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SANTRUMPOS

COC- cyclic olefin copolymer

CP-Ti - commercially purgitanium
ECM - extracellular matrix

EIC - electrochemical impedance spectroscopy
FBSi fetal bovine serum

GAG 1 glycosaminoglycans

LoC1 lab-on-a-chip

MPST microphysiological system
OoCi organon-achip

OSTE- off-stoichiometry thiolene
PBS- phosphatéufferedsaline

PCi polycarbonate

PCL - polycaprolactone

PDL - poly-D-lysine

PDMS - polydimethylsiloxane

PEFi pulsed electric field

PEG- polyethylene glycol

PETT polyethylene terephthalate
PG- proteoglycan

PGA - polyglycolic acid

PLA - polylactic acid

PLGA - poly-lactic-co-glycolic acid,
PLL - poly-L-lysine

PMMA 1 poly(methylmethacrylate
PTFET polytetrafluoroethylene

PU - polyurethane

PVA - polyvinyl alcohol

PVP - polyvinylpyrrolidone

SBFi simulated body fluid

SEMi scanning electron microscope
SDi standard deviation

TEERT trans epithelial/endothelial electrical resistance
UHMWPE - ultra-high molecular weight polyethylene
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INTRODUCTION

The interaction between engineered materials and biological systems
cells and tissues is afundamentalaspect of material engineering and tissue
regeneration research. Biomateridissignedfor biomedical applications must
support cellular interactions angossess adequat@echanical strength to
maintain structural stability under physiological conditiohs. addition to
mechanical and biocompatible properties, thleguld promotessential cellular
functions, such asadhesion, proliferatign and differentiation. These
characteristics are important not only in regenerative medicine but also in fields
astissue engineering an vitro organ modelling.

The functional requirementsf biomaterialsvary depenehg on their
specific application. In tissue regeneration and implantology, biomatseiale
as scaffoldshat facilitate cell adhesion, migration, and tissue integration.
contrastimplantsusedin the circulatory system, such as artificial heart valves or
vascularprosthesegnustactively prevent celladhesiorto avoid complications
like thrombosis. Thereforép ensure theffective application of biomaterials, it
is crucialto select theappropriatamaterial and modify its surface according to
the biological system's requirementSurface engineering techniques can
influence the behaviour of cellghrough chemicabhnd physical maodificatian
These adjustments affect surfaopography, porositygndroughnessand may
also alter surface chemistry through theorporationof functional groupghat
modulate hydrophilicityAll of these features impact protein adhedmmation
of focal adhesionsnd consequentlycell adhesion

In recent yeargesearchers have focused not only on improsgungace
modification strategies but alson integratirg them into advancedin vitro
systems that bettermimic real physiological conditions. Microfluidic
technologiesoffer a powerful way to study how cells behave in dynamic
environments, where factors thgid flow andshear stresare importantThese
systems combine material engineering with biologicatieling and can include
various types of stimulatiorsuch as electricadignals chemical gradients, or
mechanical cued his allows for precise, controlled experiments that reveal how
cells respond to specific cues.

This thesis focuses on optimizing biomaterial surfaces and improving
their biocompatibility through targeted modification strategi@he research
examined two biomaterialdhioceramicaluminaandpolycarbonate (PQ) each
belonging to a distinct biomaterial class. The integration offRCmicrofluidic
systemsenabled thedevelopnent of functional platforms for cell culture and
stimulation. The proposed solution contributes to the advancement of biomaterial
science and opens new possibilities in bothlamiplogy and tissue engineering.

10



Aim and objectives

This dissertation aims to systematically evaluate the biocompatibility and
cell adhesion properties of biomateriails anodized Al alloy 6082 and
polycarbonatei to assess and optimize their suitability for biomedical
applications and integration into a mophysiological system.

Objectives:

1. To evaluatethe biocompatibility, chemical stability, and surface
characteristics afwo distinctAl alloy 6082 anodized wittsulfuric and
phosphoric acidgo assess their suitability asomaterials

2. To chemically modify the surface of a porous polycarbonate membrane
to enhance its compatibility for cell adhesion and cultivation within a
microfluidic system.

