled and tuned according to the hydrogel and drug properties.
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2.6 Conclusion

The nanctechnology platform presented here offers the possibility to overcome some of the
limitations characterizing the existing drug screening approachesUsually, the applicaton of drug
screening assays requires high doses of drugs and small volumes of tumor tissues. Moreover, the need
of new drugs for the treatment of many pathological diseases is gradually increasinghdl major
benefits of using this technology is the possibty to modulate the desired concentration of released
compounds by varying the volume of the hydrogel in which they are embedde@nd to study the
combined cytotoxic effect of multiple FDAapproved drugs

The use of PEGDA as bhiomaterial for the evaluatioof individual and combined drug treatment on
cancer cell lines isvery useful. A smart method for PEGDA hydrogel fabrication has been explored and
optimized in order to match the features necessary for drug screening purposesnd to create a
miniaturized platform. The choice of an appropriate photoinitiator compound, light source and
polymerization conditions are crucial parameters to ensure a spatial and temporal control of releasing
molecules. The visiblelight photopolymerization of hydrogels ensures he fabrication of homogeneous,
reproducible and structured gels at a small scale with a lowost and rapid process. The use of
projector light as photo-crosslinking source with an emitting light centered at 410nm together with an
initiator absorbing in this wavelength range (LAP), allow the encapsulation of molecules within
hydrogels reducing the fabrication time and controlling the initial embedded concentration of
molecules. Moreover, digital maskswhich consist of graphics filesare designed to selectivly
polymerize certain volumes of precursor solution in a short time (from few seconds to few minutes
depending on the solution height). The release kinetics of several molecule types has been explored:
compounds having various molecular weights and chemitghysical properties have been studied.
Thereby, the chemical and physical features of PEGDA hydrogels were tuned to control the compounds
release profile. wo main approaches were explored to limit or augment moleculegassive release:tie
introduction of long PEG chains within PEGDA network resulted on an accelerated-3® release,
otherwise slowly diffusing due to its hydrophobicity. On the other hand, a rapid passive diffusion of
oxaliplatin was avoidedby encapsulating the drug into nanopatrticles (limsomes). These nanwesicles
not only protect drug from the environment and from its elimination through washing step, but also
permitted to temporally control the oxaliplatin release. In particular, thermosensitive OxPtloaded
liposomes have been used fothis purpose, thus the application of a thermal trigger provokes drug
release from vesicles. Finally, the cytotoxicity on human colorectal adenocarcinoma cell line (HT29)
caused by the release afombineddrugs entrapped within PEGDA hydrogels was evalted.

Ideally, once the compounds of interest are embedded within desired polymer structures, the entire
platform (such as a 96 wellmicrotiter plate) may be stored in a humidified environmentuntil needed

and a specific cell line may be seeded onto prefabricated drugloaded hydrogels to evéuate
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chemotherapeutic effect. The use of PEGDA hydrogels to passively release different and multiple

molecules represents a smart designed platform for drug screening purposes.
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2.7 Experimental section

Fabrication of PEGDA hydrogalising IrgaCure 2959 photoinitiator

The fabrication of PEGDA hydrogelsperformed through photopolymerization was optimized by
evaluating different parameters: polymer concentration, 12959 concentration, exposir time to UV
light and volume of pre-polymer solution. Poly(ethylene glyco) diacrylate (PEGDA) with an average M
700Da and IrgaCure 2959 1-[4-(2-Hydroxyethoxy)-phenyl]-2-hydroxy-2-methyl-1-propane-1-one)
MW=224.25g/mol were purchased from Sigma AldriciBrgndby, Denmark).For light exposure of pre
polymer solutions, a custom built photo reactor with a broad illumination maximum from 330 380 nm
(Philips Cleo SR fluorescent tubes)was utilized: it is composed of a large chamber presenting UV
lamps on thetop and bottom sides, and a transparent support where the sample is located. In that way,
the crosslinking process should be homogeneous on both solution interfaces. stock solution of
80%w/v PEGDApa Was dissolved in milliQ water and a stock solution fo10%w/v 12959 was
prepared by dissolving it in acetone/milliQ water (volume ratio 1:1). In a 24well microtiter plate
(Nunc, Thermo Scientific, Roskilde, Denmark) different combinations of PEGDA and 12959
concentrations were tested: 15 20 25 30%w/v PEGDA and0.10.5 1 2%wl/v [2959 for a total
volume of 300lL. The well plate was exposed to Wight in the photo-reactor for 60min (32 J/cm?)
including a reservoir of water to limit evaporation, and the formed hydrogels were washed extensively
(80min) with milliQ water. The U\vis absorption of different concentrations of IrgaCure2959
dissolved in acetone/milliQ water (1:1) was measured using a Nanodroppgctrophotometer (model
2000c, Thermo Scientific) without exposing the solutions to WMght. A quartz cuvette (Fisher
Scientific, Thermo Fisher Scientific, Germany) was used to collect the Mig spectra of 12959 in the
range of 303500nm.

Fabrication of PEGDA hydrogelith different PEG chain lengths using IrgaCure 2959 photoinitiator

PEGDA hydrogks were produced also byadding longer PEG chain lengthdo the main component
PEGDAuwopa stock solutions of 40%w/v PEGDA MelkDa, 5%w/v PEGDA M=5kDa and 10%wi/v
PEGDA M=6kDa (all obtained from Iris Biotech) were dissolved in milliQ water. In a 24 well
microtiter plate, various combinations of PEGDA concentrations were mixed to a 1%w/v IrgaCure
2959 dissolved in acetone/milliQ water (1:1). The tested amount®f each PEGDAolution were: 15,
20, 25, 30%w/v of PEGDAogopa 1 5%w/v of PEGDA«pa, 0.5 1%w/v of PEGDAwaand 1 2%w/v of
PEGDApa A total volume of 300uL of polymephotoinitiator mixture was poured in each well and
exposed to UMight for 1 hour in a photo-reactor. Then hydrogels were washed for 30min with milliQ

water.
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Fabrication of 3Dstructured PEGDAydrogels defined by static mask motifs

The patternability of PEGDA hydrogels was evaluated creating 3D structures solutions made of
PEGDAuopa 12959 and a fluorescent dye, fluorescein. Stock solutions of 80%w/v PEGlg#adissolved
in milliQ water, 10%w/v 12959 dissolved in acetone/milliQ water (1:1) and a solution of 100uM
fluorescein sodium salt dissolved in milliQ water MW= 376.27 g/mol, obtained from Sigma Aldrich,
Brgndby, Denmark) were prepared. Different concentrations of PEGDA éh2959 were tested: 2Q 25,
30%w/v PEGDA ad 0.5, 1,2%w/v IrgaCure 2959. For polymerization process, &eneFrame® with a
dimension of 1.5 x 1.5 cm (obtained fronThermo Scientific, Waltham, Massachuseftswas stuck in a
glass slide Then 200uL of PEGDA2959/10uM fluorescein mixture was poured within the frame and a
coverslip was placed onto the gene frame to squeeze the solution within the cavityExposure
proceeded using 365nm light at ~6mW/cn? in a maskaligner (Karl Stiss MA4, Munich, Germany)sed
together with a chrome-on-glass photo-mask. Two different chrome maskswere employed: one of
them consistd of square grids of different dmensions and spacing andthe other maskwas made up
of dual sets of interdigitated electrodes 200pum wide3.5mm long and with 200um spacing. The gene
frame was exposed for 10min to UWight in the aligner to reach a dose of 4J/cm and using a
photomask; the obtained structureswere washed several times with MQ water to remove wexposed
compounds.To visualize the structues, the samples were rinsed with wate and sealedwith a glass
cover slip; then, confocal laser scanning microscop(LSM700, Zeiss, Germany) was used to analyze the
3D structures resolution (excitation light at 488nm and collecting the fluorescence at watengths

longer than 505nm).

Embedding of SN38 drug within PEGDA gels

To evaluate the release kinetics of small molecules from PEGDA hydrogels, SN38 (obtained from Sigma
Aldrich, Brgndby, Denmark) was chosen amodel molecule. In a 24well microtiter plat e, a constant
concentration of SN38 dissolved in DMSO (100uM) was mixed with various amounts of PEGda#
dissolved in milliQ water (at a concetration of 15, 20, 25, 30%w/v) and 12959 dissolved in
acetone/milliQ water (1:1) (at a concentration of 0.4, @, 0.8,1%w/v) for a total volume of 300uL. The
well plate was exposed to UMight in the photo-reactor for 1 hour to obtain gels with a thickness of
1.5mm and they were extensively washed with milliQ water. Then, 600uL of milliQ water was added to
each wdl as supernatant volume n which the molecules of drug wee passively released and collected
over a period of 24 hours The supernatants were characterized by UVis spectrophotometry
(Nanodrop 2000c, Thermo Scientific) using a quartz cuvette and acquignthe spectra between 300
500nm.
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Photopolymerization of PEGDA solutions with LAP initiator

According to the diswssed features of 12959 in Chapter I, an alternativg@hoto-initiator (lithium

acylphosphinate salt, LAKindly provided by Dr. Esben Larserand Dr. Sergey Chernyyyvas testedfor
the fabrication of PEGDA hydrogelsStock solutions of 80%w/v PEGD#opa and 2%w/v LAP both
dissolved in MQwater were prepared and in a 24well-microtiter plate various amounts of them were
tested:0.1,1, 5, 10, 20, 30%w/v PEGDAwopaand 0.01,0.05,0.1, 0.5, 1,2%w/v of LAP. A total volume of
300pL of pre-polymer solutions were exposed to UMight using the photo-reactor for 10min. Already
after 2min completely cured gels were formedThe obtained gels were washedéh water and analyzed
through spectrophotometry. Gels werdransferred into a cuvette in suchway that they were adhering

to the cuvette wall and their spectra vere acquired between 306500nm in water.

Apparatus used for visibiight photo-polymerization

Among theavailable methods described inChapter Il to photo-polymerize hydrogels (photo-reactor or
a conventional aligner), the gels were crosslinked with the photinitiator LAP using a visiblelight
emitting system. In detail, @ EnvisionTEC Perfactoy® Micro 3D-printer (Gladbeck, Germany)was
utilized for in situ visible-light photopolymerization. The equipment is composed of a projector
modified to have a maximum emitting lightcentered at 410nm (Direct Light Projection technology
from Texas Instruments®, based on a LED light sourcel stage where the sample is locatedq light-
protected box which is moved during the polymerization process to protect th sample from external
light; and a computer connected to the machineA homemade support to exacly locate 96 welt
microtiter plates on the stage wa used tosimultaneously polymerize 12 wells in a single stepWhen
the sample wa placed on the spport, the polymerization started as the projector light coming from
the bottom of the sample wa turned on and all the exposed/olume of pre-polymer solution was cured
within 30-60s to form a homogeneous geln addition, any desired structurewas easily produced in
each well: digital maskswere designed and directly projected onto the sampleThese digital nasks
consisted of a graphical picture(.png file) with a dimension of 1024 x 768 pixelsirawn in a greyscale.
When the desired picture wa projected on the bottom of the sample, ivas crosslinked on the basis of
the mask greyscale. In other words, the resting thickness of the gelwas higher in the areas
corresponding to a white mask and it decreased according to the grayscale of the mask, until
completely black mask corresponded to no cured solutiong.herefore, by simply desiging such digital
masks was possible to tune the light intensity across the prepolymer solution and define the final

thickness of the gel.
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Characterization ofhydrogelmorphology andthickness

To evaluate the efficiency of light projectiorto create3D structures on prepolymer solutions, different
digital masks were designed according to the final application of the hydrogel. A preliminary test to
determine the final morphology and thickness of gelsvas conducted. In a 98wnell microtiter plate,
200uL of 20%w/v PEGDA (700Da) and ®%w/v LAP both dissolved in MQ waterwere exposed for
1min to two different digital masks: one consised of a semicircle (half white and half black Figure
2.39A), and the other wa a white circle(Figure 2.39B). The dimension of each picture wasl024 x 768
pixels, and the diameter of the circles was drawn to eopletely cover the area of a 96@vell- microtiter
plate (& = 6.2mm).

Figure 2.39 Two examples of digital masks drawn with CorelDraw X3 (.png files)Af A semicircle structure in which only half
of the circle was projected, thus the corresponding prepolymer solution was crosslinked only in correspondence of the white
area. B) A white circle was used to polymerize the entire volume of PEGDA/LAP since the diameter corresponds to the 96l

area.

When the solutions were exposed to visibldight for 1min, a corresponding hydrogel structure was
obtained and its thickness was evaluatedSolutions of 20%w/v PEGDAgpa and 0.5%w/v LAP
dissolved in MQ water were exposedio projected light through the ssmi-circle shaped digital maskto
determine their thickness. In a 24 weltmicrotiter plate, different volumes of mixture (300, 350, 400,
450, 500, 600uL) were exposed to thenhalf circle digital mask for various exposure times (15s, 30s, 60s,
2min, 5min, 10min and 20min). The thickness of the obtained gels was then analyzed and plotted as

function of initial volume of pre-polymer solution and exposure time.

Hydrogel dehydration and hydration processes

Swelling of the polymer network influences the ability of a hydrogel to release matcules embedded
within its matrix. A study of the dehydration (loss of water content) and hydration (uptake of water
content) processes was conducted by using differergamounts of PEGDAwopa and LAP. Stock solutions
of 80%w/v PEGD/Agopa @and 2%w/v LAP both dissolved in MQ water were prepared. In a Petri dish
with diameter of 3.4cm, 2mL of various PEGDA/LAP concentrations were poured and crosslinked for

1min with projected light without using any digital mask; thus, the entire saltion volume was cured
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obtaining a final thickness of 2.2mmThe weights of empty Petri dish,pre-polymer solution-Petri dish,
and hydrogelPetri dish were measured. The water exchange through the gelwas determined
studying the de-hydration and hydration processes.For the dehydration mechanism, te crosslinked
hydrogels in the Petri dishes free of lidvere <o ...—,f—11T <o —=SF “"fe <o T1S—ectc ctt f—ore’S
C over time, and every certain interval their weightvas measured. After 19hours of water loss from
films, a box containing waterwas located inside the oven whichwas always maintained at 60 IC over

time, and the gels hydratiorwas estimated againby measuring the weight of samples.

Embedding of various compounds within PEGDA hydrogels

The release kinetics of different molecules in terms of size and chemicalrqperties from PEGDA
hydrogel were characterized. The hydogels were all produced in a 96 welmicrotiter plate by pouring

a volume of 60uL of pre-polymer solution together with a certain concentration of targeted molecule;
the volumes were crosslinked for 1min by visible-light exposure without using any digital mask and
gels with a final diameter of 6.2nm and thickness of 1mm were obtained. The hydrogels were washed
with MQ water for 30 min and 240 pL of supernatant were added into the well. Stock solutions of
80%w/v PEGDAropa, 40%w/v PEGDAps 2%w/v LAP all dissolved in MQ water were preparedin

specific, the prepolymer mixtures for releasing studies were prepared as follows:

9 Embedding of calcein within hydrogels calcein disodium salt (MW =666.50g/mol) was
purchased from Sigma Aldrich (Brgndby, Denmark). Bolution of PEGDAgyopa LAP and calcein
was prepared to have a final concentration of 20%wi/v, 0.5%w/v and 50uM, respectively. la
12 well plate, 500uLof this mixture were poured; ina 24 well plate, 290uL;n a 48 well plate,
165uL; andin a 96 well plate, 60uL. The volumes of prpolymer solution in various well
plates had the same height but different arearhe calcein absorbane was recorded through
Nanodrop by measuring the supernatants a495nm.

9 Embedding of SN38 within hydrogels: 60uL of asolution composedof 20%w/v  PEGDAgopa,
(0.1, or 0.5, or 1, or 1.5%w/V)PEGDAkps, 0.5%w/v LAP and200uM SN-38 were poured into a
96 well-microtiter plate and after a washing step, 240uL of supernatant ere added onto the
hydrogel surface.For U\tvis detection of SN38, the absorbance of collected supernatants was
measured at 374nm.

9 Embedding of FITGalbumin within hydrogels: albumin from bovine serum (BSA) conjugated
to FITC (MW~66kDa, dissolved in PBFwas obtained from Life Technologies, Thermo Fisher
Scientific, Naerum, Denmark. A solution of PEGE¥ps PEGDAwas LAP and FIT@lbumin was

prepared to have a final concentration of 20%w/vy 1%w/v, 0.5%w/v and 5uM, respectively. In

a 96 well-plate, 60pL of the mixture were crosslinked tdorm the gel and after washing 240pL
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of supernatant (PBS) were added to collect the released molecules into it. For the -U¥
detection of moleculesinto collected supernatants, the absorbance was measured at 495nm.
Embedding of 5-fluorouracil (5-FU) within PEGDA hydrogels: 5-fluorouracil (MW
=130.1g/mol, dissolved in DMSO) was obtained from Sigma Aldrich, Brgndby, Denmark. A

solution of PEGDAwopa, LAP andb-FUwas preparedto obtain a final concentration of 20%w/v,
0.5%w/v and 1mM, respectively. 60uL of the mixture were cured and after washing a
supernatant was added (240uL)For U\tvis detection of 5FU into collected supernatants, the
absorbance was measred at 288nm.

Embedding of Folinic acid (FA) within PEGDA hydrogel®linic acid calcium salt hydrate (MW
=511.5g/mol, dissolved in DMSO) was obtained from Sigma Aldrich, Brgndby, Denmark.

Solutions of PEGDAwopa, LAP and FA were mixed to obtain a finaloncentration of 20%wiv,
0.5%w/v and 200uM, respectively. 60uL of the mixture were cured and after washing a
supernatant was added (240pL). For UWis detection of FA into collected supernatants, the
absorbance was measured at 300nm.

Embedding of Oxaliplain (OxPt) within PEGDA hydrogels:oxaliplatin (MW =397.3g/mol,

dissolved in DMSQO) was obtained from Lianyungang Guiyuan Chempharm Co. LTD, Jiangsu,
China. A solution of PEGD#Awps, LAP and OxPivas preparedto obtain a final concentration of
20%wl/v, 0.5%w/ v and 200uM, resgctively. 60uL of the mixture were cured and after
washing a supernatant was added (240uL). For quantification of oxaliplatin into collected
supernatants, the UWis characterization was not used since the compound does natbsorb

in the UV-vis range. Therefore, mass spectrometry ICPMS, ICAOq, Thermo Scientific,
Hvidovre, Denmark, was used to evaluate the concentration of OxPt release2bulL of
supernatant was added to 2.5mL of a solution of Iridium in phosphate buffer as internal

standard.

Characterization of thermesensitive OxPloaded liposomes and their embedding within PEGDA

hydrogels

Two different compositions of Oxaliplatinloaded liposomes were synthesizedby Dr. Fredrik Melander

(the detailed procedure is reported in the Experinental section of the manuscript in Appendix 1) and

characterized through ICPMS and DLSThermo Scientific andBrookhaven Instruments Corporation,

respectively). The ability of thermo-sensitive liposomes to release their content, oxaliplatin, after

thermal trigger was evaluated by entrapping 100uM OxPloaded liposomes (thermasensitive) within
gels composed of 20%w/v PEGDAopa and 0.5%w/v LAP both dissolved in PBS. The hydrogels were

formed in a 96 welkmicrotiter plate by visible-light exposure (1 min) d 60uL mixture. Then gels were

extensively washed with PBS and a supernatant of 240uL was added to each gel. The samples were
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heated up at different temperatures for 1h in a thermeblock hotplate keeping the plate sealed during
the process. The supernatarst were then collected and analyzed through IGWIS to evaluate the
content of OxPt released during thermal triggering. The same procedure was adopted to determine the
period of heat exposure needed to obtain the maximunamount released of OxPt; therefore, he
hydrogels were heated upat different times for a maximum of 24h at whichit corresponded the
highest drug release (almost 100%). The stability of liposomes when embedded within gels for
prolonged periods was also characterized. 100uM of OxHRbaded liposomes were embedded within
20%w/v PEGDAopa and 0.5%w/v LAP, both dissolved in PBSby exposing 200uL of mixture to
visible-light for 1min in a 24 wellmicrotiter plate. The gels were then washed with PBS and 400uL of
PBS were added to each sample as srpatant. Both OxPiloaded liposomes stock suspensions were
tested: thermo-sensitive and stealth. Four different 24well plates were prepared: two containing
stealth liposomes within the hydrogels, and the other two presenting thermeensitive liposomes
Wi—Sce %ofZed Sted ‘o "Zf-F 7 Ff..S —>'f 7 Z<ftetet e—e'teects ™f.
supernatants were collected at different intervals for a total of 100 dayby replacing the supernatant
with equal volumes offresh PBS The amount of OxPt reeased into supernatants was evaluated
through ICRMS using an Iridium solution as internal standard (2.5mL of Iridium solution + 25pL

supernatant), and via DLS (1.5mL PBS + 15uL supernatant).

Digital molecule dosing

The use of visiblelight photopolymerization technology was applied for the confinement of multiple
compounds within different hydrogel areas. With this method we wanted to prove that to achieve a
desired concentraion of released compound, it wagossible to vary the area of the hydrogel invhich

it was embedded, rather than increase the initial molecule concentration. For that reason, a solution of
FITGalbumin (200ug/mL) and Rhodaminealbumin (200pug/mL, obtained from Life Technologies,
Thermo Fisher Scientific, Naerum, Denmajk both dissolved in PBS buffer were prepared and
embedded within gels.For the fabrication of hydrogels a digital mask composed of three circles was
employed: an external ring structure (radiug =3.1mm; area ring =10mm?; thickness =1mm) was
produced illuminating for 1min a solution of 20%w/v PEGDA (700Da), 1%w/v PEGDA (5kDa),
0.5%w/v LAP and 200ug/mL Rhelabeled albumin (60uL total volume). A second circkshaped
hydrogel was formed crosslinking a solution of 20%w/v PEGDA (700Da), 1%w/v PEGDA (5kDa) and
0.5%w/v LAP (60pL total volume) using a smaller ring structure (external radius =2.5mm; internal
radius; =1.8mm; area ring =10mmz2; thickness =1mm). A third circle was produced photearosslinking

a solution of 20%w/v PEGDA (700Da), 1%w/v PEGDA (5kDa), 0.5%w/v LAP and 20¢/mL FITC
labeled albumin (60pL total volume) using a digital mask with specific dimensions (radigs=1.8mm;

area rings =10mm2; thickness =1mm).
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By using thesedigital masks, three equal areas of hydrogel with different embedded molecules were
obtained. The same procedure was adopted to produce hydrogels composed of three circle structsire
of different areas (10 30 100% of the total well area). Therefore, the molecules were embedded
within various areas and their release was reported as function of ebedded gel area. After washing,
240uL of PBS were added to each gel and the release of multiple compouimds the same supernatant
was collected over a period of 48h. The absorbance of FIFalbumin and Rhodaminealbumin released
into supernatants were measured using a microplate reader (Victor3, PerkinElmer, Denmark) by
measuring the d@sorbance of FITC at 490nm andRhodamine absorbance at 540nm. The moles of
compounds released were then plotted as function of the hydrogel area in whithe initial moles were
embedded.

Effect of free drugand combinations of free drugs on HT29 proliferation activity

The cytotoxic effect of different doses of drugs (S88, 5FU, OxPt and FA) used as free compowswas
evaluated on human colorectal adenocarcinoma cell lineHT29, ATCC, Rockville, USA)ifferent stock
solutions of drugs were prepared by dissolving them in DMSO solvent, except for FAat was
solubilized in MQ water.Due to solvent toxicity induced on HT29proliferation, highly concentrated
solutions of drugs were made. For drug screening on HT29 cells, an experimental protocol was
established: HT29 cells suspended in Dulbecco’s Modified Eagle Medium (DMEM obtained from Sigma
Aldrich) with 100pg/mL penicillin, 200pg/mL streptomycin and 10%v/v heat -inactivated fetal bovine
serum (FBS) (all purchased from Sigma Aldrich were seeded in a cultivation flask. Cells were
efco—fceott <o =St <o — f=*" f— uyl <o f S—ectxant thefr-passa@ing tbok™ «-S w”
place upon approximately 90% confluence. For drug treatment, cells grown in a cultivation flask were
washedtwice with PBS and harvested with 0.1% trypsirEDTA (from Sigma Aldrich) for 5min kept in

the incubator. Then, fresh medium was added to the detached cells and centrifuged at 1000rpm for
5min. After removal of supernatant, the pellet was resuspended in fesh medium and cells
concentration was evaluated by automated cell counter (ORFLO Technologies, USA). In a sterile 96
well-microtiter plate, a concentration of 100000cells/mL was seeded into each well and kept in the
incubator for 24h in order to reach cdl adhesion. Cells were then exposed to different concentrations
of single drugs (SN38, 5FU, OxPt and FA) by adding 1L of different drugtock solutionswhich were
dissolved in DMSO. Cells were incubated in presence of chemotherapeutics for 48h. Thetoyic
effect of compounds was evaluated by using the MTS bégsay (CellTiter 9 Aqueous One Solution
Cell Proliferation Assay, from Promega Biotech, Sweder)yadding 20%v/v of MTS substrate([3-(4,5-
dimethylthiazol -2-yl) -5-(3-carboxymethoxyphenyl)}-2-(4-sulfophenyl)-2H-tetrazolium]) to each well.
After 1h incubation of cells with MTS, the absorbance of wells was measured at 490nm using the
microplate reader. At this wavelength (490nm) the bio-reduced product resulted from the

metabolically activity of living cells converting MTS substrate into a colored compoundwas detected.
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The higherthe value recorded at 490nm and the higher was the concentration of viable cells after 48h
drug treatment. A well containing only cells (100 000cells/mL) and anotherwith cells exposed to
DMSO (1uL) without drug were used as controls. The percentage of cell viability was then plotted as
function of drug doses inlogarithmic scale.

The same protocol was adopted to evaluate the cytotoxicity induced by combinations of drygshere a
maximum of three drugs were simultaneously added to adherent cells (HT29PBriefly, cells were
seeded into a 96 welmicrotiter plate and after 24h incubation a volume of 1uL of each drug was
added to the medium as free compound. As control, argeal volume of DMSO was introduced with

cells to test the effect of solvent on cell viability.

Effect of thermal trigger on OxPlibaded liposomes when cultured with HT29 cells

The cytotoxic effect of OxRtoaded liposomes, both stealth and thermesensitive, was evaluated by
suspending different doses of liposomes in a 96 wefllate containing medium (DMEM + 1%v/v
penicillin/streptomycin + 10%v/v FBS). Then the samples (thermesensitive and stealth liposomes)
™t 't Stf—ft —' f— vrl  "*” sSns o indiicde Bxaliplatinfleakage from vesiclesThe
same procedure was adopted fothermo-sensitive and stealth liposomes without exposing them to
thermal trigger, rather their plates were kept at room temperature until cell seedingAfter cooling
down the plates that were heated up, a concentration of 100 000cells/mL was seeded in each well and

incubated for 48h. The viability of HT29 cells was evaluated by using the MTS {zesay.

Effect of multi drucs release from 3Bhaped hydrogedon HT29 proliferaion

3D-circle shaped hydrogels were produced according to the procedure used for digital drug dosing
experiments. In specific, different drugs were embedded within various hydrogel structures having the
same area (10mm) and same thickness (1mm). As repodd in Figure 2.37A, each circle structure was
loaded with a certain compound concentration or OxPliposomes. After hydrogels were fabricated,
HT29 cells were incubatedonto their surfaceat a concentration of 100 000cells/mL in DMEM + 1%v/v
penicillin/str eptomycin + 10%v/v FBS for 48h. The combined cytotoxic effect of drugs was detected by
measuring the absorbance of MTS at 490nm. A slightly different procedure was followed when drugs
and liposomes were embedded within gels: before cell seeding, the hydrlg were kept in a wetted
e—f—1 eftc—e fof SEf-%t — f— vri "7 sS <o et ZE Ltetc—ctesd
down at room temperature andthe same concentration of cells (100000 cells/mL) wsincubated with
the releasing system. Also in thisase, after 48h of drugs exposurthe cell viability was measured by

adding 20%v/v MTS to each well and recording the absorbance at 490nm.
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3 PEDOT-Ns micro -electrodes for drug -loaded

liposomes and cells immobilization

This chapter describes another micre/nano -technological platform which consists of microfabricated
PEDOTN; electrodes on a PE@oated support that arepost-fabrication functionalized via covalent
coupling with various molecules to ensure the immobilization of drugoaded liposomes onto the
electrodes surface(Figure 3.1). The liposomes intended to use for this scope are similar to those
applied for drug embedding and releasewithin PEGDA hydrogels, and in addition theygontain
functional groups in their bilayer which permit the chemical bonding to the fabricated polymer
surface. Ideally, once the nangarticles are immobilized onto the electrodes, a certain current may be
applied to induce local resistive heating that will release the encapsulated drugsDuring the
development of such platform many challenges were encountered and some of them were essential for
the final achievementssuccess Alternative methods for the optimization and future development of
the intended technology will also be discussed. Therefore, inthis chapter it will be described the
method that we have used to create micre&lectrodes of PEDOMN3; and the approach involved on
liposomes immobilization onto polymer electrodes. Further, a detailed description of the materials,
equipment, and proceduresadopted for the fabrication of the micre and nanoplatform are found at

the end of the chaptelin the Experimental section.

Figure 3.1 Schematic of the polymeibased platform designed for drug screening purposes. PEDE electrodes are fabricated

in a protein repellent coating deposited on a support. These electrodes (100um in width, 3.5mm long and 2@680nm thick) are
functionalized through “click-chemistry™ reaction in order to immobilize drugloaded liposomes onto their surface. A second
chemistry may be utilized to immobilized antibody molecules in the neighboring regions between the electrodes. The incubation
of human colorectal adenocarcinoma cell line (HT29) with the described platform could result on cells capture onto the sudac
due to antigenrantibody complexation. Ideally, the application of a specific potential to the electrodes may induce a local thermal

increase which represents the trigger for inducing drug release from dru¢paded liposomes. (The image is not to scale).
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With the development of such platform we should be able to immobilize drudoaded liposomes ad
specific cell populations onto the same surface. The application of a proper trigger will then enhance
the release of drugs from immobilized particles and the captured cells Wibe exposed to these
compounds. For the realization of such platform, various issudsave been considered and we selected
the main components to build our platform.First, conductive polymer wires can be fabricatedto
immobilize drug-loaded nanoparticles onto their surface. A proper chemical functionalization of
polymer wires for enhancing a stable attachment of liposomes is needed; moreover, a second chemical
modification allows the functionalization of the areas between wires to introduce celtapture
molecules (for instance antibodies). Multiple processes for platform functionalization are involved,
therefore a proper chemical modification of the support must be adopted in order to avoid nespecific

binding of drugs or cells onto the support surface.

3.1 Conductive polymers

Conductive polymers have been extensively studied during the last few decades because of their great
suitability in chemical and biologicalapplications used assensors{42l organic solar celld143] or organic
light-emitting diodes!'44 In general, polymers have very poor electrical conductivity and most of them
find applications as electrical insulator, such as polytetraflaroethylene which has a conductivity of
1018 S cml[145] As an example, natural rubber is an excellent insulator and its conductivity could be
significantly increased by adding carbon black or acetylene black which is used as antistatic device in
hospitals.On the other hand, polymers able to transport electrons have conductivity ithe rangeof 10-
108 Scm? like polysulfurnitri de that has a conductivity of 403 S cm!. Conductive polymers in the
neutral state (uncharged) show almost no conductity, whereas their intrinsic conductivity results
from the formation of charge carriers upon oxidizing p-doping) or reducing (n-doping) their
conjugated backbond!42l Some examples of doped polymers are polg{phenylene), polypyrrole,
polythiophene, polyaniline, and polyacetylene which is usually doped with electron donor (alkafnetal
ion) or electron acceptor leading its conductivity to values comparable to that of conductive metals like
copper (104 Scm1) [145]

A key property that makes conductive polymers suitable for electron transport is the presence of
conjugated double bonds along the backbone of polymeas shown with some examples iRigure 3.2A.

St ...'e®E—% f—<'+ -bodds thafewa sttorlg chemc ... f Z ‘T «-bpmds Which are weaker
than single bonds constitutes the chemical structure of conductive polymer. However, the conjugation
of such bonds is not enough to guarantee conductivity to the material. The doping process induces an
electron imbaZ fe... ¥ fZ's% —-S3$ '‘Z>et” o«—"— ... ——cohjupated b& systers affovs N
the new electron population to migrate a long distance along the backbone when an electric potential

is applied (Figure 3.2B). In general,metals havea high density of eletronic states meaning that
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electrons can easily move from an atom to another one under an applied electric field. Since the
electrical properties of a material are ascribed to its electronic structure, in metals the orbitals af
certain atom are overlappal with those of neighboring atoms. Typically, the energy spacing between
the highest occupied (valence &nd) and the lowest unoccupied (conduction band) electronic states is
called the band gap. Therefore, the conductivity of metals is due either to a paatly fill ed valence or
conduction bands, or to a band gap that is nedo zero; so, even for weak electric field the electrons
easily redistribute along the orbitals (Figure 3.B).14¢1 Hence, the conductivity increases with
decreasing band gap which is the energy required to promote an electron to move from the highest
occupied energy level toan empty level immediately above it (conductive band).While metals have
almost zero band gaps, insulatorsuch asmany polymers have large band gpsin the 1.5 4eV range
which impairs electron flow. By a proper charge injection (doping) it may be possible teeduce this
band gap value to 0.5 1eV[42 The doping of conductive polymers leads to interesting phenomena
which can be useful in various applications. For instance, the change of the electronic band structure is
accanpanied by a change of physical features like the optical propersan the U\tvis and NIRregions
which are exploited in electrochromic displays and optical sensors. Furthermore, the
electroluminescence of some conductive polymers is used for OLEDs, whphotoluminescence is
applied for the fabrication of fluorescencebasedbiosensors(t42]

The doping process of conductive polymers can be achieved either chemically or electimemically. In
chemical charge injection the plymer is exposed to oxidizing vapors, like iodine. Chemical doping is an
effective method but it is poorly reproducible because it is difficult to quantitatively control the
polymer oxidation. Another approach is the electrechemical doping that providesfine tuning of the

doping level through electrical potential adjustment42]
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Figure 3.2 (A) Chemical structures of main classes ofconductive polymers{t42 and (B) p-doped PEDOT (pol{3,4-
ethylenedioxythiophene)) containing tosylate aniong(TsO). A ratio of one tosylate pei3-4 PEDOT monomes is typically found;

the electron acceptor tosylate is negatively charged while a dislocated positive charge resuits the conjugated system of

polymer (shown in red).