3. To developa microphysiological systerimcorporaing a tracketched
polycarbonate membramer pulsed electric fieltkeatment andeattime
monitoring of microenvironmeat parameters

Scientific novelty

This dissertatiompresents research that contributes to the advancement of
biomaterials engineering and their application in microflusgistemsThe focus
is placed on surface optimization, material biocompatibility, and integration of
modified materials into microfluidic platforms fan vitro studies. Thestudy
assesses the impact of surface modification strategies on two dittisegs of
biomaterialg bioceramic alumina (ADs) coatings for orthopaedic implants and
polycarbonate (PC) polymer for microfluidic cell culture systems.

The first part of the study investigates ceramic coatipgsiuced via
anodization ofindustriatgrade aluminum @Al) alloy 608, evaluating their
potential as biomedical materidisr implantology Anodization is proposeds
an alternative teonventional sintered ADs bioceramicswhich aréorittle, form-
limited, and costlyto produce. Unlikepowderbasedmanufacturing methods
anodizing enables the formation of mechanically rgblightweight and
customizable bimaterias.

Although anodizing itself is not a novel technigtids studypresentghe
first systematievaluatiorof anodized Al alloy 608, with emphasis on assessing
its suitability as a biomaterial. The evaluation encompasses surface
characterisation, chemical stabiligndin vitro biocompatibility, benchmarked
against medicafirade titanium alloy One of the anodized specimens
demonstratedproperties consistent with biomaterial classification and shows
potentialfor biomedical applications.
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The second part of the research introducearface modification strategy
for inherently hydrophobic polycarbonate, using wet chemical oxidatitm
sodium metaperiodate, sulfuric acid, and piranha solution. Although similar
surface treatments habeenrecently reportethy other authorssing alternative
reagents, this pilot studpvestigatespecificallythe effectiveness dhe above
mentionedreagents in enhancing cell adhesion within microfluidic cell culture
The modified surfaces supported stabie reproducible cell adhesion under both
static and dynamic culture conditions, when combinid adhesiorpromoting
factors such apoly-D-lysine PDL), fibronectin and collagenThis approach
offers a practical and effective alternative for improving cell adhesion in
microfluidic systems, with relevance in tissue engineeaindgorganon-a-chip
technologies

The third part of the dissertatiomtroducesa custorrdesigned and
fabricatedmicrophysiological systemMPS) that integrates multiple advanced
functionalitiesinto a singleunified platform. The MPS combinestack-etched
polycarbonate membrane, embedded electraitbin a microchanneland real
time environmerdl sensorsi an integrated configuration not previously
described in the literaturé he polycarbonatenembrangunctionsas a semi
permeablebarrier between two parallel microchannels, enablihg dual
compartment cell culturéo connect throughmembranepores. Electrodes
embeddedlirectly within the microchannelllow for the localized applicatioof
pulsed electric fields (PEF) In parallel, embeddedoxygen and pH sensors
provide continuous monitoring of the cellular environment, ewerdevices
fabricated fromgasimpermeable materialsuch asoff-stoichiometry thieene
(OSTE andcyclic olefin copolymer COQ).

Addressing he limitation of conventional microfluidic systemthe pilot
MPS presenéd here represents a novel convergence of electrical stimulation,
compartmentalized culture, and réiahe sensing within a single microfluidic
device, marking a functional advancement in microfluidiciandtro modelling
technologies.

Statements presented for the defence

15t statement:

TheAl alloy 6082,anodizedwith sulfuric acidelectrolyte, can be classified
as a biomaterial due to its chemical stability and biocompatibility properties.

2" statement:

Chemical oxidation of the polycarbonate membrane followed by coating
with poly-D-lysine ensures robust cell adhesiomder both static and dynamic
culture conditions
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3" statement:

A microphysiological system has been develofeaturinga tracketched
polycarbonate membranmtegratedelectrodes, and oxygen and pH sensors,
enabling pulsed electric field stimulation of mammalian cells andtiraal
monitoring of physiological parameters.