106



The fields in which conductive
polymers find a great applicability are
many and with various purposes.
Polypyrrole for example is used as pH
sensor due to its pH and potential
dependencies; in fact, the protonation
of polymer enhances its conductivity,
whereas deprotonation leads to a lower
conductivity.1471  Otherwise, = some
conductive polymers show an intrinsic
affinity for a variety of metal ions, as
polycarbazol that provides a selective
potentiometric response to Cu(ll)
ions[148] or PEDOT that has a great

_ i
Figure 3.3 (A) Some examples of conductivity values (S/m), andBj affinity for Ag*ions due to the

the band gaps characterizing insulator, semionductive and coordination of ions to the sulfur atom
conductive materials. When the gap between the lowest occupied of polymeric monomer[49l Conductive

conduction band and the highest occupied valence band is closed to polymers may be used as receptors for

zero, metatlike features are achieved. Reproduced fror#el. detection of organic molecules like
dopamine[t50 saccharides$!5 or ATPRI152 Conductive polymers are widely studied also as transducers
or as components of transducers because of their ability to change electrical and optical properties
upon oxidation/reduction, protonation/deprotonation and conformational changes induced by the
binding of different analytes.[142
One of the more attractive challenges onsing conductive polymers is thepossibility to modify and
immobilize molecules onto or within the polymer matrix.[!531 Nowadays, the immobilization
procedures commonly used are based on neoovalent interactions (physical adsorption, electrostatic
assembly, hydrophobic interactions), or covalent binding omolecules to the conductive polymer. The
physical adsorption is rarely adopted because generate weak bonding that consequently leads to a loss
of molecules, despiteits practical easinesd!54 Another approach is based on the LangmuiBlodgett
technique that is arelatively simple technology used to obtain highly ordered films functionalized with
desired molecules. However, the resulting sygem may beunstable and the film may contain a lot of
defects; thus, this technique has been régced by technologies of seassembly based on layeby-
layer deposition, or modification by silanization and covalent immobilization.The layerby-layer
deposition method requires an alternate electrostatic adsorption of molecules and opposite charged
polymer layers onto a solid support.This method is governed by multiple effects such as shielding,
hydrogen bonding, dispersion forces that determine film thickness and morpholody?s! Due to the

complexity of the processthe multilayers are extremely sensitive to variations of ionic strength and
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drying processes may occur destabilizing the assemlddayers. Mechanical embedding also represents
a good candidate for norcovalent immobilization: thereby molecules &e in the vicinity of electrode
and consequentelectro-polymerization leads to the entrapment of molecules into the growing polymer
layer. The success of this method depends on the concentration of molecules that should be high and
the electrodeposition should occurat mild conditions. Nevertheless, the content of molecules finally
embedded into the film is insufficient and often surfactants need to be added to enhance monomer
solubility. 561 Among the existing non-covalent immobilization processes, the covalent reaction of
functional groups of molecules and polymer provides the teongest interaction (Figure 3.4). The
easiest way is to polymerize monomer derivative bearing receptommolecules (panel 1) or any
functionality (panel 2) in order to obtain polymers presenting the desired moiety in each monomeor
with a high functionalization yield. These methods are limited by the availability of synthetic pathways
to create certain polymeric derivatives; further, the low solubility of modified monomers and low

conductivity of the resulting polymer can be crucial for biomolecules immobilizatiort5]

Figure 3.4 Various methods conmonly used to chemically immobilize a receptor unit to a polymerThese mechanisms include:
polymerization of a monomer already bearing receptor unit (path 1); polymerization of functionalized derivatives and following
chemical receptor immobilization (path 2); postmodification of polymer through functional groups: grafting (path 3),
incorporation of modified nanoparticles (path 4), and polyelectrolytes (path 5)Reproduced from(142],
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To overcome the problem of poor dewative solubility, two general approaches for covalent
immobilization can be used: one is the pospolymerization grafting (panel 3) that is achieved through
thermal grafting, wet chemical, organosilanization, UV irraditon, or ionized gas treatment1s8 an
alternative approach is based on cg@olymerization or polymer deposition in presence of modified
nanoparticles bearing functional groups of interest (panel 4359 or polyelectrolytes (panel 5)[160 All
the presented methods are useful for polymer modification;sometimes the poor compatibility of
optimal polymerization conditions and the limited stability of biomolecules onto polymer surface can
be overcome by postmodification based on affinity interactions. The known biotinavidin conjugateis
the mostly usedsystem because of high complexation constaritéll otherwise his-tag moiety[162 or
complementary nucleotides sequencemay be adopted

An important parameter that must be considered when synthesizing polymeric films is their adhesion
to a certain solid support. The adhesion of polymer depends on many parameters including the
chemical nature of the polymer and support (for instance the hydrophobicity), the procedure of
synthesis, solent and counterions. Usuallypolymer adhesion may be improed by modification of
either physical (surface area, hydrophobicity/hydrophilicity) or chemical (including chemical anchor
groups) features of solid surfacél42l For example, a simple chemical modificatiofs based on tle use
of organosiloxanes to promote specific adhesion of polypyrrole and enhance its lateral growth on solid
insulating support.[163l Otherwise, monamolecular seltassembled layers for covalent binding of
synthesized polymers can be adopted; for example, thiol derivatives of monomers form monolayers on
metallic surfaces (Au, Pd, Ni, CAg and othes) achieving a strong binding of polymerg164

A central aim of this thesis is the fabrication and pospolymerization covalent modification of thin
films of PEDQ-Ns, poly(3,4-(1-azidomethylethylene)-dioxythiophene). One of the major challenges is
the production of polymer micro-electrodes and consequent functionalization to immobilize drug
loaded nanoparticles. The need of a fabrication proceswhich has a good mcompatibility and
guarantees the biological activity of functional moieties is crucial. In the following paragrapha
detailed description of polymerization, covalent modification and liposomes presentation at the

electrodes surface is found.

3.2 PEDOT-Nz: properties and applicability

Conducting polymers are characterized by a lower conductivity compare to that of metals and
semiconductors and also a lower longterm stability which renders metals favorable for many
applications[t65] Nonetheless, conducting polymers are widely applied in various fields because of

their low cost, ease to handle and fabricate, and moreoveheir electronic, optical, chemicaland
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biological features can be tuned according to the application requirements. Chemically polymerized
PEDOT was discovered in 1988%1 and its first commercial application wasits use as an antistatic
layer in photographic films due to its ability to form transparent and conductive filmgt671 Within the
last two decades, the commercialization of PEDOT have been expanded to many other applications
including solid electrolyte capacitors, printed wiring boards, packaging films, touch screens, organic
light-emitting diodes (OLEDs) and organic pbtovoltaics (OPV)i68l Regarding the biological
applicability of conductive polymers, including PEDOT have been found to have a great cell
cytocompatibility and their conductance can be exploited for electric or electriecnechanical
stimulation of cells[169] or electroporation devices(!’0 PEDOT as conductig polymer is considered to
be a semiconductor since native PEDOT has a band gap of ~1.86¥;however, conducting pdymers
can be doped to increase conductivity through partial oxidatiomf polymer. A net charge is introduced
in the polymer backbone and counterions will ensure charge neutrality to the material reaching
conductivity values in the order of 13-103 S cmtli63l The choice of counterions influences the
properties of the material and can thus be used to tune the conductivéeatures of the polymer.

PEDOT can be prepared by oxidative polymerization of the monomer 3ethylenedioxythiophene
(EDOT)r71 As illustrated in Figure 3.5 each EDOT monomer loses two electrons and a conjugate

polythiophene chain is formed.

Figure 3.5 Chemical oxidative polymerization of the monomer 3,4ethylenedioxythiophene (EDOT) through the oxidation agent
persulfate and poly(styrene sulfonic acid) (PSS) to form a watesoluble polyelectrolyte complex (PEDOT:PSS}eproduced from

[166] .
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Under traditional oxidation conditions, PEDOT is noin a neutral form, instead it appears positively
charged. Hence, these charges need to be stabilized by the presence of suitable counteriliihas been
reported that sulfonic acids like the one reported inFigure 3.5 are the best choice to achieve a stable
PEDOT/counteriors complex[t6s] In this chemical process should be noted that the oxidation of
polymer is not accomplished by the counterions, rather by theoxidation agent. Further, the
polymerization of PEDOT is normally performed on the surface of a support through the so called
situ polymerization where a solution of EDOT monomers and an oxidation agent, such as
Fe(lll)tosylate (TsO), are mixed to forma polymeric film.1721 Alternatively, the evaporation of EDOT
monomers onto a support surface may be adopted to enhance polymer synthesthis process can be
conducted by simultaneously adding the oxidation agent as Fe{br through deposition of Fe(ll)TsO
(also an oxidation agent) prior polymerization[t73l The oxidative polymerization may be also
conducted by involving sulfonic acid in the reaction, such as poly(styrenesulfonic acid) (PS$ a
polyelectrolyte complex is formed and it appears like a watesoluble stable dispersion174 This
dispersion is characterized bygel particles of PEDOT/PSS polyelectrolyte which have typically a
dimension of 20-500nm;[168] despite their stability, thesedispersions have a really low pH, in the range
of 1-2 and a base needs to be udeo neutralize the acid pH (Figure 3.5. Unfortunately, during the
neutralization process the PEDOT component is notable and the complexes result in a changed color
and films lose their conductivity[*66] Depending on the final application in which PEDOT films want to
be used, a certain polymerization reaction and counteriamshould be evaluated; for instance, the
biological application of PEDOT polymer requires mild reaction conditions. For manyhemical
reactions, specific solvents and elevated temperatures are often needed resulting therefore be

incompatible with biomolecules and bieapplications.

We chose to use,4-(1-azidomethylethylene)-dioxythiophene (EDOTFNs) monomer that wasstudied in
our group prior the work presented in this thesis.It was found the EDOTN; could be chemically
oxidized to vyield pdoped PEDOIN; films containing tosylate (TsO) anions asstabilizing
counterions 173l These films resulted to be stable, insoluble and chemically modifiable with a wide
range of alkyne reactantd!’s and their conductivity was found to be ~6101 S cm?, a lower value
compared to the native PEDOT film which has a conductivity of ~102 S cm!.[165175] Here the PEDOT
N3 substrates are intended to be used as micrplatform for the immobilization of drug-loaded
nanoparticles (liposomes) and consequenstudy of molecules releaseln order to achieve this goal,
PEDOTNs; micro-electrodes (100um in width) are fabricated on a protein repellent support (PEG
coated COC discs)n order to discourage passively adsorptionof molecules during electrodes
modification. Through a selective chemical functionalization of PEDGNI; electrodes, based on the
ce' ™o o - Z&Fece—"> "ff .. -eadédilipbsemés are immobilized onto the polymer surface.
According to the original idea on developing such systemhe employment of a additive modification
chemistry may be appliedto functionalize the areas between the electrodes (also 100pum in width)

with other moleculessuch as antibodies that can be used for the recognition of spécitell types. Thus,
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two main componentsmay be co-immobilized onto the micro-platform (antibodies and drug-loaded
liposomes). Ideally,the conductive properies of polymeric electrodesmay be utilizedto induce a local
thermal increase when a certain voliage is applied onto electrodes surfaceBecause of the thermal
sensitivity of our synthesized liposomes, a consequent drug leakage may be induc&lch technology
should allow the capture of desired cell type from a mixture of different cell lines accordig to the
specific antibody molecules immobilized onto the platform surfaceand control the drugs release for
drug screening purposes. As stated in the introduction of this chapter, many issues were encountered
and some of them were solved while others 8t need to be optimized. The main obstacle during the
development of this platform was the fabrication of micreelectrodes. Even though in our group and
more in general in our department (DTU Nanotech) clean room facilities for microand nanc
fabrication are available, theprocess required for the production of PEDON3 electrodes should be
cheap and more importantly should be able to maintain the biological properti of the PE&oating
produced onto thesolid support prior electrode fabrication.

The feasibility of such micro- and nanoplatform depends on many parameters due to the challenging

fabrication and modification processes.

a) a stable and efficient protein repellent coating of the support is needed in order to avoid passively
adsorption of chemicals and molecules during the functionalization processesn particular, this step

has to be conducted prior electrodes fabrication;

b) a suitable technology for electrodes fabricatiorthat preserves the chemical and physical properties

of the support ard its coating is required,;

c) stable and selective chemical reactionsonducted upon mild conditionsthat permit to anchor drug-
loaded liposomes to the electrodes surface and antibody molecules onto tkeated support surface,

respectively are required;

d) a proper liposomes trigger should be applied withoutaltering the physicatchemical properties of

the platform and ofcaptured cells;
e) the overall micro- and nanoplatform must be cytocompatible.

All these issues will be considered in the following seiins, with a particular focus on the chemistries
adopted for the specific binding of nanoparticlesand the fabrication methods used to create 3D

microelectrodes.

112



3.3 Deposition and fabrication of thin PEDOT -Ns electrodes

3.3.1 Thin film deposition of PEDOT -N3

A thin film can be described as a uniform layer of material ranging from a nanometer to few
micrometers in thickness. The applications of these films include telecommunications, micro electro
mechanical systems (MEMS), i EMS, flat screen displays such as L§Dlexible OLEDs, laser diodes
and magnetic read/write headsli’®l Currently, the deposition techniques available for thin films
fabrication are based @ vacuum and noavacuum methods. Vacuum techniques include physical vapor
deposition and chemical vapor deposition technologieswhich permit to fabricate films and coatings
with a thickness in the range of 10nmlum.1771 Non-vacuum methods are normally adopted for low
cost processesespeciallywhen larger thicknesses are required(more than 1um). Further, non-vacuum
techniques like polymer spray coating, spin coating, metal electroplating, retb-roll deposition or
liquid flame spray nanccoating are more convenient for large scale productionnlany case whatever
technique is adopted the deposted film must possess some specific characteristics that are essential
for the final purposel*””! Firstly, the uniformity of a film is required to meet both electrical and
mechanical specifications; for instance, the deposited thin film must be cantious, free of pin holes,
flat and smooth in order to minimize cracking and its adhesion to the support surface should be
optimized. The presence of cracks into the film generates a surface roughness and allows
contamination of polymer[178l

In this thesis, PEDOTN; films are produced by using spircoating technologywhich is one of the most
commonly used techniques for deposition of thin film onto suppors. At present,the use of spincoating

is widespread in organic electronics and nanotechnology fieldbecause of the easiness and fast
process and its ability to produce very unifom films from few nanometers tofew micrometers in
thickness. Moreover, a simultaneous deposition and polymerization of polymer in sedissembled
layers occurs during the castig procesd!’® The spin coating process involves the deposition of a
certain polymer dissolved in a solvent (ink) onto the support surface while it is rotating (Figure 3.6A,
panel 1). The support is rotated at high speeds anthe majority of the ink solution is flung off the
edges of the support (panel 2); most of the solvent is then dried by airflow (panel 3) and after a while a
complete evaporation of solvent occurs and a dry film remains attached onto the surface (panel #he
rotation of substrate at high speed, normby higher than 600rpm (revolutions per minute), pulls the
liquid out due to a centripetal force combined with the surface tension of the solution. Therefore, the
thickness of a spin coated film is proportionato the inverse of the square root of the spin speed, as
shown in Figure 3.6B and as expressed biquation 3.1, wheret is the film thickness and fi is the

angular velocity.

PR— Eqg. 3.1
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Figure 3.6 Spincoating of thin films. (A) Schematic illustration of the spin coating process: the ink solution (in red) is subjected
to a high speed through horizontal rotation(minimum 600rpm) of the support and after evaporation of the solvent a thin film is

obtained. (B) Graphical relation between the spin coating speed (rpm, revolutions per minute) and resulting film thickness (nm).

The PEDOTN; films are produced through spircoating technique oncyclic olefin copolymers (COC)
supports. Topa$® is the trade name for advanced polymers” cyclic olefin copolymers (C@€J which
consists of amorphous, transparent copolymers based on cyclic olefins and linear olefins (Figure/®.7
Cyclic olefin copolymers are a new class ofDAapproved polymeric materials with a unique
combination of features that can be varied by changing the chemical structure of the copolymer. Topas
resins are suitable for the fabrication of transparent moldings inhe field of optical data storage, optics,
and industrial products. Currently, different COC grades are commercially availabéand they mainly
differ on their heat deflection temperature, which is determined by the ratio of canonomers, and on
their flowability that decreases with increasing viscosity number. In fact, the various grades of COC are
normally indicated by 4 digit number, where the first two indicate the viscosity and the last two digits
describe the heat deflection temperature. The COC resin asclear thermoplastic material with high
strength, rigidity and according to thegrade, heat deflection temperature <s —S 3 " f e %o - ‘Syywi
C); moreover, the high transparency of the material remains unaffected by temperature changes.
Further, COG are very good electrical insulating material with a dielectric constant of 2.35 and a
surface resistivity > 104 3. The high transparency of Topas in the visible and near ultraviolet regions
coupled with a refractive index of 1.53 makes these polymers atictive for high-quality optical

components.
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Figure 3.7 Topas® cyclic olefin copolymers (COC).A) Chemical structure of cemonomers used to synthesize cyclic olefin
copolymers. The ethylene and norbornene monomers form the COC copolymer through chairpmdymerization. (B) lllustration
of astandard injection molder used for the fabrication of macrescale objects but also different micreand nano-structures. The
main components of the machine are reported: to produce COC 5013 discs of 5 cm in diametet 2mm in thickness, shims with

completely flat surfaces are employed.

Regarding COC chemical properties, it is a wateepellent (hydrophobic) material and thus exhibits

only negligible swelling when immersed in water; COCs are also resistant to hydrslg, acids and

alkalis, as well as to polar solvents such as methanol. However, Topas is attacked by-polar solvents

like toluene. The specific grade of COC that is employed for spioating of PEDON; films is the COC

(5013) which has a glass transitte —fe't”f——"%f f— surl fet <= <+ 'f aecurateZ f"Z> o —c«-
molding replication. The injection molding process is used to fabricate COC discs with a diameter of 5

cm and thickness of 2mm in this fabrication process the nozzlecylinder componentsare heated up at

a temperature above the glass transition temperature of polymer §f s —Z f —te ,T—™fFe tnirl fot tz
C). Then the polymer is melted until it reaches the nozzle exit and fills the cavity between the two mold

shims which are also at a tempeature above the glass transition temperature The system is cooled

down and an external pressure is applied to balance the shrinkage or expansion of polymer during the

cooling. Since the melted polymer fills completely the microand nanovoids on the shins, high fidelity

replica can be obtained. For our purpose a completely flat shim is used to fabricate multiple COC

(5013) discs in a short timel181.182]
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Hence, PEDON; films are obtained by spircoating onto COC supmt a polymer mixture composed
of: monomer solution (EDOTN3), Fe(lll)TsO shortly tosylatewhich is the oxidation agent, and the
solvent (butanol). The solution volume is spircoated ata spin speedof 1000rpm for 30 secondsin
order to obtain a final film thickness around 150nm After spin-coating, the coated supports are heated
— - yri —* he®ggenedussolvent evaporation and already after 2 min a completely
polymerized PEDON3 is obtained (Figure 3.8). Therefore with these processes, spigoating and

baking, anin situ polymerization of thin PEDOFNs films is allowed.

Figure 3.8 Photo of a Topas COC 5013 disc (on the left) and a spivated PEDONs film on COC support after polymerization
(on the right). Both discs have a diameter of 5cm and a thickness of 2mm. The final polymer thickness is around 150nm. A pencil

is introduced to compare object sizes.

3.3.2 Fabrication of micro -electrodes on PEDOT-Nz thin films

The technologies available for micre and nano-fabrication of structures are many and presenting
different benefits and drawbacks. Some of them, such as nanolithographetectron beam lithography

or reactive ion etching (RIE) are particularly useful for the fabrication of small feature sizesral high
aspect ratio structures; however, the use of such methods requires expensive cleaom facilities and
materials. Further, since PEDON; is a polymer and thus sensitive to moisture and chemicals, micro
fabrication techniques used for patterning méals are most of the times unusable for PEDGN;
patterning. One of the most used techniques for polymer or molecule patterning under mild conditions
is the micro-contact printing. It is a method largely used because inexpensive, fast, simple and does not
require clean room instrumentation. Micro-contact printing is based on using a stamp, normally made
of polydimethylsiloxane (PDMS), which is used to deposit polymers or molecules onto a flat surface
(positive stamping), or to remove material from a layeraccording to the structures presented at the
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PDMS surface (negative stampg). When certain molecules need to be deposited on a surface, the
PDMS is incubated withthe molecule solution (ink) and the stamp is put in contact with thesubstrate
applying a snall pressure. Thus, patterned molecules are transferred onto the surface according to the

original shape and structure of PDMS (Figure 3.9A).

Figure 3.9 Schematic of soft lithography processes normally used for the fabrication of micigtructures on different substrates.

Reproduced from(t83], (A) The micro-contact printing consists on the use of a PDMS stamp that is incubated with an ink solution
(1), and it is putin contact with the substrate by applying a small pressure (2); then the stamp is removed and desired structures
remain deposited onto the substrate surface (3).8) The PDMS mold can be also applied for the removal of desired layers after
casting procesq1); when the stamp is in contact with the substrate, the layer is removed according to the contact areas exposed

to the PDMS mold (2). The resulting structures are then cleaned (3).

The stability of these printed molecules depends on the interactionswolved between the molecules
and the surface, hence on the chemical properties of the support. A different approach for the
fabrication of micro-structures is the casting, where a molecule solution is deposited on a support and
afterwards a PDMS stamp ipressed against the surface. A temperature increase can help to remove
molecules or polymer in correspondence of the stampayer contact areas (Figure 3.9B). Both
described techniques, micrecontact printing and casting, are widely used to create chemicglimicro-
patterned surfaces: for example various structures on PEDOT:PSS layers are produced through PDMS
casting, although large variations in thickness are foun@ss!

The production of PEDOTNz micro-electrodes can be achieved by usinthe printing approach and in
particular, a method previously developed in our group, is applied. This technology, callgdinted
dissolutionis a versatile, simple, cheap and fast predure adopted to fabricate patterns on PEDOT
based films. The main benefit on using such method is that it locally removes specific areas of
conductive polymer from a support, and reexposes the surface of the underlying support in an un

perturbed state. The principle of this process in based on the use of an agarose stamp which is
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immersed in an oxidizing agent solution (sodium hypochlorite, NaOCI) and put it in contact with a
PEDOTNs film.

Figure 3.10 Photos of the main components required for printeddissolution procedure. On the left, the pictures indicate the
silicon mold used forfabricating the agarose stamplt contains two sets of interdigitated electrodes 100pm wide and 100pm
spacing.On the right, the agarose stamp producelly melting an agapose solution onto the silicon mold. After cooling down a

negative replica of eletrodes is obtained on the stamp surface.

Figure 3.11 lllustration of the steps involved on printed dissolution. ) The agarose stamp is soaked into a solution of an
oxidizing agent (sodum hypochlorite, NaOCI), ands put in contact with a PEDOT film.R) After removal of the stamp, over
oxidized and norrconductive polymer residues remain in the gaps between the electrode<C)(The leftover PEDOT is removed
by introducing a non-ionic detergent inside the agarose stamp or washing the sample in a solution of detergégtl See the

experimental section atthe end of this chapter for more details.

The agarose stamp is formed by melting a polymer solution on top of a silicon mold (Figure 3.10, on
the left) and cooling down the solution. On the silicon mold, two sets of intetigitated electrodes
100um wide are included; hence, when the agarose solution is cooled down onto the mold surface, a
negative replica of the electrodes results on the agarose stamp surface (Figure 3.10, on the right).

In earlier reported work s in our group, it was found that when thestamp is immersed in a solution of
NaOCI (Figure 3.11A), then it can be used to locally remove the conductivity of PEDIGEed films due

to an overoxidation induced by the oxidizing agent; thus, it breaks the conjugated system of the
polymer backbone andthe conductivity is lost['85] When the stamp is kept in contact for a while with

the PEDOT film, a stable oveoxidized polymer layer remains in the gaps between the elémdes, as
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shown in Figure 3.11BNevertheless the application of a norionic detergent (Triton X-100) directly in
the agarose stamp or during a subsequent washing stepemoves these overoxidized polymer
residues from the supportwhich is now available for following functionalization (Figure 3.11C).When
PEDOTN; films are exposed to printed dissolution using the described procedure, a patterned surface
formed of two sets of interdigitated electrodes is obtained (Figure 3.12). A detailed description dhe

process is found in the Experimental section of Chapter lll.

Figure 3.12 Photo of a spincoated PEDOINs film (thickness around 150nm) on COC support. The sample is put inrgact with
an agarose stamp andhrough printed dissolution, two sets of inter-digitated electrodes are obtained (onthe left). In the
enlargement, the optical micrograph of the fabricated eletrodes. Light blue areas correspond tothe polymer film and the
transparent areas represent the underlying COC supporbbtained after agarose stamping. More details are found in the

experimental section.

The use of printed dissolution for fabricating PEDON3 electrodes permits not only the local removal
of conductive polymer but also generates a multiple surface chemistries. fact, on theelectrodes
surface the azido groups are available for subsequent posffabrication modifications; moreover, the

underlying COC surfacén the gaps between electrodesesults accessible to anyunctionalization.

3.3.3 Coating and functionalization of COC suppo rt prior PEDOT -Ns micro -
fabrication

As anticipated just above, when polymer micreelectrodes are produced, irregister surface
chemistries are presented at the surface (azidogroups corresponding to electrode areas and COC
between polymer structures). Although a postfabrication functionalization of PEDOTN3 electrodes
may be adopted to locally immobilize desired molecules or chemical moieties, the reactivity of COC for

any functional groups or modification is poor. In other words, the modification of the upport after
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agarose stamping is unlikely achievable unless a physical adsorption is utlized. However, the
adsorption of molecules onto the electrodes surface mayoh be selective meaning that the entire
fabricated film will be modified by the samechemical moiety. Since one of the main advantages on
using printed dissolution is that it guarantees the chemical reactivity of the polymer surfacand also of
the underlying support, it may be possible to coaprior fabrication, the COC support with functional
groups or molecules that will be useful for a subsequent modification after electrodes fabrication.
Many different methods may be applied to modify the COC chemistry including physical adsorption or
chemical deposition. The way in which the support surfaces changed depends on the final application
and requirements for a certain purpose. Ideally, the platform to be produced for our drug screening
application, should present functionalizable PEDON;3 electrodes to locally immobilize drugloaded
liposomes, and eventually it should include a second chemical modification to enhnae antibodies
binding on the areas between the electrodes. As described in the introduction of this chapter, the use of
EDOTFNs; monomers allows to covalentlyfunctionalize the electrodes surface after fabrication through
“click-chemistry reaction’, thus promoting a local naneparticles immobilization. On the other hand, a
chemical modification of the support may allev a further functionalization of the electrodes
surrounding regions.

In the light of these considerations, different approaches to modify COC surface are presented. In
general, these procedures involve a physical adsorption of various molecules or polymers in order to
obtain a surface able to prevent passive adsorption of cgmunds during postfabrication
functionalization, and that has a chemical reactivity tevard subsequent modifications. Once the
support is coated with desired molecules, a film of PEDGN; should be polymerized onto the
modified-COC; therefore, the chemicakactivity of the underlying layer is evaluatedbefore andafter

printed dissolution in order to comparea preserved functionality of the sample.

3.3.3.1 PSNscoating and functionalization of COC support

One of the approaches that could be adopted to obtainchemical reactive COC surface is the physical
deposition of poly(4-(azidomethyl)styrene) shortly PSNs, through spin-coating process(in Figure
3.13A, the chemical structure of PSN; monomer and COC coating areeported). The azidomodified
polystyrene creates transparent films when deposited at high spin speed and it can be easily patterned
through UV-light exposure due to its sensitivity, thus whenis illuminated in the U\trange light a
crosslinking of film will occur. The process by which the azidgolystyrene is crosslinked when
exposed to UMight has been proposed by Akhraset all'88] Hence, a film of P$s is spin-coated on a
COC support (see the experimental section for details) and the coatingcisaracterized measuring the
water contact angle and optical microscopyln Figure 3.13B, an optical micrograph of a spicoated
layer of PSNsdissolved in dioxaneis produced on a COC support (magnification 20X). A homogeneous

thin film is obtained and is characterized through water ontact angle to evaluate how the
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hydrophobicity/hydrophilicity of the support change s. As depicted in Figure 3.13C, when a film of PS
N3 is polymerized onto the COC surface, an increase on hydrophilicity is reached. In fact, COC is
typically really hydrophobic and the subsequent coating creates a more hydrophilic surface as
indicated by the static, advancing and receding valuesdowever, when spirrcoated PSNs films are kept
under environment conditions for a while, many irhomogeneity and particles are geerated onto the
surface and the films fabrication is poorly reliable. Different structures are detected through optical
microscope: comet, agglomerate and coffeéng shapes are found. Apparently, the stability of P83
film is poor over time and it may bedue to the solventl,4-dioxane which is hygroscopic and therefore
water molecules uptaken from the environment humidity may affect the film appearance (Figure
3.14). Asthe exposure time to environment increases, a large number of defects are provokedarthe
film probably induced by water uptake onto the layer or solvent evaporation. The solution of PS;
dissolved in dioxane is also filtered prior spincoating (filter @=0.22um) to dscourage particles

deposition.

Figure 3.13 Characterization of spircoated PSNs films on COC support.A) lllustration of the processinvolved on the azide
polystyrene deposition and its chemical structure.The green layer indicates the polymeric coating on COQB) Optical
micrograph of the obtained thin layer of PNz on COC (magnification 20X); a homogeneous film is producethe picture is
recorded just after spincoating and washing.(C) Water contact angle measurement of a clean COC sample and\?$8oated
COC; the static, advancing and receding values are reportasl average value of 10 processed samples (n=10). An increased

hydrophilicity of the surface is achieved when PSls is deposited.

Therefore, an optimization process to obtain homogeneous and stabRSN; films for a subsequent
PEDOTN; polymerization is necessary. Due to the solvent properties that are unsuitable for P film
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deposition, a different solvent may be adopted to dissolve the polymer, for example PGMEAofpylene
glycol monomethyl ether acetat¢. This solvent is generally used to dissolve photesists because it
inhibits fast evaporation and does not tend to form particles. Thus, P$s dissolved in PGMEA is spin
coated on COC support and, even if not perfectly homogeneous films are produced, the lack of
consistent defects caused by solvent evapation or water uptake, leads us to select PGMEA as solvent.
Once the azidepolystyrene is deposited on the COC support, ideally a thin film of PED®can be
formed on top of it and microelectrodes fabrication may be conducted. Now, some questions may
come out: first of all, does the P8Iz layer introduce a surface reactivity on the underlying PEDONs
film? Secondly, can the COC coating prevent physical adsorption of molecules for gasrication
functionalization? And finally, do the azido groups opolystyrene permit a local functionalization on

the gaps areas between electrodes?

Figure 3.14 lllustration of optical micrographs of spincoated PSNs films (dissolved in dioxane) on COC maintained under
environment conditions. The quality of films isreported as function of time. After spincoating (2min), ahomogeneous surface is
observedwhereas already after 5min some imperfections are found. As the exposure time increases, larger structural defects are

created: rings, particles and comets morpholags are detected until 1h after deposition process.

The presence of P8\;film on COC support confers to the surface a reactivity that is higher than that of
COC, especially toward alkene species whereas the bare support may be modified through molecule
physical adsorption. This means that azido groups in presence of alkyne moieties can form stable
covalent bonding of such compounds onto the PIS; surface via “clickchemistry reaction”. Regarding

molecule adsorption of PSN3 layer, a preliminary evaluation of repellency properties of azide
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polystyrene is conducted by incubating a fluorescent protein (fluorescein isothiocyanatavidin) onto
the spin-coated PSN; film (Figure 3.15). The results suggest that a high protein adsorptioonto the
surface is encowaged even after 1hour of surface washingconfocal micrograph in Figure 3.15).A
possible approach that can be adopted to create protein repellent surfaces by taking advantage of
azido reactivity on PSNsz film, it consists on covalent modification of thepolymer through click-
chemistry reaction. In particular, poly(ethylene glyco) (PEG) moieties can be covalently bound to
polystyrene in order to discourage protein adsorption. In fact PEG is known tgonfer higher
hydrophilicity to surfaces and to preventmolecule and cell adhesion. Different PEGased molecules
are selected to evaluate whether PEG assembled layers reduce molecules adhesion omNPS
furthermore, since polystyrene is sensitive to UMight, various patterns on PSN;s films are produced to
better visualize the specificity of functionalization reaction through click-chemistry reaction with
different PEG molecules. As depicted in Figure 3.16, a sfioated PSN; film is exposed to UMight
with a maximum emission peak at 365nm using a traditionalUV-aligner; for the fabrication of defined
patterns onto the film, a chrome mask presenting square grids with different sized structuse is
applied. The sample is illuminated for 30min and washed with DMSO, isopropanol and ethanol to
remove degraded polyner. The areas that are exposed to UNght (in correspondence of transparent
regions on the mask) are crosslinked in 3D structures. Ideally using this process, any type of 3D

structures can be produced on the spirtoated film.

Figure 3.15 lllustration of the procedure used to evaluate the molecule adsorption repellency of & films. A COC support is
coated with a layer of PS\s (light green), and after polymerization a solution 20ug/mL of FITGavidin dissolved in PBS is
incubated on the polymer surfacefor 30min (dark green). The sample is then washed with PBS for 30 and 60min and the FITC
fluorescence is detected through confocal laser scanning microscopy (L&yICarl Zeiss, Ob&ochen, Germany) using exciting

light at 488 nm and collecting emitted lidnt of wavelength longer than 505 nm.
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Figure 3.16 lllustration of 3D patterning process used to create R8s structures. A coated P$\s support is exposed to UMight

(with a maximum emitting light at 365nm) by applying a chrome mask composed of squaregrids (7 x 7 squares with a
dimension of 60um). On the chrome mask, in correspondence of transparent areas the-ligit will pass through inducing a
crosslinking of polymer film, while in correspondence to chrome regions, théght cannot pass andsampleis un-exposed After

UV-light patterning the sample is washed with DMSO, isopropanol and ethanol to remove degraded film.

Figure 3.17 lllustration of the process used to form 3D patterns on R8s film through UV-light exposure (365nm). A chrome
mask famed by a grid of squares with a diameter of 66um (4 x 4) is employed to create the corresponding pattern. After
washing, the 3D structures are incubated with 20pg/mL of FIT@vidin for 30min in PBS. The uradsorbed molecules are
washed away and the FITAdorescence is detected through confocal microscopy (excitation at 488nm and emission collected at
wavelengths longer than 505nm). The confocal micrograph is reported: the signal of FITC is homogeneous all over the sample

meaning that the surface is stilprone to adsorb molecules.
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Defined PSNj structures are obtained and their further functionalization with PEGbased molecules
may prevent protein adsorption. In fact, when FIT@vidin is incubated onto the patterned film and
washed, the fluorescence is find all over the sample (on exposed COC and on 3D-Rspatterns, as
depicted in Figure 3.17).Thus, as alsopreviously shown for un-patterned PSNs; surfaces, a high
protein adsorption still occurs and a PE@nodification of film may overcome this limitation. Two main
PEG molecules are tested: they differ on PEG chain length and chemical reactivity. ak@ne
(MW~800Da) and PEGdialkyne (MW~1kDa) contains one and two alkyne groups respectively.These
molecules are particularly reactive against the azido gruups which arecoupled through click-chemistry
reaction. The clickchemistry reaction, also known as copper catalyzed 1-@polar cycloaddition of
alkynes and azides (CuAAC), was originally developed by the groups of Meldal and Sharplesg§ésl,
The copper catalyzed reaction (Figure 3.18) is highly selectiveplerates a number of other functional
groups and in general proceeds in high yields at ambient conditions or at moderate temperatures.
Depending on the copper source it can be tolerant to oxygen and be performed inamber of solvents.
The catalystmost often used isCu(l), added as salt or generatedh situ by the reduction of CuS@®with
sodium ascorbate (NaAsc), where the latter is preferred due to a lower cost, high purity of the active
catalyst and stability toward oxygen. CuUAAC is largely applied fend group functionalization both by
post and prepolymerization strategies. This reaction between an azide and a primary alkyne can take
place in water, in agueous mixture and in organic solvents at inert reaction conditions. The mechanism
of 1,4triazole formation which is the product of reaction, involves Cu(l) that conjgates to the alkyne
bond and subsequently coordinates to azide causing the formation of triazole. The scheme in Figure
3.18 represents the clck-chemistry reaction mechanismthat is usedto functionalized patterned PS

azide surfaces with PE&lkyne and-dialkyne species.

Figure 3.18 Schematic of clickchemistry functionalization of patterned PSNz films. The available azide groups onto the
polymer surface (in green) react with the inculated PEGbased alkyne species (in red) to form new covalent borsdthat resulton
the production of 1,4triazole groups. The reaction is conducted in presence of a catalyst, Cu(l) which can be addedadisor is
generated byin situ reduction together with sodium ascorbate. The mechanism takes place at room temperature and in different
solvents including water or mixture of water and organic solvents. Different types of alkyne or dialkyne species may be used:
our purposes, PE@Glkyne (MW=800Da) and PE@lialkyne (MW=1kDa) are employed.
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The process is ensured by incubating a mixture of PE&kyne (or PEGdialkyne), copper salt (CuS6),
sodium ascorbate (NaAsc) dissolved in 30%v/v DMSO/water; the reaction takes place for circa
10hours at room temperature. After reaction the sample is extensively washed to remove ureacted
compounds; thus, the alkyne or dialkyne molecules that reacted with the available azide groups onto
polystyrene surface, are covalently bound to the surface via triazole formation. Theaetion of PEG
alkyne species with azide groups permits to cover the patterned polymer with a thin assembled layer
of PEG. Nevertheless, introducing PE@alkyne molecules is possible to benefit of the PEG coating and
in addition, insert a chemical reactivegroup (alkyne) onto the surface that may be useful for a later

post-functionalization.