Contribution of the author

Bioceramic coating studiesThe author conducted immersion experiments,
contact angle measuremenddl cellbased experiments, and data analyBie
experimental samples and their structural characteristics were prolided
Dr.TadasMa t i j; ICBOES sneasurements were conducted by Dr. Aleksey
Gark8EM was conducted b y Elebtrochemigal g r a S
measurements for corrosion assessments were condumbatysed and
describedbpr.Ast a Gr i gBothétheduthdraBraTadas Mati j ogi
contributed equally to therafting and writingof the publication.
PC membrane modification: The authormodified the PCmembrane,
conductedsurfacecharacterizationceltbased assays, amthta analysisThe
chemical modification strategyasinitially developed byr. AntanasSt r ak gy s .
MPS fabrication and cellular studies:Theauthor carried ouhe core work
related to MPS fabrication and cellular experimgimsluding technological
development, cell handling, data analysis, and publicaliafiing and writing
The overall project design, including the microchip and MPS layout, was
executed byDrr  Arinas Stirk&a. The MPS suppor
fabricated using 3D printing technology by Bivydas Andriukonis, while the
pH monitoring system was designed and built byNDartynsGa p ud @wv 1l na s
Dobilasconducted numerical modelling and simulations
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1. LITERATURE REVIEW

The literature review encompassdwek aspects ofthe dissertation:
biomaterialscell adhesionandmicrofluidics In the first section, | will provide
an overview of biomaterials and introduce two specific biomatérialsceramic
alumina, obtained by anodizing Al alloy, and polycarbodatthat arehefocus
of my thesis.The second sectiatefines cell adhesionidentifies keycellularand
extracellular matrix (ECM3omponents involved ithis process, anekplainghe
underlyingmechanismThis sectiorprovides essential contefar understanding
cell adhesion to artificial surfacesuch as biomaterials. Finaltyrethird section
presents an overview aficrofluidic systemsteflecting the broader orientation
of this dissertation and its experimental foundation in microfluidic device
development.

1.1. BIOMATERIALS
1.1.1Description of biomaterials

A biomaterial is defined as a material specifically engineered to interact with
biological systems for medicahd biological purposeBiomaterials are utilized
in various fields, including therapeutiand diagnosticapplications Their
applications span medical implantation devices, drug delisgsyems tissue
engineeringand microfluidic systems foin vitro manipulation with cells and
tissues. The latténcludesorganon-a-chipandMPS[1].

In the realm of medical devices, biomaterials are used to create artificial
heart valves, blood vessetnd other implantd-or drug delivery, biomaterials
can be engineered to delivéiugsto specific areas of the body in a controlled
manner, ensuring effective medication targeting and minimizing side effects. In
tissue engineering, biomateriaéet as scaffolds that support cell adhesion,
proliferation and biosynthesisproviding a structual framework for tissue
formation and regeneratio®@rganon-a-chip systemandMPS whichreplicate
organ functionn vitro, rely on biomaterialto mimicthe natural environment of
an organ Meanwhile,in wound healing, biomaterials are incorporated into
dressings and sutures to enhahealing by creating a supportive environment
for cell growth and tissue repdit].

Biomaterial engineering bridges multiple disciplines, including biology,
chemistry, material sciencand engineering. The designed biomaterial should
mimic the natural environment of cells, promoting tissue regeneration and repair.
Establishing strong positive interactions between the biomaterial surface and
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cells is entirely dependent on both the materials twectargeted biological
system chemistr{2].

Table 1. Types of lomaterialsand their most relevant applicatiois.

Difficult handling and storag

Benefitsandlimitations Examples Applications
Metals Benefits Stainless stee| Orthopedic,
high mechanical properties | nickel, orthodontic,
high fatigue resistance platinum, cardiovascular
dUCtlllty o ) tantalum,
i L|m|tat|_or_1.s titanium,
pc_)orblocompatlblllty TIBAIAV
stiffness '
high specific weight CoCrMo
corrosion
Ceramics Benefits Alumina, Orthopedi¢
biocompatibility circonia, orthodontic,
chemical inertness hydroxyapatite| cardiovascular
high compressive strength beta
corrosion resistance tricalcium
Limitation:
. . phosphate,
low impulsive .
tensile strength pyrolytic
high weight carbon
brittleness
not easy to process
Polymers Benefits Polyethylenec | Orthopaedic
toughness ellophanecellu | orthodontic,
low weight loid, PU, | cardiovascular
processability nylon, PVA, | breast
Limitation: PLGA, PEG,| implants,
?ggggggﬁ‘&cg\ll;rgggeth PMMA, PCL, | scaffolds for
deformability over time UHMWPE,PC | soft tissues
PLA, PGA,
PTFE,PLA *
Biological Benefits Porcine/bovine Bioprosthetic
material Biocompatibility pericardium heart valves,
Limitation: skin grafts artificial heart

wound
healing, tissug
regeneration

[3]