Therefore, bothPEGbased moleculeqalkyne and dialkyné are tested on patterned PSN; surfaces to
evaluate the efficiency of clickchemistry functionalization and thus, the ability to generate protein
repellent surfaces due to covalent PEG coatinfrom the water contact angle measurement (Figure
3.19) it seems that the functionalization of patterned P3I; surface with PEGalkyne molecules does
not confer an increasedhydrophilicity to the film as expected; the contact angle of PE&lkyne coated
surfaces is similar to the one measured for wimodified patterned PSNs. According to these findings, a
concentration of FITGavidin 20ug/mL is incubated in that surface and cofocal microscopy detection

is used collecting the fluorescent signal from the dye after an extensive washing. Conversely to what is
observed when FITGavidin is incubated with un-modified PSNs (Figure 3.17) in which the molecules
are found all over the suface, a different scenario is observed when these structures are functionalized
with PEGalkyne. In fact, the patterns are clearly visible meaning that a difference on fluorescence
signal between modified polymer and underlying COC is detected. A larg&rdrescence is recorded on
the COC areas in which the protein is more likely adsorbed, whereas on the PEBGdified PSN3 square
structures a lower FITC signal is found. However, it is also notable that the physical adsorption of HTC
avidin onto the squares is not completely prevented since a consistent fluorescent signal is still
detected. There are many possible reasons for that behavior: the concentration of RE®yne
molecules used for clickchemistry functionalization may be too low; or thePEG chainlength is too
short to create a proper steric hindrance; or the functionalization efficiency is low and partially
modified surfaces are achieved. Although, the reaction of PEkyne species and azide groups is
selective and no PEG adsorption is found onOC regions; this means that, due to the lack of azide
groups on COC surface, the cligthemistry in these regions cannot take place and a consequent protein
adsorption is detected. A different outcome is observed when P structures are functionalized with
PEGdialkyne moieties: from water contact angle measurement it comes out that an increase on
hydrophilicity of these structures is found with a decrease irwater contact angle. This result already
suggests that the clickchemistry with PEGdialkyne spedes was successful and a further incubation of
FITGavidin (20pg/mL) with the modified surface, results onprotein repellent structures. The confocal
micrograph of PEGdialkyne modified PSN; shows that no fluorescent signal is detected onto the

surface ofsquare structures while a strong signal of th dye is recorded on bareCOC regions. These
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combined results indicate that protein repellent surfaces can be obtained when a cliekhemistry
reaction is conducted with PEG&lialkyne molecules; the reaction take place only wherethe azide
groups are available and hydrophilic surfaces are generated. Further, Ptkyne compounds may be

also used for this purpose but higher concentrations or PEG chain lengths should be used.

Figure 3.19 Functionalization of paterned PSNs surfaces (square structures with a diameter of 20pum) with PE@lkyne and
PEGdialkyne molecules through clickchemistry reaction. The reactions are conducted by incubating a mixture of PEkyne
(800Da, 2mM) or PE@&lialkyne (1kDa, 2mM), CuSO(1mM), NaAsc (15mM) in 30%v/v DMSO/water for 10h at room
temperature. After washing, the samples are characterized through water contact angle measurement; then, 20ug/mL of FITC
avidin dissolved in PBSs incubated for 30min onto the surface and washed folh in PBS. The confocal micrographs show the

fluorescence signal of FITC recorded by exciting at 488nm and collecting the emitted signal for wavelengths longer than 505nm

In the light of these considerations, surfaces of PE@ated COC can be producdd order to have a
molecule repellent support; the fabrication of PEDON3 electrodes onto this surface will give the
possibility to create conductive electrodesproduced via printed dissolution and functionalize them
after polymerization. Hence,the molecule repellent underlying layer will be presented in the gaps
between electrodes. The surface reactivity corresponding to the areas between electrodes may be
varied according to the final purpose of the platform; as shown, PE&kyne modification confers

partial adsorption repellency to the COC support, and PEdalkyne functionalization induces agreat
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coverage of PSNs. Furthermore, the PSN; modification with PEGdialkyne molecules creates a
chemical reactive surface due to alkyne groups available at thend of PEG chainsThe chemical
reactivity of these free terminal groups on PE@ialkyne molecules is evaluated prior PEDON;
polymerization onto modified COC supportln specific, the reactivity of free alkyne groups on PEG
dialkyne functionalized PSN; is tested by using multiple reaction steps: firstly, a clicichemistry
reaction with biotin -PEGyr)-N3z is conductedin order to functionalize the available alkynegroups onto
the surface; then, after a proper washing step, FIT&idin is incubated. The seond reaction will
permit to visualize the biotin-PEGN; modified surface thanks to the high binding constant between
avidin and biotin. In Figure 3.20 is reported the schematic of reactions and compounds involved on the
functionalization process. The samm@ is then analyzed through confocal microscopy to visualize
whether fluorescence signal is localized onto PSN; surface. The enlargement shows a confocal
micrograph of FITGavidin fluorescence on the sample, and on the right a 3D plot of the recorded
picture is included. The fluorescence signal is highly concentrated onto the surface of-R$square
structures, especially at the edges of the polymer. This result suggests that, even though a passive
adsorption of FITGavidin is still localized on COC supportthe immobilization of fluorescent molecules
onto the patterned polymer is augmented through clickchemistry reactions and biotirnravidin covalent
interaction. However, the originally square shaped RS8l; pattern seems to be lost since circkike
structures are detectedwhen chemical functionalization takes place. It should be also considered that
three sequential functionalization processes are conducted on the same polymer area; thus, dlick
chemistry ensures a selective modification of azideompounds andits utility may be applied for
further functionalization.

In this study, it was presented an approach based on PS; coating of COC support and subsequent
functionalization via click-chemistry reaction. Depending on the final purpose of a certain applidan,
the polymer film can be modified with different molecules; in particular here itwas proposed PSN3
functionalization with PEGalkyne and dialkyne moieties. As stated just above, according to the goal
on building our platform, one of these two molecles may be preferred to the other. For example, the
need of a stable repellent coating onto RNz surface may be achieved by covalently binding PEG
alkyne species; otherwise, when acertain functionality is required at the surface, PE@ialkyne
molecules $ould be chosen due to their steric hindrance and free available alkyne groups. These
compounds are only examples of mangxisting functional groups that may be selectedAlthough this
method for COC coating and modification can be adopted for other purpess our goal is to produce a
COC surface that is chemically reactive and discourages physical adsorption of compounds whether
post-fabrication modifications will occur.

Moreover, the use of UMight assisted patterning of PSN\; films permitted to locally functionalize the
polymer according to the presented clicked molecules. For our application, a homogeneous, molecules
repellent and chemical reactive P$s film is required. The polymerization of PEDOIN3; on modified

COC support requires a flat surface inrder to create spdially defined micro-electrodes. In fact, lhe
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presence of patterned PNz will have a negative effect on the electrodes fabricatigrthus no structures

of PSNs are produced rather a flat thin film of PSNz is applied.

An alternative simple, cheap and fast method for COC coating in order to guarantee the needed
characteristics is based on the direct coating of support with PEased molecules and the method is

described in the following paragraph.

Figure 3.20 lllustration of the reactions involved on the modification of PS\s pattern (squares having a diameter of 10um)
through click-chemistry reactions and avidin-biotin covalent bonding. On top it is reported a schematic of the mechanism wst®
functionalize the patterned polymer(the red arrows indicate the chemical groups involved in each functionalization step). fixst
click-chemistry is conducted using PE@ialkyne (1kDa, 2mM), CuS©(1mM), NaAsc (15mM) in 30%v/v DMSO/water; then, a
second clickchemistry is applied to modified thefree alkyne groups of PEG with biotifPEGr-Ns (2mM) using the same reaction
conditions. The exposed biotin molecules at the surface are thus available for a further interaction with FFB@idin (20pg/mL).

The sample is washed with PBS and the fluorescemintensity of FITC is recorded using an excitation wavelength at 488nm and
collecting the emission at wavelengths longer than 505nm. The confocal micrograph of the surface and the 3D fluorescence plot
are reported on the bottom part of the figure. A smalegend with the chemical structures of the used components is depicted on

the right side.
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3.3.3.2 PEGecoating of COC for PEDOTN;3; deposition

The production of modified COC supports for minimizing nonspecific molecules adsorption can be
achieved utilizing an alernative process to the one based on PiSs; coating and functionalization. This
method consistson the PEG coating of support surface through covalent immobilization. In general, the
approaches used to create PEG coatings include “grafting to” or “graftingm” mechanismsi!89 With
grafting from the surface, a PEG layer is formed via polymerization initiated at the surface which can
result on a high yield of grafting but less defined coating thicknesses. Grafting to the surface covalently
binds PEG molecules ontehe substrate which can form a stable coating of defined thicknesses and
homogeneity but a low grafting density may be induced due to steric hindrance surface during
coupling 19 In our group, a one-step “grafting to” method was developed tgroduce low-binding PEG
surface coatings on different surfaceB?20.1911 This method is based on photechemically immobilizing
PEG coatings onto a surface in an aqueous environment in presence of a water soluble photo
sensitizer, benzophenone amine. When PEG and benzophendB&) molecules dissolved in aqueous
environment are exposedto UV-light, which has a broad illumination maximum from 3306380nm,
using a onestep process,a covalent immobilization of PEG molecules is achievdeFigure 3.21). The
coupling of PEG molecules onto the surface is directday UV-assisted formation of amidebonds
between the activated NHS ester group on PEG molecules and the amine group of benzophenone.
Under UV illumination, the benzophenone forms bradical species that can extrachydrogen from any
carbon-hydrogen containing molecules at the surface or isolution, including benzophenone itselfl92]
These activated radicals can then recombine with other radals and form a new bond onto the surface.
Benzophenone can be coupled to the surface via its methylene grouphe formation of Bz-PEG
conjugate is induced by radical species that are responsible for the aneidond arrangementwithout

the need of couplingagents, such asethyl(dimethylaminopropyl) carbodiimide (EDC), which are
normally used to form amide bonds. The process of PEG coating of COC surfaces depends on many
parameters, forinstance the UV exposure timethe Bz (4-benzoyl benzylamine hydrochlorde) and
PEGNHS(poly(ethylene glycol)N-hydroxysuccinimide) concentrations and the PEG chaineihgth. Once
the support is PEG coated, theropensity of surface to adsorb molecules is evaluated using a protein as
model molecule.From a previous work in our goup (Larsen et allt®d), a concentration of 2.5mg/mL
Bz and 7.5mg/mL PEENHS (MW= 700Da) were found to be the optimal amounts for coating of
different supports. A solution of Bz and PE®IHS is dissolved in PBS and a COC suppoiitisnersed on
that mixture. The sampleis exposed to UMight (emission range between 330 and 380nm) for 30min
and, after a washing step, the water contact angle is measured to estimate the hydrophilicity degree of
the surface (Figure 3.22A). Furthermore, Larsen et al. incubated aconcentration of BSA between ©
1mg/mL on treated and untreated COC surfaces and the nitrogen content of diffemt samples wa

measured by Xray photoelectron spectroscopy (XPS), as shown in Figure 3.228)
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Figure 3.21 Schematic ofPEGcoating ofcyclic olefin copolymer using W-light assisted @rafting to dmethod. A solution of PEG
NHSand Bz is poured onto COC surface and the sample is illuminated to-lijit (emission range between 330380nm) for
30min. After washing a PEG coating is covalently attached onto the support suréa The photochemical immobilization of PEG is
conducted in aqueous environment at room temperature. When Bz is exposed to iyht, bi-radical species are produced and
they are responsible for the extraction of hydrogen atoms from any carbehydrogen confaining molecules. These radicals can
recombine with other radicals and induce the formation of new bonds at the surface or in solutiomhe Bz itself can be bound to

the surfacethrough its methylene group. PEGNHS is indicated in red and Bamine in blue.

In Figure 3.22A it is reported the water contact angle of varioumodified COC surfacesin order to
compare the hydrophilicity of the surface obtained from the coating described in the previous
paragraph, COC supports modified with RNz and PEGdialkyne functionalized PSN; surfacesare also
reported. The covalent immobilization of PEG through photsensitizer and UVlight reaction results
on a hydrophilic COC surfacemore hydrophilic than that obtained through PSN3z deposition and
consequent functiondization. It should be also considered that the process involving PEISHS and Bz
requires a singlestep reaction, whereas the previously described approach implies A% deposition

and further PEG functionalization through clickchemistry reaction.
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Figure 3.22 Characterization of PEGoated COC surfaces through water contact angle measurement anda}X photoelectron
spectroscopy (XPS).A) Water contact angle measurement of theeference (bare COC), P8Iz film deposited onto COC, PEG
modified PSNslayer and PEGcoated support via Bz+PE@IHS photechemical immobilization. The contact angle measurements
obtained from the method described in the previous paragraph are also reported in order to compare the surface hydrophilicity
obtained with different strategies. 8) XPS analysis of increasing concentrations of BSA incubated on modified COC supports.
Results show the difference in nitrogen surface concentration, measured by XPS, before and after incubation with nitrogen

containing BSA for 4 h on modifiedCCC. This study was conducted by Larsest al[190]

In this study conducted by Larsenet al.'90 the PEGcoated COC surfacesvere incubated with
increasing concentrations of protein (bovine serum albumin, BSApr 4h. After washing, thesurfaces
were analyzed by XPS: the differencie nitrogen surface concentration before andafter incubation
with BSAwas taken as a measure of the amount of adsorbed protein, with the caveat that polyimide
contains nitrogen in its molecular structure. As reported in Figure 3.22B, the amount of protein
adsorbedon bare COC increases as the incubated BSA concentration increiageontrarily, a negligible
amount of protein was found on PE&oated COC surfacehen a Bz and PEGIHS solution wereUV-
exposed to create a protein repellent layerA similar result was observed when a prformed UV-light
Bz-PEG conjugate ws re-exposed onto the surface. In absence of PEG or NHS groupigh hmount of

adsorbed protein was detected suggesting the importance of reagent chemical reactivity and the need

132



of PEG moleculs to create a steric hindrance at the surfaceTherefore, the application of PEG
molecules together with a photesensitive compound (Bz) permits to obtain protein repellent PEG
coated COC surfaces when exposed to light using a onestep process in aqueos environment.

As previously pointed out, the presence of chemical reactive groups onto the modified support surface
may be useful for further modifications. Although the use of PESHS permits to obtain protein
repellent and hydrophilic surfaces, thepoor reactive groups at the chain end may be not useful for
certain purposes.However, other PEGbased molecules may be applied for PEG immobilization on COC
support via Bz-amine photo-chemistry. For this reason, thecoating of COC supports isvaluated using

a solution of benzophenoneamine and PEGdiacrylate (PEGDA) which contains an acrylate group at
each end of the PEG chain; the solution is exposed to -liht in order to induce radical species
formation. As described above, the illumination of Bamine molecules enhances the production of Bz
PEGDA conjugates which are immobilized onto the surface. Once the support is RIB&ed, available
free acrylate groups are presented at the surface and subsequent functionalization may dyeplied. A
preliminary test of PEGDA coating with Bamine of COC support is conducted: different
concentrations of PEGDA (2 5 10 mg/mL; MW=5kDa) and benzophenoneamine (1 25 5
mg/mL) are dissolved in PBS and Uéxposed for 30min onto the support surface. After washing, the
water contact angle of surfaces is measured and 20ug/mL of FITESAIs incubated on each sample to
determine the fluorescent signalcoming from passively adsorbed protein (Figure 3.23). After 30min of
exposure, a thin film of PEGDA is immobilized onto theurface, as confirmed by water contact angle
measurementsof samples. A hydrophilic surface is produced for all combinations of PEGDA and Bz
amounts even thoughin the graph it is reported only the contact angle of COC discs prepared with a
concentration of 5mg/mL PEGDA and various Bz amounts. Further, the values of contact angle
achieved with PEGDA 5kDare comparable to those obtainedising PEGNHS as grafted polymer. As
shown in the plot, despite the increasing concentration of benzophenon¢he water contact angle
remains constant suggesting that the amount of Bz (1mg/mL) is enough to create a PEGEvated COC.
When fluorescent BSA is incubated in each sample, a high signal is observed for bare COC disc while a
lower fluorescence is recorded for modifiedsurfaces. hese resultsindicate the possibility to use
PEGDA a coating polymer and a deeper study of the process may permit to produce surfaces with free
available acrylate groups discouraging molecules adsorptiorf.o further improve the PEGDA grafting
density onto the surfaces, a multstep process is adopted: a solution of 5mg/mL PEGDA and 1mg/mL
Bz is exposed for 30min onto the disc; then it is washed and a fresh solution of PEGRA(5:1) is
illuminated again for 30min onto the same sample. The pross is repeated for a third time resulting

on a threelayers coating achieved in multiple steps.
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Figure 3.23 Characterization of PEGD&oated COC discs through water contact angle measurement. Different concentrations of
PEGDA (2 5 10 mg/mL, MW=5kDg and Benzophenone (1 2.5 5 mg/mL) are U\texposed for 30min onto support surface.
After washing, the contact angle is measuredn the plot are reported the values obtained when a concentration of 5mg/mL
PEGDA and three different amounts of Bz are uséicluding the reference bare COC). These samples are then incubated with
20pg/mL FITC-bovine serum albumin (BSA) for 30min and after washing, the fluorescent signal coming from protein molecules
physically adsorbed onto the surfaces is recorded. The catfal micrographs are obtained by using an excitation wavelength at

488nm and the signal is collected for wavelengths longer than 505nm.

In Figure 3.24, the water contact angles of PEGEated COC discs formed respectively by a single,
double and triple layers using fresh 5mg/mL PEGDA and 1mg/mL Bz solutions, are reported. As
before, 20ug/mL FITGBSA is then incubated for 30min onto each modified surface and the
fluorescence of adsorbed protein molecules is detected by confocal microscopy. The productioh
multi -layers onto the COC disc does not affect the hydrophilicity of the surface since the water contact
angle of double and triple layers is comparable to that composed of a single layer. However, a great
improvement of PEGDA grafting coverage of disagsults from the amount of FITEBSA passively
adsorbed onto the surfaces of double and triple layers. In fact, as the number of PEGDA coatings
increases, a consistent reductionof BSA adsorption is observed until almost completely protein

repellent surfaces are formed (triple PEGDA layers).
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Figure 3.24 Characterization through water contact angle and confocal microscopy of mulayer PEGDA coating. PEGBdated
COC discs are produced by a mulstep process in which fresh solutions of 5mg/mL PEGDA ariing/mL Bz are exposed for
30min to UV-light repeating the procedure for one, two and three times (a washing step is included between a coating process
and the other). The water contact angle values of single, double and trigieyers are really similar sirce the hydrophilicity
conferred to the surface is comparablelue to equal PEGDABz solutionsused, in terms of chemical compositionThen 20pg/mL
FITGBSA is incubated on each sample and the fluorescent signal is detected by confocal microscopy. As shmmmthe confocal

micrographs, as the number of PEGDA coatings increases, a consistent reduction of adsorbed molecules is found.

In the light of the promising results obtained from COC coating with multiple PEGDA layers, triple
PEGDAcoated surfaces are sed to evaluate the chemical reactivity of free available acrylates onto
their surface. Therefore, samples composed of three PEGDA layers are produced and incubated with a
concentration 1%v/v of bromine dissolved in water (Br) for 30min and after reaction they are
washed with water. The incubation of bromine with free acrylate groups onto the surface results on a
bromination of acrylate moieties through classicahalogenation, based on the electrophilic addition of
bromine atoms to alkene groups (Figure 25A). Once the bromine molecules are bound to the
available acrylates, the modified COC discs are analyzed bya¥ photoelectron spectroscopy (XPS)
measuring the atomic composition at the surface. The content of oxygen, carbon, nitrogen and bromine
is thus evaluated (Figure 3.25B). As reported in the plot, an increase of oxygen content is detected
when COC is coated with PEGDA compare to bare COC (in which oxygen should not be detected since
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Topas is composed of only carbon atoms). Furthermore, really sith@ercentages of nitrogen are found

on modified discs, suggesting that low amounbf benzophenone may remain entrapped within the
coating layersand a prolonged washing step may be needeéarticularly interesting it is the content of
bromine on each samfe: as the number of PEGDA layers composing the coating increases, a
proportional amount of bromine is detected onto the surface. This behavior could be due to a higher
PEGDA grafting density compare to a single layer, thus a larger number of free avaiablcrylate

groups is detected.

Figure 3.25 Multi-layer PEGDA coatings are characterized by bromination and consequentay photoelectron spectroscopy
measurement in order to evaluate whether acrylate groups onto surfaces are chemically reactivd) (Shematic of bromination
reaction: this process involves bromine atoms incubated at a concentration of 1%v/v in water and free alkyne moieties. Thrdug
electrophilic addition of bromine atoms to acrylate groups, bromines are bound to the surface in an aquenenvironment and at
room temperature. (B) After washing, the samples are analyzed by XPS and itheontent of oxygen, nitrogen, carbon and

bromine is measured.

The photochemical immobilization of PEGDA molecules onto COC discs aided by photosensitizet an
UV-light exposure is a onestep process that is conducted in aqueous environment at room
temperature. Hence, the easiness, lowost and high efficiency of PEG molecules grafting render this

process extremely useful for fabricating protein repellent coatig and chemical reactive surfaces. For
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these reasons, this surface modification is adopted to produce functionalized COC discs which are
subsequently utilized for PEDOTN; electrodes microfabrication. After PEDOMNs3 in situ
polymerization onto a modified support and printed dissolution of the thin film to produce micro
electrodes, the underlying PE&oating should ensure a poor chemicals adsorption and post
fabrication functionalization. In the next paragraph the process involved orlectrodes production and

spatially-controlled chemical modification of the surface is described in more detail.

3.4 PEDOT-N3 micro -electrodes fabrication on PEG -modified COC
support

In the previous paragraphs a detailed characterization oftwo main methods for COC coatin@nd
PEDOT-Ns; micro-eledrodes fabrication on bare COC wadescribed. The integration of these processes
will ensure the realization of a platform in which conductive polymer micreelectrodes are generated
on a lowbinding PEGcoated surface. In addition, such sgem will present in-register surface chemical
reactivity; this means that corresponding toelectrodes areas, azide groups will be presented at the
surface while in the gaps between electrodegeactive acrylate moieties will be found after printed
dissolution. The choice of ue agarose printed dissolution instead of other micrefabrication
techniques is mainly due to the possibility of producing structures on a préormed coating without
damaging its chemical functionality. Therefore, inter-digitated PEDOTNs; micro-electrodes with a
dimension of 100um in width are fabricated through printed dissolution on threelayer PEGcoated
COC support and the resulting platform is characterizedhrough water contact angle, Xray
photoelectron spectroscopy and microscopy PEGDAbased coating, rather than modified P$l;
technology, is chosen because fast, cheap awith sequential steps, low-binding PEGDAcoatings are
achieved In Figure 3.26it is shown a schematic of the process used for the fabrication of PEDOT
electrodes onto PEGcoated support. By using a multstep process, COC support is modified with a
triple layer of PEGDA (5kDa) and Bz upon Udxposure; after washing, a thin film of PEDQWN; is in
situ polymerized onto the surface through spinrcoating deposition. The prepolymer solution is
composed of EDOFNz monomer, Fe(lll)TsO and butanol which form a homogeneous thin polymer
layer (circa 150nm). The film is thenexposed to agarose stampingl0% w/w agarose stamp is pre
formed by melting the solution onto thesurface of silicon mold. Once the system is cooled dowa
negative replica of the mold design is found onto the agarose stamp surfaddne pattern consists of
two sets of inter-digitated electrodes 100pum wide, 0.5cm long and with 100pm spacing. The formhe
stamp is soaked in an agueous solution containing the oxidizing agent (sodium hypochlorite, NaOCI)
and after 15min in the stamping solution the stamp is pressed gently onto the PEDGON; surface to
establish a contact and left there for 1min. After prinhg the sample is washed with a proper post

stamping washing procedure whichis madeof an aqueous solution containing a notionic detergent,
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Triton X-100, and a solution 10%v/v Fe(ll)TsO in MQ water. The detailed description of printed
dissolution procedure is reported in the Experimental section of this chapterOnce the sample is
washed, the film areas that were in contact with the stamp are removed during the washinghereas
the regions of PEDOIN3 un-exposed to the stamp remain onto the surface to fm two sets of inter-

digitated electrodes.

Figure 3.26 Schematic of the process involved on the fabrication of micrelectrodes from a thin layer of PEDO'N3 polymerized

on a modified COC support. The Topas disc is functionalized through mistep process with PEGDA (5kDa) and Bz via UV
assisted exposure. A thin film of PEDGNs is in situ polymerized onto the functionalized support by spircoating deposition. An
agarose stamp is molded accoidg to the pattern design of asilicon mold: two sets of interdigitated electrodes (100um wide,
0.5cm long and 100um spacing) are formed onto the surface of the stamp. Then, it is immersed into a stamping solution
composed ofaqueous sodium hypochlorite (NaOCI) for 15min. The stamp is quickly dried in a stream otmogen and putit in
contact with PEDOTNs surface. After 1min the stamp is detached and soaked again into stamping solution foruse. The
printed sample is washed with Triton %100, Fe(lll)TsO and water to remove the degraded polymer regions that wera contact
with the stamp. The photos show thesurfacescontact between the agarose stamp and the sample: from the top side of stamp is
possible to see when the degradation processtarts and completes. The red arrows indicate interdigitated electrodes onb the

agarose stamp.

Agarose has been chosen as stamping material because of its great mechanical stability and fast
internal diffusion due to the high water content (8598%); thus, when it is immersed on the stamping
solution within few minutes an impregnation of the stamp with NaOCI isachieved. The chemical

dissolution through sodium hypochlorite is known to overoxidize and degrade the conductive
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polymer poly(3,4-ethylenedioxythiophene) (PEDOT) leading also to a consistent loss of conductivity
corresponding to the areas in contact with the stam#85.1931 The mechanism by which PEDOT degrade
when exposed to NaOCI is based on the oxidation of the thiophene ring to thiophebhd-dioxide
followed by ring-opening and loss of S@¥ (Figure 3.27)[194 Hypochlorite is also known to degrade
conductive polymer polypyrrolel195] and in general it attacks double bonds of organic compounds. As
alsoreported by Hansenet al., the deactivation of PEDOTilms when in contact with the stamp ranges
from few seconds to minutes depending on the film thickness and polymer suppdis! Furthermore, it
has beenproved that the agarose stamp may be reised several times by immersing it onto aqueous

sodium hypochlorite solution between a printing cycle and other one.

Figure 3.27 Chemical structures of 3,4ethylenedioxythiophene, the building block of PEDOT (in the leftand the thiophene
ring-opening and splitting off of S@- (in the right). This process is caused by the contact of sodium hypochlorite (NaOCI) during
printed dissolution, and it results on a chemical oveoxidation of PEDOT in the areas in contact with the stamp degradation

and loss of conductivity at these points is observedReproduced from1es],

From a previous work in our group, & optimized stamping solution and postprinting washing
procedure have been established, and these methodeere utilized for the removal of PEDOT films
from COC support!®tl Here, the same conditions are adapted for printed dissolution of PEDEN films

on modified COGsupport and bare COC. Hence, Topas discs are coated with a triple layer of PEGDA
(5kDa) and a thin film of PEDON; is formed onto the support surface; then the samples are printed
through agarose stamping. The same procedure is followed for the fabricati of micro-electrodes on

an un-coated COC support. In Figure 3.28 it is reported the water contact angle of samples afteir
PEMA-grafting, PEDON; spin-coating, and printed dissolution by measuring the contact angle of
fabricated electrodes and of e underlying modified and un-modified support. As previously
discussedthe hydrophilicity of COC surface increases when PEGDA molecules are immobilized onto it.
The contact angle of PEDGWN; film on bare and modified support is comparable suggesting thahe
presence of a PEGDA coating does not affect the upper polymer layer. After printed dissolution the
areas in contact with the stamp are removed and the underlying COC and modifi€dDC are exhibited.
The contact angle value of exposed COC indicates arenbydrophobic surface than tke native PEDOT

N3 film; however, the contact angle is lower than that of bare COC. The same outcome is observed for
the underlying PEGDAmodified support: it is expected a hydrophilic surface while the contact angle is

really close to the PEDON3 electrodesvalue. The interpretation of these findings is quite difficult
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since it may be that the agarose stamping process affects the chemical and physical properties of the
layers, or it may be that PEDON; is partially removed in correspondence of the contact areas with the
stamp. Further, it could happen that the chemicals used for printed dissolution or those that are
degraded during stamping, remain entrapped on the PEGDA coating and a prolonged washing step

may be needed.

Figure 3.28 Water contact angle measurement of various samples after PEGDdating, PEDOINs polymerization, and printed
dissolution. Inter-digitated electrodes are fabricated both on modified and wmodified COC supports. After stamping, the
contact angleof corresponding underlying film is measured (®: UNDERLYINGCOC or PEQwnhere PD = printed dissolution),
including also that of electrodes surface. In the graph, the red arrows indicate the regions of underlying layer in which the

contact angle is acquied, and the green arrow corresponds to the area efectrode that is considered for the measurement.

In order to understand which of these hypotheses iplausible, X-ray photoelectron spectroscopy (XPS)
measurement is conducted across the fabricated algodes. For the analysis of surface atomic
composition, a line scan mode is applied (spot size 50um) and it is based on drawing a line of a certain
length across the electrodes; at defined intervals (30um) along the line, the atomic composition is
recorded within the spot size. Thus,it is expected to see a profile of the atomic percentage across
micro-electrodes since the spots selected along the line are partially overlapped (20pm) and a
continuous signal is detectedIn Figure 3.29 the optical microgrgph of printed PEDOTN; on bare COC
and the corresponding XPS analysis are reported (A); in Figure 3.29B, the optical and spectroscopic

characterization of electrodes on PE@oated COC is included. The optical micrographs show an
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electrode width and spacingthat are circa 100pum; nevertheless, the structures formed onto PEG
coating present some residues w PEDOTN; surface and their coloration is not eactly the same of the
original film. A clear difference between the two samplesn the local atomic composibn comes out
from the two XPS plots: even though the optical picture of electrodes on COC suggests that defined
structures and complete degradation of plymer in the gaps may beoccurred, the XPS profile
contradicts this observation. Corresponding to theelectrodes areas, carbon, oxygen, nitrogen and
sulfur are detected, while where the polymer is removed, an increase of carbon amount and a
substantial decrease of the othr atoms is observed. However, o the underlying COC, which is
composed of 100% carboncirca 10% of the total atomic composition is represented byoxygenand
even if a smaller amount, also 2% sulfur. The XPS plot of electrodes formed onto RE@lified surface

is even worse than theprevious one

Figure 3.29 Characterization of printed FEDOFN3 electrodes on bare COCA) and on PEGDAnodified COC support B). In the
optical micrographs, inter-digitated electrodes have a width and spacing of 100pm and colored residues are observed on the
electrodes surface (B). The red lines indicate theihe scan mode that is used to evaluate the local atomic surface composition of
both samples through Xray photoelectron spectroscopy (XPS). The measurement is conducted by drawing a line of a certain
length across the electrodes. The samples are analyzeddefined positions along the linewith an interval of 30um and a spot
size of 50um; thus, for each spot there is a signal overlapping of 20um. In such way, an atomic composition profile of segfac
will be recorded. In the XPS graphs, the atomic compositi (oxygen, carbon, nitrogen and sulfur) is plotted agast the position
of the spot alongthe line.
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The lack of an atomic composition profile suggests that the polymer is partially removed between
electrodes. In fact, a constant amount of sulfur is detemd across the entire length of the line scan and
in correspondence of PEG underlying coating it is expected at least a reduction of nitrogen and sulfur
content. Unfortunately, from these preliminary resultsit seems that the procedure of agarose stamping
adopted for PEDOTNz removal needs to be optimized. Moreover, as shown by XPS, the printed
dissolution works better on bare support than those PEGDAcoated; the presence of immobilized
PEGDA molecules may hinder the degradation process the adhesion of EDOFN3 on such modified
support may be stronger than the film ahesion on hydrophobic support, thusit results more difficult

to remove. Various parameters affecting the printed dissolution method may be tuned: for instance,
the oxidizing agent concentraton on the stamping solution, or the noronic detergent concentration
during the washing step, or the temperature at which the process takes place, or the stamping
exposure time and many other factors. For example, as also reported from the experimentéidy of
PEDOT stampindf®! the substrate stamped without detergent in the stamping solution antbr during
washing procedure, were found to contain a significant amount of oxygen and sulfur between the
electrodes indicating the presence of a coherent film. When detergent was added either in the stamp
and/or in subsequent wash, the printed film was dissolved ad washed offexposing the underlying
COClt was observed that the presence of Triton XL00 in the stamp helped the removal of over
oxidized PEDOT from COC accelerating also the process. Contrarily, when detergent wakided on
the stamping solutionfor PEDOTFNs printing on COC, a deceleration of stamping was observed,; thus,
the role of detergent was found to be relatedd the oxidation of PEDOT at the interphase with the
support. A relevant factor that was tested previously in our groupwas the selection of a proper
solvent for the removal of overoxidized PEDOT from CO@¢ The PEDOT or PBEOT-N;3 films were
observed to be resistant to a number of polar solvents such as water, ethanol,-js@panol, n-butanol,
acetone, acetonitrile and 1,4dioxane. When PEDON; films were patterned with an agarose stamp
soaked in NaOCI, an orangerown film was produced; by washing them after stamping with DMF or
DMSO solvent, a transparent film was obtained. However, DMF and DMSO are quite effective solvents
for dissolving alarge number of polymers therefore their applicability for removal of stamped PEDOT
materials is limited. It was olserved that DMSO/water mixturesup to 90%v/v DMSO were able to
prevent the dissolution of some supports such as polystyrenes. Although many parameters were
previously tested in our group, few successful results were obtainedn the agarose stamping process
of PEDON; films. Here, different factors influencing theprinted dissolution are consideredin order to
create defined microelectrodes and also understand the mechanisms involved on the removal of
PEDOTN; films from COCPEDOTN; films on PEGDAcoated COC supports are produced and printed
by varying someexperimental conditions during the stamping and/or the washing processs. Different
Triton X-100 concentrations, in the stamp and in the washing solutionand various temperatures at
which the washing step occuss, are evaluated (Figure 3.30) After micro-electrodes fabrication the

samples are characterized through XPS by measuring the atomic compositiof the underlying
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support. In Figure 3.30, the experimental conditios and the resulting XPS atomic compositienare
reported. As described in the table, the stamping solution is composed of constant concentration of the
oxidizing agent (NaOCI) and variable Triton 200 amount (0.1 or 1%v/v). The washing solution is
formed of an aqueous solution containinghe detergent and Fe(ll1)TsO After 5min of stamping, the
samples are washed for 10min at variable temperatures through direct immersion of discs into the

washing solution (which is heated up when required).

Figure 3.30 Study of the effect of different experimental conditions on the fabrication of PEDGN: electrodes on PEGDAoated
COC surfaces. When high Triton concentrations and elevated temperatures are applied, an increased efficiency on PBROT
removal is observed In the table it is reported also the atomic composition ofhe reference, PEGDA&oated COC and of the

underlying modified supports after printed dissolution.

From the XPS results and the appearance of fabricated mieetectrodes (the samples are alsoralyzed
through optical microscopy), some considerations about the effect of different experimental conditions
can be drawn. In general, when the samples are washed at increasing temperatyi@$ower amount of
iron, sulfur, chlorine and nitrogen are deteted. The presence of iron on the underlying support may be
due to its adsorption onto the PEG coating and a prolonged washing step with water may be needed.
Regarding chlorine atoms, they derived from the contact of the stamp with the sample and a small
amount is found in all samplesThe heating at increasing temperatures may enhance the evaporation
of chlorine molecules resulting therefore on a lower amount of chlorine between electrode§he
presence of nitrogen and sulfur are clearly due to a partial rmoval of PEDOIN; between the
electrodes and, as the temperature and detergent concentration on the washing solution increaage
lower amounts are observed. More interesting is the percentage of carbon detected in the underlying
PEG coating: when a combinain of high Triton concentration in the washing solution and elevated

temperatures are applied, an increased carbon signal is found. Moreover, the use of 0.1%v/v Triton in
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the stamping solution results in a decelerated removal process since the discolorai of polymerin
the contact areasstarts after 3min; on the other hand, a concentration 1%v/v of Triton in the stamp
enhances the speed of dissolution and already after 1min from the contadhe film starts to be
removed. However even if the best resuk are obtained when high temperature and Triton
concentration are applied, the fabricated PEDOWN; electrodes still present some imperfections such
as orange residuesand the size of polymer structures, especially the width and spacingre smaller
than the expected size (between 50 and 80um rather than 100um each). As shown in Figure 3.3&
colored polymer film is found in the gaps between electrodes when samples are washed at room
temperature independently from the Triton concentration used in the starmping solution and during
the washing (Figure 3.31A). More clear and clean surfaces are obtained when sames heated at 55

xw i <%o—"F udus 4

Figure 3.31 Optical micrographs of printed PEDOIN;s electrodes on PEGDA&oated COC using a stamping solution containing
1%v/v Triton and 2% NaOCI and a washing solution made of 1%v/v Triton, 4%v/v Fe(lll)TsO kdpat room temperature (A);
stamping solution made of 1%v/v Triton and 2%v/v NaOCI and a washing solution containing 5%v/v Triton, 4%v/v Fe(lll)TsO
Stf-ft f-Bxwl

The fabrication of electrodes using the experimental conditions adopted in Figure 3.Bl(stamping
solution made of 1%v/v Triton and 2%v/v NaOCI and a washing solution containing 5%v/v Triton,
vt T of e SEf-F1 f- xwli <o TP Ef—Ft e—Z—<Z%F —<oFe <o UTE”
process. A further washing step of samples istroduced after heating in the washing solution; in fact, a
concentration of 60%v/v DMSO/water is used to remove the residues found onto the surfaces.
Unfortunately, a degradation of the PEGDA coating and reduction of electrodes sizzobserved.
Potenrtial improvements of the printed dissolution processmay be achievedor instance, studying the
interaction of PEGDAcoated COC with the upper film of PEDON;; a strong interaction of the support
with the polymer may be make the removal process quite diffcult. Furthermore, some limitations of
the proposed stamping method should be considered a relevant issue may bethe risk of partial
integration of the PEDOTN;3 in the substrate, leading to a more complicated removal of polymer during
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printed dissolution. For a better understanding of the reasons that lead to a scomplete PEDOIN;
removal, many samples consisting of PED@N; film deposited onto bare COC supports are prepared
according to the stamping procedure described above. Briefly, a thin layer of lgmer is in situ
polymerized on COC discs and after washing, it is subjected to agarose stamping utilizing the same
inter -digitated electrodes design. A stamping solution composed of 1%v/v Triton and 2%v/v NaOCl is
prepared; the agarose stamp is soaked iatthis solution and employed for electrodes fabrication. Then
the samples are washed in an aqueous solution made of 5%v/v Triton and 4%v/v Fe(ll)Ts& a
—te'1”f——"1 ‘InFiglre a.32, the XPS atomic composition of underlying C@@&sented after
printed dissolution is reported. Ten samples are stamped using the same agarose stamp and the atomic

compositions of the areas in which PEDO™N3 is removed are analyzed.