17



* PolyurethangPU), polyvinyl alcohol(PVA), poly-lactic-co-glycolic acid
(PLGA), polyethylene glycol (PEGpolymethylmethacrylatéPMMA),
polycaprolacton€¢PCL), ultra-high molecular weight polyethylene
(UHMWPE), polylactic acid(PLA), polyglycolic acid(PGA),
polytetrafluoroethylen¢PTFE),polylactic acid(PLA).

Biomaterialsexhibit a wide range of chemical compositions and properties,
allowing them to be utilized in varioapplications. It is therefore quite difficult
to define them uniquely. The main groups are metals and alloys, cerantcs,
polymers.Table 1 lists some of the most significant biomaterials from clinical
applications.

Each type of biomaterial requires specific biocompatibility considerations.
Ensuring safe and effective interaction with biological tissues. Chapter 1.1.8 will
discusshiocompatibility in greater detail, outlining its importance in biomaterial
selection, testing methods, and impact on medical applications.

1.1.2Metals and their alloys

Metals are the most widely used scaffoldaterials for loadbearing
implants. Their applicationincludes orthopaedicimplarts - including wires,
screws, fixation plategndjoint prostheses for knees, hips, ankéxjshoulders
- as well as irdental implantologyndcardiovascular surgerie€ompared with
other biomaterials, metallic materials possess superior mechanical properties,
including fatigue strengtliracturetoughness, yield strengtand ductility.

Historically, metals like goldAu), platinum(Pt), silver(Ag), tantalum(Ta),
palladium (Pd), nickel (Ni), copper(Cu), Al, zinc (Zn), and magnesiumMg)
were used in implantologystarting from thel6" century. The most used
materials aretainlesssteel, titaniun(Ti), andTi alloys, cobal(Co) -basedand
Tabased alloysHowever, it was laterealisedthat these metals often lack
essentiafeatures such asiocompatibility or mechanical properti€Bhe major
limitation of usingmetals in biologicafluids is their tendency to corrod@his
led © the development of modern materials suchssainless steelcobalt
chromium Co-Cr) alloys, Ti alloys, andothels. Among these, Ti and its alloys
are considered the mos$avourable material for implantology due to their
excellent combination of mechanical properties, corrosion resistarc
biocompatibility[1], [4].

Modern metallic biomaterials have been developeditivesshelimitations
of eatier materialsoffering aunique combination dfigh strength andorrosion
resistance particularly inTi and Co-Cr alloys. However, severalchallengs
remain, includingion releasethe general susceptibilityo corrosionin metals

18



other tharTi and CaoCr alloys, and the high stiffness of these materials compared
to natural bone These factors continue to be areas of concern in biomaterial
research and developmdBi. Table 2 present& comparison ofhe mechanical

properties of metallibiomaterialsa n d

natur al

bone.

The Yo

elastic modulus) of a material measures its stiffens and describes how much it
deforms under an applied force. It determines how well the biomaterial interacts
mechanically with the surrounding tissue. It is intpot for the stress shielding

T this occursbecause the implant bears most of the mechanical load; this can
result in bone resorption and weakening. The closer match to natural bone
minimizes mechanical misn@ting. Moreover,the elastic modulus determines

how a materialwithstandgepetitive stresses without fracturing.

The second datpresented iMable 2, is ultimate tensile strengtlvhich

presentshe maximum amount of tensstrengththatabiomaterial can withstand

before it breaks. The third presented detahe fracturetoughnesswhich
measureamat er i

al 6s

ability

to resi st

crack

Low fracturetoughnesss more prone to sudden, brittle fracture, which could lead
to implant failure[4].

Table 2. Mechanical properties of metallidloy materias and cortical bonf4].