Figure 3.32 XPS analysis of ten samples composed of PEBRx[film on bare COC which are stamped with the same-tesable
agarose stamp. The amoustof chlorine and iron are not reported since their values are null. On the bottom of tHegure, it is
shown the atomic composition profile of one of these ten sample (number 4) obtained by drawing a line across the electrodes
(spot size 50um; interval spot 30um). From the enlargement is possible to better visualize the content of sulfur, witren and
oxygen.
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The resulting data from this experiment are quite promising even thoughthe process is poorly reliable
due to thehigh variability of results. However, in many samples the nitrogen composition is negligible
meaning that PEDOIN; film hasbeenremoved in the gaps; perhaps, this observation is not completely
correct since ahigh amount of sulfur between electrodess still found (less than5% of the total atomic
composition). According to the chemical interaction of NaOCI with PEDOT matesdaln addition to the
thiophene oxidation, the byproduct SQ is also produced. It may be that S@ is difficult to remove
from the polymer electrodes and COC surface, but anyway it is difficult to predict the reason wafger
printing the sulfur is still present between the electrodes. Despite these considerations, from Figure
3.32 it is notable a clear atomic composition profile across the structures, whereas PED®T films
printed on PEGcoated COC were characterized by a constaatomic composition profile across the
surfaces. Therefore with these results we may conclude that the presence of P&dgating below
PEDOTN: film affects somehow the ability of printed dissolution to remove desired PEDGON; areas.
On the other hand, a lowbinding PEGcoating is necessary for further selective molecules and
nanoparticles immobilization onto electrodes surface. Thehysical adsorption of molecules onto a
printed PEDOFNs film on PEGcoated COC shoulthe discouraged on the regions between electrodes.
Thus, a concatration of 20ug/mL FITC-avidin is incubated on patterned PEDON3 electrodes to

evaluate the localization of molecules across the surface.

Figure 3.33 Incubation of 20pug/mL FITGavidin onto printed PEDOTFN;3 electrodes on bare COCA) and on PEGcoated MC B).
The red arrows indicate the polymer micreelectrodes while the magenta arrows represent the underlying COC or PiGated
COcC.

As reported in Figure 3.33, when FIT@vidin is incubated onto printed PEDOIN; on bare COC, a high
amount of passivelyadsorbed molecules are found on the underlying COC (A), while a low fluorescent

signal is detected when the PEGD#oating is the underlying support (B).Hence, it seems that after
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printed dissolution the PEGDA coating below PEDGEN: electrodes is maintaired functional and
consistent protein repellency is achieved.

Although the printed dissolution of PEDON3 films on PEGcoated COC support is not fully optimized
because of high variability of fabricated micreelectrodes and poor reliability, the data alscsuggest
that the PEGcoating underlying electrodes is still functional after polymer removal. Thus, the overall
study of support modification and electrodes fabrication encouraged us t@xplore drug-loaded
liposomes immobilization onto PEDOTN; electrodesthrough chemical functionalization of PEDON;

via click-chemistry reaction, despite a deeper optimization of electrodes fabrication is still needed.

3.5 Chemical immobilization of nanoparticles onto PEDOT -Ns

micro -electrodes

Liposomes are excellent drug cafer because of high loading concentration, stability andnder proper
conditions they can release the loaded compounds. As previously described in Chapter 2, the
nanoparticles in which we are interestedconsist of nanevesicles (diameter around 100nm) whch are
thermo-sensitive. It means that when they are exposed to heat treatment at a specific temperature,
their cargo is released on the surrounding compartment due to an increased mobility bpid bilayer.
More details about liposomes and the mechanismmvolved on molecule release from their agueous
compartment are found in Chapter 2Since the lipid bilayer of liposomes can be functionalized with
desired chemical groups or molecules, a suspension of nanoparticles presenting biotin molecules
grafted onto bilayer are synthesized. Further, the liposomes are composed of stabilizing component
such as cholesterol and PE@odified lipids; for a preliminary test, fluorescent vesicles are produced
by including Rhodamine-labeled lipid (Rho-DSPE) into bilayer. The uUnctionalization of PEDOTN;
electrodes to enhance liposomes immobilization is realized by multiple steps based orchemical
coupling via click-chemistry reaction. The presence of free azide groups onto the electrodes surface is
utilized to introduce PEG mdecules onto the PEDONs surface. In such way, a chemical spacer
between the surface and nanoparticles is formed; in particular PE@alkyne molecules are reacted
with available azide groups through clickchemistry. A second step of functionalization israployed to
add biotin molecules at one of the terminal alkyne group of pround PEGdialkyne; the incubation of
fluorescent avidin (FITCavidin) results on a modified PEDOAN; surface with protein molecules.
Rhodaminelabeled liposomes are derived introdeing Biotin-PEGIipid molecules into the vesicles
bilayer; a strong binding of such nanoparticles should occur wheavidin molecules are presented at
the surface of the polymer platform. These reactions havieeen already discussed in the i@&pter 3
(Figure 3.20) where is reported the multi-step chemical functionalization. In Figure 3.34, it is
visualized the schematic of liposomes immobilization onto printed PEDGN; fabricated on PEGcoated

COC supports. During these multiple reactions, the overall platformurface is exposed tachemicals
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and solvents. The presence of a PE€dating onto COC should ensure a lebhinding of these

components.

Figure 3.34 Schematic of the reactions and compounds involved on the functionalization of printed PEDO¥ electrodes m
PEGcoated COC to stably immobilize nanoparticles onto polymer surface. The red arrows indicate where andictthare the
chemical groups participating to the functionalization. A first clickchemistry is conducted using PE@ialkyne molecules
(MW=1kDa), @SQ, NaAsc in DMSO/water; after washing, a second clickemistry is involved to modify the free alkyne groups
with biotin molecules. Then, FITGavidin is incubated onto the surface and extensively washedhen Rholabeled liposomes are

addedto the platform, the vesicles should be covalently bound to the free avidin sites.

Since avidin and liposomes are labeled with FITC (green emission) and Rhodamine (red emission)
respectively, the colocalization of dyes isdetected through confocal laser scanning raroscopy by
exciting FITC at 488nm and collecting the fluorescence at wavelengths longer than 505nm, and
exciting Rho at 543nm and the fluorescent signal is collected for wavelengths longer than 560nButh
dyes are immobilized on PEDO'N;3 electrodes surface (light blue arrows), as indicatedn Figure 3.35A
and B, andlower fluorescence intensities arefound on the underlying regions, PE&oated COC
(magenta arrows). In panel B some dots on the PED&E surface are also observed; these small
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particles may ke residues coming from polymer dissolution or they might be liposome aggregate&n
inadequate electrode fabrication results from the morphology and size of the structuresvhich are

bigger than the expected size (100um).

Figure 3.35 Confocal characterizéion of PEDOTNs electrode surface modification. The polymer is deposited on a PEGbated
COC support. The electrodes are then functionalized through clichemistry reactions with PEGdialkyne molecules,and with a
subsequent step involving biotin-PEGazide molecules. FIT&vidin is incubated and after washing, the immobilization of
Rhodaminelabeled liposomes is ensured via avidibiotin covalent binding. The FITC is excited at 488nm and its fluorescence is
collected at wavelengths longer than 505nm, whil Rho is excited at 543nm and its fluorescent signal is acquired for
wavelengths longer than 560nm. The light blue arrows indicate the PEDENz micro-electrode surface while the magenta

arrows correspond to the underlying PE&oated COC support.

Although the poor definition of polymer electrodes and the presence of residues onto the surface, the
avidin and liposomes seem to be ctocalized on the same areas corresponding to the PEDOE
electrodes.The steric hindrance of PEG molecules onto the underlyirmpating again demonstrates to
be effective against protein physical adsorption. However theseesults are not reproducible meaning
that many issues are encountered when trying to immobilize liposomes. For instance, liposomes
aggregation onto the overallsurface is often observed and ctocalization of avidin and biotin-
liposomes rarely happens due to defects on stamped electrodes or a complete coverage of the platform
surface with liposomes. These considerations suggest that a further optimization of pted dissolution
and reaction conditions needs to bedone; the platform should be stable and reliable and defined
polymer regions must be fabricatedto direct the immobilization of liposomes within precise and
confined structures. Other improvements may bedone changing the surface chemistry, or the
electrode design or the shbility of liposomes suspension. Printed dissolution is an inexpensive

process because avoids clearoom processes. The novelty of the method lies in the use of ndonic
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detergents o remove polymer films, even though it is not clear if the detergent aids the general
oxidation of the film in the bulk. In general, a locally ovepxidation and dissolution of a conducting
polymer thin film induces the exposure of an underlying chemi reactive support; thus, this
technology might be suitable for other types of polymersA deeper investigation of PEDON3
fabrication should be conducted in order to have a clear consciousness of how the previously

described experimental factors affect theproposed methodology.
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3.6 Conclusions

Originally, the development of such micreand nanoplatform was intended for colocalization of drug-
loaded liposomes and cancer cells (CRC cells).-register surface chemistries for liposomes
immobilization and cells capture on the platform surface could be applied ideally for any kind of
particles or cell lines. During the fabrication of this system, differentapproaches for support coating
have been proposed. Depending on the intended application dfi¢ platform, a PE&oating onto the
support surface can be introduced to discourage molecules physical adsorption. The coating may be
achieved using various types of PEGased compounds: for instance, PESHS has been demonstrated
to be grafted onto a surbice when exposed to WNight in presence of a proper photesensitizer (Bz).
Otherwise, PSN3; may be deposited onto a surface and subsequently functionalized with PEG meo
di-alkyne species; or PEGDA molecules can be directly grafted onto a support tigb photochemical
activation. All these methods are suitable for surface coating and, depending on the intended
application, one is preferred to the other; for example, the photinduced PEG grafting is advantageous
when rapid processesare involved, sinceit is conducted througha single step reaction in aqueous
environment. In our case, a stable and high PEG density grafting is necessary because many- post
fabrication processes need to beconsecutively applied on the same surfaceMoreover the coating
should remain un-damaged when a printed dissolution process is usetbr removal of thin PEDOT
materials. Postfunctionalization of micro-structures can be achieved through clicichemistry reaction
that represents a stable covalent modification of a surfaceopper-catalyzedin DMSO/water solution.

In conclusion, the use of printed dissolution for creating polymer structures needs to be optiaed for
our final purposes even though it showedimportant advantages compare to traditional nane
fabrication technology. Once the fabricated micreelectrodes are defined in morphology, size and
composition, a postfunctionalization of their surface will permit to immobilize ideally, any type of
molecules. In future, the possible applicatiomf a specific current toconductive electrodes may permit
to locally induce the release of drugs from thermesensitive liposomesdue to their sensitivity towards

temperature changes.
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3.7 Experimental section

Fabrication of Cyclic Olefin Copolymer (COC) supports

Cyclic Olefin Copolymer COC) supports, also known as TOPAS from the brand, were made using
injection molding. We applied irhouse fabricated circular supports with a diameter of 5cm and 2mm
in thickness using a commercial injection molding machinery (ENGEL VC 80/45, Schwertbetgistria).

Wrsu e—'"""—e ™1}t OfT:t f— surl — <%0 f Vece ...“2<'%0 mt L feea

PEDOTN; depositionandin situ polymerization

The monomer EDOTN; was synthesized in accordance with an earlier reported proceduré’s] PEDOT
and PEDO1N; thin films were fabricated by spincoating and in situ polymerization on injection
molded cyclic olefin copolymer supports (TOPAS 5013, TOPARdvanced Pdymers, Frankfurt,
Germany). The COC were washed before with acetone,-mpanol, ethanol and water prior to spin
coating. EDOTNz (20mg, 0.15mmol), CLEVIOS-B40 (0.48mL, 40 wt% Fe(lll)tosylate (TsO) in 1
butanol, H. C. Starck, Goslar, Germany), andbdtanol (0.48mL) were mixed and spincoated onto the
COC surface at 1000rpm for 30€DOT (220uL), CLEVIOS-BAO (6.5mL, 40wt% Fe(lltosylate (TsO)
in 1-butanol), pyridine (150uL) and 1-butanol (2.0mL) were mixed and spincoated at 1000rpm for
30s.Thesam'Zfe ™t"% *Zf .. 31 <o f S'="Zf—% f— yri  ~'7 Usce fof e— of“—foe_7>

ethanol and blown dry in a nitrogen flow, yielding a film thickness of approximately 150nm.

Agarose stamp preparation

For the printed dissolution technique, an agarosestamp presenting the negative replica of a silicon
mold pattern was prepared. The silicon mold was fabricated using conventional photolithography and
deep reactive ion etching. Prior the use of silicon mold for agarose stamp fabrication, the mold was
washed in ethanol and rinsed in air plasm to remove residues of organic material. The silicon mold was
'Zf .t <o f S —Zf—-F f— xwl A efZ——c'e sIT™ T C f% [ et <Yoof ZT7<..
thoroughly and it was heated up in a microwave oven untiliabubbles disappeared from the solution.
To prevent boiling of agarose solution, this was done by using multiple short heating steps. The melted
agarose was poured directly onto the silicon mold surface aided by a polystyrene Petri dish (d 5cm)
where the bottom was removed in order to contain the solution when melted onto the mold. The
container was covered with its lid and kept for 10minon the hotplate. The mold was transferred to the
fridge for 20min to cool down. After fabrication of the stamp, it wasisually cut to have a final thickness

around 1-1.5cm for improved handling.
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Agarose stamping procedure

After fabrication, the agarose stamp was soaked into a stamping solution for laast 15minand before
contact with the sampleg it was blown off usingair gun. The stamp was gently pressed onto the surface
of the sample to establish a contact, and left for 5min (1min for PEDOT removal). The stamp was then
removed and immersed again on the stamping solution for subsequentgse. The stamping solution
was composed of NaOCI (stock solution 2@5%w/v, Sigma Aldrich) at a final concentration of 2%wi/v,
and Triton X-100 (Sigma Aldrich) at various concentrations (we tested 0.1 and 194v) in aqueous

solution.

Poststamping washing procedure

Normally, after stamping the samples were washed for 10min in an aqueous solution of 0.1%v/v

Triton X-srrd —Ste —St> ™ f ™MfeStf ™M F " srece ™Mc_§ ™f—F" f— wrl
DMSO/MQ at room temperature, before rinsing in ethanol and MQ. Some of the samples wereslreal

also with various concentrations of Triton X100 (0.1 1 5%uv/v) and with CLEVIOS €B40/MQ

(4%v/v). In some cases the temperature at which the samples were heated up f+ ww ‘7 xwi &

Synthesis of 4azidomethyl)styrene (PSNs)

PSN; was synthesizedand characterized by Dr. A.E. Daugaard.

t & tAzobisisobutyrylnitrile (AIBN, 71.2 mg, 0.4 mmol), 4(chloromethyl)styrene (10 mL, 71.0 mmol
and xylene were mixed in a Schlenk tube and the solution was bubbled through with nitrogen for 30
min. The polymerizaion was run under a positive nitrogen pressure at 65°C for 18 h. The polymer was
precipitated in methanol, filtered and dried in vacuo. The isolated intermediate (poly(4
(chloromethyl)styrene)) was a white powder and was used for the following step withoti further
purification (6.4 g, Mn= 30000 g/mol, PDI= 1.7). FATRIR (cm1l): 3100-2800 (GH stretch);
1612+1510 (aromatic ring stretch); 672 (GCI stretch). IHNMR(CDCI3, 300 MHz, dH, ppm): 1.39 (m,
2H, CH2CH); 1.70 (m, 1H, C¥H2); 4.52 (s, 2H, CHRI3); 6.49, 7.05 (2xm, 4H, aromatic H). HSQC
confirmed the following proton/carbon correlations (dH/dC (ppm)): 1.39/41.6 (CHCH2);1.70/38.7
(CHCH2ph); 4.52/44.9 (CH2N3); 6.49/126.4 (aromatic CH); 7.05/127.0 (aromatic CH).Poly(4-
(chloromethyl)styrene) (5.18 g, 34.0 mmol functicnal group) was dissolved in DMF100 mL) and
NaN3 (2.75 g, 42.4 mmol) was added to the solution. The rdn mixture was stirred at 40°C for 18 h
under nitrogen. After reaction the cess of reagent was removed byrecipitation into H20. The
precipitate was isolated by filtration and rinsed with copious amountsof H20 and methanol. The solid
was dissolved in THF and precipitated in methanol to afforgholy(4-(azidomethyl)styrene) as a white
powder (4.62 g, 86%).FT-ATR-IR(cm-1): 3100-2800 (C-H stretch); 2090 (GN3 stretch); 1612+1510
(aromatic ring stretch). 1H-NMR(CDCI3, 300 MHz, dH, ppm): 1.39 (m, 2H, GBH);1.69 (m, 1H, CH
CH2); 4.24 (s,2H, CH2N3); 648, 6.97 (2xm, 4H, aromatic H)HSQC confirmed the following
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proton/carbon correlat ions (dH/dC (ppm)): 1.39/44.9 (CHCHZ2);1.69/40.4 (CHCH2ph); 4.24/54.0
(CH2NB3); 6.48/127.7 (aromatic CH); 6.97/127.7(aromatic CH).NMR spectroscopy was performed on
a 300 MHz Cryonagnet from Spectrospin & Bruker(1H-NMR at 300 MHz, 13&@NMR & 75 MHz), &
room temperature. IR was performed on a PerkinElmer Spectrum One mod2D00 Fourier transform
infrared system with a universal attenuated total reflection samphg accessory on a ZnSe/diamond

composite.

PSN;sfilm deposition on COC support

Solutions of F5-Ns; were prepared by dissolving 5mg/mL of polymer in 4dioxane (Sigma Aldrich) or

PGMEAand they were filtered through @ =0.22um poresThe solutions were spircoated on COC

supports at 1000rpm for 30s, and they were heated up on a‘k-"Zf—-% f— xrl =t "EetTE "fect—
solvent. The films were characterized measuring the water contact angle of surfaces (Data Physics

OCA20 contact angle system). Prior each measurement, the samples were blow with inert gas to

remove dust.

Protein physichadsorption onto different surfaces

To evaluate the propensity of molecules to passively adsorb onto various surfaces, the samples were
incubated with a concentration of 20ug/mL of FITGavidin or FITGBSA (both dissolved in PBS buffer)
for 30 minutes using a 10mm x 10mmin situ Gene frame (Thermo Scientific). FITBSA and FITE
avidin were obtained from Life Technologies. 100uL of solution was incubated onto desired surfaces.
After incubation, the samples were washed three times with PBS and rinsed with PB®r visualization

of fluorescence signal, a cover sliflOmm x 10mm) was placed onto the gene frame and confocal laser

scanning microscopy was used to evaluate fluorescence (LSM 5, Carl Zeiss, Oberkochen, Germany).

Fabrication of patterns on P$l; films

PSN; films were deposited on COC discs and they were exposed to-light at 365nm in a MA4 mask
aligner (Suss Microtec) by using a chrome mask presenting square grids with different sized
structures. A grid of 7 x 7 squares with diameter of 60um was usdd form the pattern. The samples
were exposed for 30min and washed with DMSO, igmopanol and ethanol to remove degraded

polymer.

Functionalization of patterned P$\; via postpolymerization CUAAC

In correspondence of fabricated patterns, a Gene frame @m x 10mm) was placed onto the PSls.
The functionalization of polymer was conducted using two different molecules: PE&kyne
(MW=800Da) and PEGlialkyne (MW=1kDa). These molecules were purchased by Creative PEGWorks.
A mixture of 2mM PEGalkyne, ImM Cu®s, 15mM NaAsc and 70mM NaCl dissolved in 30%v/v

DMSO/water, and a mixture of2mM PEGdialkyne, 1ImM CuS®, 15mM NaAsc and 70mM NacCl
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dissolved in 30%v/v DMSO/water were incubated on the printed PN3 surface (100puL total volume).

The solution was incubatedfor 10h at room temperature and the samples were washed with water
and rinsed with MQ water for confocal characterization. The samples that were functionalized with
PEGdialkyne were subjected to a subsequent clickhemistry reaction by incubation 2mM azide-
PEGy)-biotin (Creative PEGWorks),1mM CuSQ, 15mM NaAsc and 70mM NaCl dissolved in 30%v/v
DMSO/water. The reaction was stopped after 10h by extensively washing the samples with MQ water
Then, 20ug/mL of FITCavidin was incubated on the sample for 30minAfter washing with PBS, the
surface was rinsed with PBS and a cover slip was placed on top of the gene frame. The fluorescence

signal of protein was detected through confocal microscopy.

PEGNHS and BaNH, coating of COC supports

Small pieces of COC spprt were cut and attached with a tape on the bottom of a 24 wethicrotiter
plate (Nunc, Thermo Scientific). The samples were immersed in a solution of 7.5mg/mL REES
(MW=700Da, Iris Biotech) and 2.5mg/mL Benzoptenone-amine (FluoroChem, Hadfield, UK) dsolved

in 80%v/v PBS/MQ water. The plate was illuminated for 30 min in a photaeactor (Philips Cleo SR
fluorescent tubes) at an emission maximum between 33380nm. The samples were washed with
water three times and with ethanol. The water contact angland the Xray photoelectron spectroscopy
(XPS) were used to characterize the surfacestomic composition. Data analyses of the XPS spectra
were performed using Avantage softwarepackage supplied by the manufacturer. For the linscan
measurements, the elerantal composition of each spot was determined from the high resolution
spectra, using the buildin add-peak function with a linear background. In the following atomic content
determination a standard of 0.9 signal to noise threshold was used for all sampleFor linescan
investigations a 50pum spot sizeand an interval size of 30um were utilized. This means that in each
single 100um electrode, as well as in each gap area, there will be at least one measurement point
where the atomic composition will originate entirely from that electrode/spacing area. For all samples,

flood-gun charge compensation was used.
PEGDA and B&H, coating of COC supports

In a 24 wellmicrotiter plate, small pieces of COC support were attached to the bottom of each well
using a tape and different concentrations of PEGDA (MW=5kDa, Iris Biotech) and Benzophenone were
added to each sample. 2 5 10 mg/mL of PEGDA and 1 2.5 5 mg/mL of Bz were the selected
amounts to be tested; these mixtures were dissolved in 80%v/v PBS/MQ and pead in various wells.

The entire plate was exposed to WNight in a photo-reactor for 30min; after washing with water, the
samples were analyzed through water contact angle. Further, 20ug/mLf &-ITGBSA dissolved in PBS
was incubated in all samples using agene frame (10mm x 10mm) for 30min. The uradsorbed
molecules were washed off with PBS and samples were rinsed in PBS, and a cover slip was placed onto
the frame. The fluorescent intensity of all surfaces was recorded by LSM confocal microscopy.
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From the obtained results, the optimal concentrations of PEGDA and benzophenone were found to be
5mg/mL of PEGDA and 1mg/mL Bz. Multiple layer of PEGDA/Bz were also produced on the same
support using a layerby-layer photochemical grafting. As before, small piecasf COC were attached on
the bottom of 24 well-microtiter plate with a tape. A mixture of PEGDA/Bz (5:1) was poured in each
well and they were exposed to UVight in the photo-reactor for 30min. After washing with MQ water
and blown dry, they were re-immersed in a fresh solution of PEGDA/Bz (5:1). Again, the samples were
exposed for others 30min and after illumination the pieces were washed with water. A third step using
the same conditions and concentrations of reagents was conducted. 20ug/mL of FFBSA vas

incubated in each surface as previously described and the fluorescence was evaluated.

Bromination of free available acrylate groups
The chemical reactivity of PEGD#&oated COC supports was evaluated incubating a concentration of

1%v/v Bromine (Sigma Aldrich) dissolved in water onto the modified surface of COC. After 30min of
incubation with Bry, the supports were washed with water and analyzed by XPSince lsomine is a
good XPS markerThe nitrogen, oxygen, carbon and bromine atomic composition was @ced using

point-mode (point size=20um).

Fabrication of printed PEDON3 micro-electrodes on urcoated and thredayer PEGDAoated COC

support
A three-layer PEGDA coating on COC support was produced by using the procedure described just

above; thus, EDOFNs films were produced on bare COC and PEGBbWodified support. After
polymerization, the agarose stamp was prepared according tine desired pattern: it consistedof two
sets of inter-digitated micro-electrodes (100um in width and spacing and 0.5cm tw). The negative
replica was fabricated onto the stamp surface, which was immersed in a solution of 1%v/v Triton and
2%w/v NaOCI. After 15min ofimpregnation, the stamp was put in contact with samples. The discs
were washed using a solution of 1%v/v Triton and 4%w/v CLEVIOS in aqueous solutiorat room
temperature. The samples were then rinsed with MQ water and blown off. The XPS was used to
investigate the elemental composition applying a linescan measurement (spot size= 50um; interval

size= 30um). Moreover, the water contact angle of the underlyingcOCor PEGDA coating was analyzed.

Optimization of printed dissolution

In order to evaluate at which conditions was observed a complete removal of PEDOE from PEGDA
coated surfaces in the gap regions, défent parameters were tested: the concentration of Triton in the
stamping solution ard in the washing procedure, and the temperature at which the washing step took
place. The Triton concentration tested in the stamping solution was 0.1 1 %v/v whereas in the

washing procedure a detergat amount of 0.1 1 5 %v/v was tested. Further, a constant amount of
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NaOCI (2%v/v) and CLEVIOS (4%v/v) respectively in the stamping and washing solutions were

utilized. Various temperatures of washing were also explored:'r's —fe¢'t”f—-—"34 wra wwa xwi &a
Petri dish containing Triton and CLEVIOS in aqueous solution was used to immerse the sample into the

washing solution keeping the dish in a hotplate at a certaitemperature without lid in order to favorite

evaporation. The stamp was left on the sample fobmin and placed in the stampingsolution for 15min.

The fabricated micro-electrodes were analyzed through water contact angle and XPS (lisean mode).

PEDOTN; micro-electrodes fabrication on bare COC support

Ten samples of PEDOTN; film deposited onto bare COC supports were produced according to the

protocol previously described. Then an agarose stamp with intedigitated electrodes was fabricated

and kept in a stamping solution composed of 1%v/v Triton and 2%v/\NaOCI for 15min. The samples

were stamped for 5min each using the same agarose mold; they were washed in a washing solution

eftt 7 wTT T Te—te fot v T "t swecs f— xwl A& Sfe —Sit> ™Mivi ™feS

blown off with air flow. Their atomic composition was analyzed by XPS (point size= 20um).

Covalent immobilization of Rhodamintabeled liposomes on PEDENE_micro-electrodes deposited on
PEGDAcoated COC support

A liposomes suspension having an average diameter of 117.7nm (polydispersity8.118) and a zeta
potential of -7.09mV (x 0.41mV), were synthesized according to the protocol reported on the
manuscript (Appendix 1). The lipid composition was formed by: 94.5% DSPC, 4% DSPEGooopa, 1%
DSPEPEGooopa-biotin and 0.5% DOPEhodamine. Al lipids were purchased from Avanti Polar Lipids.
The liposomes were prepared to have a functional group into the bilayer, biotin, and a dye to track
their fluorescence (Rhodamine).

PEDOTN; electrodes were produced on a thredayer PEGDAcoated COC suppt and they were

functionalized according to the protocolpreviously T 1 ... " <, Bunctignalization of patterned P$\;

via post’'Z>et” < f—<'). Fherefore, the electrodes were functionalized through a double cliek
chemistry to present at their surfa@, FITGavidin molecules. The stock suspension of liposomes
(25mM) was diluted in HEPES buffer 100@imes to have a final concentration of 25uM. Using a Gene
frame (10mm x 10mm), 100uL of 25uM Rhodamindabeled liposomes were incubated for 1h onto the
functionalized surface. Then, the samples were washed with PBS buffer and rinse with PBS. A cover
slip was placed onto the Gene frame and the Fld&Vidin and Rhodamineliposomes fluorescent

intensities were analyzed by LSM confocal microscopy.
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4 Perspectives & Conclusions

In this thesis two main polymer platforms have been developed for drug screening purposes. One of
these technologies consists on using PEGDA hydrogels for controlled embedding of single drugs and
combinations of chemotterapeutics commonly used for the treatment of colorectal cancer (CRC).
Eventually, drugloaded nanoparticles (liposomes) can be entrapped within the polymer matrix to
protect and temporally control the release of loaded molecules. The cytotoxicity of sudystem has
been tested on human colorectal adenocarcinoma cell line (HT29) comparing the aptioliferative
effect of small doses of free drugs (dispeesl in the cell medium) with thoseof compounds embedded
within PEGDA hydrogel. Furthermore, the applicabn of a homemade technology based on the use of
visible-light printing has permitted to fabricate spatially defined hydrogel matrices. The production of
hydrogels having certain architectures and sizesras accomplished throughin situ visible-light photo-
polymerization in a rapid, low cost and reliable process. Moreover, the overall procedure has been
conducted in an aqueous environment limiting the exposure of the cell line to organic or toxic solvents.
The great outcomes and reproducibility obtained wih such platform demonstrate the possibility to
extend the use of PEGDA hydrogels for other molecules screening. By tuning the chemical and phisica
properties of PEGDA networks and by including drugpaded liposomes within the gel, was possible to
temporally control the release of certain molecules. Hence, the use of PEGDA hydrogels may be
extended towards the screening of various compounds or in different fields. For instance, the
hydrogels might be fabricated in even smaller scale, and integrated in midtoidic devices forperfused
rather than static release In future, PEGDA gels might be used for tissue engineering purposes by
releasing necessary molecules such as growth factors for the enhancement of cell differentiatidm.
addition, it has been demostrated that large molecules can be released when hydrogel composition is
adjusted; thus, a possible future application could be the release study of interesting molecules such as
antibodies which are largely sed incancer therapy.Although the major focws of thisstudy has been to
tailor the properties of PEGDA hydrogel for drug screening purposes and cell handling systems, we
believe that our findings should be of general understanding of PE&&sed hydrogels, and that this

polymer will also be useful foradapting hydrogels to other applications such as tissue engineering.

The second platform that has been studied is based on the fabrication of conductive polymer micro
electrodes for drugloaded liposomes immobilization and cell capture purposes. PEDOTtype
conductive polymer has been selected as candidate for the realization of such systdmparticular,
PEDOTN; thin film has been used to create micregpatterns on a support. The presence of reactive
groups at the polymer surface has permitted to postabrication functionalize the micro-structures to
covalently immobilize drug-loaded nanoparticles onto such surfaces.One of the important
requirements for succeeding nanoparticle immobilization and cells capture when tuning the surface
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chemistry of advancedmaterials for bio-medical devices, is the specificity. The need of a support that is
repellent meaning that it should discourage molecules physical adsorption is crucial. In fact, the
unspecific adsorption of molecules, particularly proteins, can change ¢hbiochemical properties of a
substrate. This problem is mostly prominent when the support is being subjected to lorgme
exposure to solutions containing such biemolecules. Our approach teolve this issue was to engineer
the support surface by introdudng highly hydrophilic molecules in order to prevent unspecific
adsorption and at the same time presenting functional moieties. We fabricated a support that was
coated with PEGmolecules containing chemical reactive groups. Photehemical immobilization of
PEGNHS or PEGDA molecules on COC supports was produced with a fast and reliable process
involving the use ofa specific photo-sensitizer. The support wasalternatively coated with PSNs
polymer that was functionalized after deposition with PEG moleculeShe use of PEGNHS or PEGDA
coatings was preferred to the modified P$; becausetheir use wasmore rapid, reproducible and the
coating process was entirely conducted in an aqueous environment. To ensure specificity on
immobilizing nanoparticles, the syntesis of vesicles was optimized to have functional groups into the
lipid bilayer. Biotin-functionalized liposomes were used to favorite their binding onto PEDQGN;
electrodes through specific modification of conductive polymer surfaceThe click-chemistry reaction
(CuAAC) has been applied for micrelectrodes modification and liposome binding was evaluated.
Another requirement for the development of that micre and nancoplatform was the fabrication
technique to be applied for integrating biecomponents onthe polymeric device.In our group, an
innovative and fast method for PEDOT materials micrfabrication (printed dissolution) was
developed and successfully utilized for the production of PEDOT micielectrodes. Despite the great
suitability of printed dissolution to pattern conductive polymers and the upnecessary clean room
facilities, agarose stamping has been proved to be inefficiefdr patterning of PEDOTN; films when
polymerized onto PEGmaodified cyclic olefin copolymers.Inhomogeneous polymeric eletrodes have
been obtained due to a partial dissolution of thin film between the electrode areasnd leftover
residues were observed at the polymer surface. An extensive optimization of the methodologis
required: different PEGmodified supports should be testedand the experimental conditionsshould be
explored more deeply to understand howand with which importance they affect the stamping process.
In our efforts to create a platform presenting inregister chemistries for liposomes immobilization and
cell capture, there are many important issues and approaches that we did not investigate. For example,
even though liposomes werefound to be chemically bound to the polymer electrode surface,
nanoparticles precipitation and agglomeration was observed. We dinot attempt to control the
surface roughness of our electrodes after conjugation with liposomes. In the light of that, when
nanoparticles are immobilized onto the polymer, ideally it could be possible to temporally control the
release of their cargo (forexample a drug). We have demonstrated that thermeensitive liposomes
can release loaded molecules bgpplying a thermal trigger reaching a temperature that corresponds to

the phospholipids phase transition temperature. Therefore, for future studies shodlbe interesting to
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monitor the molecule release from liposomes induced by the application of current on the polymer
electrodes. Despite the charge transfer along electrodes, a logakistive heating might be induced.
Preliminary studies should be conduced to determine the voltage required to induce a phase
transition temperature of liposomes; a fluorescent ruthenium complex sensitive to small temperature
changes may be used to track the local increase of temperature at the electrodes surface when various
voltages are applied!o7.19% Other improvements of our platform can be studied in future by
immobilizing cell-capturing molecules on the modified support corresponding to the areas between
polymer electrodes. For example, specific antibodies for cell capture can be immobilizedrahgh
Protein G or A adsorption onto the supportt®d The conjugation of immobilized antibody molecules to
antigen moieties presented at the cell membrane may be exploited to capture specifiell lines onto
the platform. In addition, an important progress of our micre and nano-platform may be achieved in
future integrating the support with fabricated electrodes with a microfluidic system In such a way, the
two components can be bonded togéter to have a final microfluidic chip in which the presence of a
channel might be useful for posffabrication polymerization. With this approach some of the issues
previously described may be overcome liposomes aggregation during their immobilization canbe
avoided through a perfused functionalization step and a close system can guarantee the sterility

required for cells capturing.
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Abstract

Spatiallydefinedprojected light photopolymerization of hydrogels with embedded active
compounds is introduced aslexible andcostefficient mehod for producing multiplexed
dosing assay$table and costfficient multiplexed drug sensitivity assays using small cell or
tissue volumes are in demand for personalized medicideding cancer patient specific
combinationchemotherapgonsidered he. Here,the high spatial resolution of lightojector

technologydefines multiple compound doses by the volume of individual compeambtedded

hydrogel segments. Quantitative dosing of multiple proteins are demonstrated using fluorescent
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labeled albumins with a dynamic range of 1-2 orders of magnitude. The hydrogel matrix results
from photopolymerization of low cost poly(ethylene glycol)diacrylates (PEGBWJ,tuning of

the PEGDA composition enables fast complete dosing of all tested compounds. Dosing o
hydrophilic and hydrophobic compounds is demonstrated using two first-line chemotherapy
regimens combining oxaliplatin, SN-38, 5-fluorouracil, and folinic acid, with each compound
being dosed froma separate light-defined hydrogel segment. Cytotoxicity studies asing
colorectal cancer cell line show equivalent effeftdissolved and released compourfelsither
control of the dosing process is demonstrated by liposomal encapsulation of oxsialal,
embedding of the liposomes in hydrogiels>3 months, and heat-triggered complete release of

the loaded oxaplatin.
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