Materials Youngo6s|Ultimate tensile Fracture

modulus (GPa)| strength (MPa) toughness
(MPapa)

CoCrMo alloys | 240 9001540 ~100

316L  stainlesg 200 540-1000 ~100

steel

Ti alloys 105125 900 ~80

Mg alloys 40-45 100250 1540

NiTi alloys 30-50 1355 30-60

Cortical bone 10-30 130150 2-12

Belowis a summanyf the main metéic biomaterials
Stainless steetefers to aclass of iron (Fe}based alloys specifically

engineered for enhancedrrosion resistancd his resistance isttributedto the

presence o€r, whichforms a thinprotectiveoxide layer orthe surface of steel

This layerprevents oxygen and moisture from penetrating and causing corrosion
thereby inhibiting corrosiarHowever, ina chloriderich environment, such as
bodily fluids and saliva, stainless steelsigsceptibleto pitting and crevice
corrosion. Tamitigatethis, a modern 316L staieiss steel alloywasdesigned to

improve corrosiorresistanceT h eLo stands for low carborontent which
enhances the corrosion resistance. Additionally, 3t6htains Cr, Ni,and

molybdenum o), which furtherimproveits durability. However, the release of
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Ni and Cr may cause adverse reactions such as allergies or toxicity. Moreover
the corrosion resistance of 31Glemains isufficient for long-term implants.
Thus stainless ste@lan be used onlysabiomaterial forshorttermimplants[4],
[6].

Co-based alloys exhibit eeptionallyhigh corrosion resistanceven ina
chloriderich environment. TIs is due tothe spontaneous creation afpassive
chromium oxide (GiOs) layeron their surfac§/]. Cobaltbasedlloysalsooffer
abalance between biocompatibility and mechanical propefitiesydemonstrate
high wear resistance, fatigue strengéimd hardnessnaking them suitable for
long-term loadingbearingapplications. ldwever the cosbf Co-based alloyis
higher tharthat ofstainless steelThe most commonlysed Cebasedalloys are
Co-Cr-Mo for orthopedicimplantsand Co-Ni-Cr-Mo for cardiovasculastents
anddental material[4].

Ti-basedalloys arethe most widely sedmetallic biomaterialsdueto their
excellentbiocompatiliity andsuperior mechanical propertids.promotes direct
bone apposition and exhibigdower elastic modulus than stainless steel or Co
based alloysreducing the risk of stress shieldifidne mechanical propertiesf
Ti arefurther enhanceth Ti-6Al-4V, which contain®% Al and 4% vanadium
(V). However, Al and V ionsnay be released over tim@hich are neurotoxic
and cytotoxic andtaninterfere with cellular processe$o address this issue,
surfece engineeringtechniques, such asoating have beendevelogd.
Additionally, otherTi-based materials, such as6lil-7Nb (where V is replaced
with niobium (Nb)) ard 1-Ti alloys, have been introduced to improve
biocompatibility and mechanical performarigg [9].

Ni-Ti alloy, commonlyknown as nitinol, is anothedvantageousi-based
alloy for clinical applications. ltypically consistof 54-60 wt% Ni andexhibits
unique properties of superelasticity and shape memii§nol has good
corrosion resistance and biocompatibijliyut there is a significant concern
regardingthe release of Nbns. It can causallergicreactionsandis associated
with carcinogenic effectsDespite these limitations, nitinol is widely used as
guide wires, stentperipheralvasculadevicesand embolic protection filtefd],
[10].

Tabasedmplantscanform a compact passive oxide lay&Os, on their
surfaceThis oxidelayerpromotedone ingrowth byacilitating the formation of
apatite, whichenhancesdhesion of hard and soft tissues. Ta &b&sv elastic
modulusclosely matching that ofaturalbone.Ta has high fatigustrengthand
chemical stability Additionally, Tacan be manufactured as porous strusture
further improving bone ingrowthTais considerecn excellent biomaterial for
biomedicine applicationsHowever its high cost stemming fromlimited
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availability andexpensiveprocesmg, restricts its widespread usko address
this, thin Tacoatings have been develogedoromote outstanding properties of
Tato other materials, such sainless steel, GGr alloys andTi-based materials
[4], [11], [12].

Mg-basedalloys such as MgZn, Mg-Ca,Mg-strontium Sr), are resdrable
materials, specificallgesigned fotemporary implanapplications These alloys
eliminate the need fasecond surgerigy gradually degrading in the badyig-
based alloys hava low elastic moduluswhich helpsredue stress shieldg.
Additionally, theysupportbone growthSeverakhallengesestrictthe use of the
implant including rapid resorptionthat compromiss its structural integrity
before healing is completed; hydrogersdormationelevatedtorrosion rateand
limited mechanical streng{d], [13].

1.1.3.Bioceramics

Ceramics can be defined as inorganic -noetallic materials and are
commonly described by their chemical composition, which can be generally
expressed in two ways; either as weight percentage (wt %) of elemexstshar
composition of elements, represented by the proportion of atoms of each
e | e meancendage of the number of atoms of each elewi¢iin the material
(expressed aatomic percentage = at %).

Bioceramicsarea class of ceramic materials specifically designed for dental
restoration and boreontacting applications. It is characterizedteyemarkable
combination of excellent strength, high hardness, toughness, and outstanding
resistance to both corrosion and mechanical degradation. There are two types
bioceramics: oxides, such as silicon oxide @pi@luminum oxide, also known
as alumina (AlOs), and zirconium oxide, also known as zirconia (Zr@nd non
oxide, such as silicon carbide (SiGjljcon nitrite (SiN4), and aluminum nitrite
(AI(NO>)3) [14]. In general, bioceramics are considered biocompatible materials.
The substances released to the surrounding tissues depend on the ceramic
material's composition, mainly Si, Al, Na, K, Mgnd Ca. Local toxicity is
considered low, and systemic toxicity is unlikely to occur due to relatively low
amounts of released materials, such as lithium and1¢ad

Based on their interaction with adjacent tissues, bioceramics can be
classified into three categories:

1) Bioinert, such as alumina and zircomesult in little or no physiological
reaction in the human body and tend to exhibit inherently low levels of reactivity
which peak in the order of hundreds of years.
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2) Bioactive, such as hydroxyapatite (gBQ:)s(OH),), reactpositively
with local cells, i.e.theyform directchemical bonds anelixhibit a substantially
higher level of reactivityreaching gpeakaround100 days.

3) Biodegradable, such as tricalcium phosphates(f@a).), which is
slowly and gradually replaced by bone, have even higher levels of reactivity,
peaking in the order of 10 dajst], [15].

Oxides are highly stable inorganmaterials they do not undergo any
additionaloxidative processesjeaning naorrosion or ion releasgould occur
The limitations of the widespread use of bioceramic oxides are stiffness and
brittleness,which represensevere drawbacks in many practical applications.
Only alumina and zirconia are utilized to produce hip prostheses, while ceramic
composite oxides, prevalently made of aluraitgonia (AkOs-ZrO.), were
subsequently developed, seeking improved mechanical performa6ge
Alumina exhibits features of chemical stability, high hardnesand wear
resistancemakingit a preferredmaterial for loaebearing implant§17], [18]. Its
bioinertnesgo surrounding tissuesan be eithean advantager a limitation,
depending on the application. To enhance its performance in biomeeNoeds
that require improved cell adhesion, surface modification techniques such as
anodization have been develop&tiese techniques enalaliemina to overcome
some of its inherent challenges and expand its functional capalpil@ies

1.1.4.Bioceramic alumina

Bioceramic alumina, or aluminum oxidé,Os, is a type of ceramic material
designed for biomedical applicatiod.Os is an inorganic compound of Al and
OOwith the most common and ther medynami
Al.Osk nown as eAb®;phase cambe fobined by calcinating hydrated
Al,Osthrough several different phase structures, or directly from powders using
advanced method20]. Al>Os is chemically stableand resistant toacidsand
bases, essentially based on dens®Aderamics wittahexagonal structuf@l].

Since the 1960%ioinert alumina AbOs has been utilized as@omising
candidate in orthopedic joint prostheses due toexseptionalcompressive
strengthand chemically inert propertig$6]. Al.Oz; does nofpromotebonding
with living tissues or body fluidbut exhibits resistance to low pH environments
for thousands of hour&lluminademonstrates high chemical inertness, indicating
that a significant amount of time is required to establish stable connections
between implants and tissyesdit does not induce mutagenicity to cell22],

[23], [24].

Alumina ceramics for implants are typicatibricatedrom powder through

a serieof demanding steps, such as mechanical grinding, dry pressing, sintering,
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and extrusion at high temperatures and pres§2bgsTheseprocesesarecostly
and time-intensive and the brittleness of alumina, along with compositional
impurities, limits the production of large complexshapedstructures.

To overcome these limitations and enhance surface propektiesloys
were introduced as alternative substrails. when combined with alloying
additives such aSi, Fe, Co, Mg, Mn, Znforms an Al alloy. Al alloy enhances
mechanical and corrosion resistance compared to Al. Ba#Al andits alloys
rapidly react with the oxygen from the atmosphere at ambient temperatures by
creating a thin A0z layer of I 10 nm thicknesg26]. However this native oxide
layer is insufficient for robust mechanical protectiand corrosion resistance,
and may lead to theelease of toxic Al ions.

To enhance the thickness, uniformity, and functionality of the oxide layer,
anodization is employed\nodization isanelectrochemical proceskatcreats
a protective oxide layer on the surfaceaahetal Anodized alloysiemonstrate
enhancedurface hardness, corrosion resistamarel other technicglroperties
[19]. This processan be conducted using variousatolytesincludingsulfuric,
oxalic, phosphoricand chromic acids, as well as their mixtur@sodization is
comnonly employedn industial applicationsDuringthe processil reacts with
anions such a+HSQ/', OH, RCOQ, etc.) resulting inporousanodized coatings
of varying thickneses which can exceed0OOe m o r . Howevee it is not
possible to achieveoatingsthicker than200¢ ndue tothe high resistivity of
Al,0s. Anodized AYOs coatingsfeaturevertical nanopores of uniform size and
distribution[27].

This artificial oxide film forms o\l when a sufficient voltage current flows
through an electrolytewith Al as the anode aral suitable materigloften lead
(Pb) or stainless steeBsthe cathodd28]. The mobile speciesvolvedin the
anodizing of puré\l in aqueous solutions are*Atations, and &or OH anions.
The oxidation ofAl at theAl/oxide interface generates®Atations, while ®@'or
OH' anions form at the oxide/solution interface by téovalof H* from HO
molecules lonic migration through the oxide under a high electric figidhe
rangeof 1C° to 1& V/m, facilitatesthe growth of the anodic oxide filf29].

The anodizationprocess beginswith surface cleaning followed by
immersion in an acidic electrolyte bath. Upon apply@igctric current the
following reactionsccur.

i Cathode(reduction):

2H++2eY H

1 Anode (oxidation):
Al YV +8¢
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1 Formation of Al.Os:
20*+ 37 Y  AQs
2A13*+30HY AQ;+ 3H*

I The overallanodic oxidationreaction:
2Al + 3H,O Y O 6H + 66

Oxide growth occurs simultaneousht both the metal/oxide interface by
Al®* transport and at the oxide/electrolyte interface by oxygen ion trangpert
resulting anodized coating exhibits a wadtlered hexagonal structure, wiach
cell containinga central pore perpendicular to the surfgégure 1). Beneath the
porous layeties a barrier layer, composed of nanocrystallites with sizesXdf 2
nm, hydrated AlOs, anions, and water molecul@®]. The barrier layeprotects
the underlyingAl from corrosion and chemical attackhile also actingas an
electricalinsulabr due to its high resistivityits thicknessncreases linearlwith
voltageby approximatelyl.2-1.4nm/V, buttypically does not exceedl £ {81],
[32].

The pore size and the interpore distance primarily depend on electrolyte
concentration, temperatyrand anodization voltagi9]. Seltordered porous
Al,O; structures can be formed under specific conditioBslfuric acid
electrolyte at 1025 V yields small nanopores with low interpore distarga],
[34], whereagphosphoric acichat 160 195V produce wider pores withgreater
interpore distance [20].

Pore Interpore
diameter Wall  distance
_i i thickness: :
Anodized Al
layer
'

Aluminum

Aluminum Barrier
layer

Figure 1. Schematic representation of an ideal porous anodic (28]e
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1.1.5.Synthetic and naturalogbymeric biomaterials

Polymersused adiomaterialsnclude bothnaturally derived and synthetic
polymers, whichcan beeither biodegradable or ndmodegradableNaturally
occurring polymerssuch as collagerghitosan, alginate, and gelatire often
preferred for biomaterials due to théindegradaitity and eag of acquisition.

In contrast, synthetic polymers aoemmonly used in various applications,
including prosthetic materials, dental materials, disposable medical supplies, and
implant. Synthetic and natural biopolymease alsoemployed in constructing
microfluidic systems foin vitro cell and tissue studi¢85], [36].

Biodegradablenaturalpolymers are materials that degrade intmtoxic
byproducts through natural processashas hydrolysis or enzymatic reactions.
Biodegradablebiomaterials do not elicit permanent chronic foreidpody
reactions and are ideal for temporary implantatidhsamples includéFigure
2):

1. Proteinsand biopolymers

1 gelatin- used in drug delivery formulation and tissue engineering

1 collagen- usedin wound dressingnddrug delivery

i alginate, extracted fromigae, used in wound healing, tissue engineering,
injectable bone cemerand drug delivery applications;

1 chitosan(usedfor the synthesis of hydrogelsn tissue engineering
scaffolds, injectable bone implant materjalsd wound dressing

2. Synthetic polymers

1 polylactic acid PLA) (CsH4O2)n i thermoplastic aliphatic polyester
derived from lactic acidused in bone fixation, tissue engineering, 3D printing
and packaging);

9 poly-lactic-co-glycolic acid PLGA) (CsHsgO4)n(CsH4Os)m - is obtained
by copolymerization of lactic acid and glycolic aaitd used in sutures and tissue
engineering

9 polycaprolactone RCL) (CsHi0O2)n - prepared by theing-opening
polymerization ofUcaprolactongused in bone filling, drug delivery devices,
suture and tissue engineering. PCL is cheaper compared to PLA and PLGA, has
betterprocessabilityand has high thermal stabiljtiyhich enables it to be shaped
by themelting proces§37], [38].

Non-degradable synthetic polymers, originally developed formedical
purposes, are now widely utilized as biomaterials due to their physical and
mechanical properties that closely resemble those of human soft tissues. Common
examples includérigure 2):
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Figure 2. Chemical structuresf biodegradablgolymers collagen, gelatin,
alginate, chitosan, PLApoly-L-lactic acd), PLGA (poly-lactic-co-glycolic
acid, PCL (mlycaprolactong and nordegradable synthetic polymers: PE
(polyethylene), PP  (polypropylene), PS  (polystyrene), PMMS
(polymethylmethacrylate), PTFE (polytetrafluoroethylene). While PLLA is
presented in the figure, the text refers to PLA in genei28],
https://commonchemistry.cas.orbttps://merckindex.rsc.org/

9 Polyethylene (PE) (§14), is used for parmaceuticabottles nonwoven
fabric, catheterspouchesflexible containersand orthopedic implants

26



91 Polypropylene (PP) (#Ele), is used for @posable syringes, blood
oxygenatomembranessutures nonwoven fabric, and artificial vascular grafts

91 Polystyrene (PS) Els)n is used forissue culture flasks, roller bottles
andfilter wares;

1 PMMA (CsHgO2)nis used for alood pump and reservoirs, membrane for
blood dialyzer, implantable ocular lens, and bone cement

1 PTFE(C.Fs). is used forcatheter and artificial vascular grafts

1 PC (C16H1403)n is used for hemodialyzers, arterial filters, endoscopic
devices, intravenous connectors, etc.

These polymers are preferred over metals and ceramics because they can be
easily manufactured in various forms (fibers, films, sheets), aresffestive,
and offer customized physical and mechanical properties. However, polymeric
biomaterials have someralvbacks, including water and protein adsorption,
susceptibility to surface contamination, challenges in sterilization,
biodegradation, and wear issues. The use ofdegmadable polymers raises
environmental concerns related to pollution and waste marsageespite
these challenges, their versatility makes polymers a key choice for biomedical
applicationd39], [40].

Polymeric materials continue to evolve and offer diverse physical forms and
properties: from solids to fibers, from thin sheets to thick plates, from hard to soft
components, from inert to bioactive produdslvanced fabricatiotechniques
such aselectrospinning and 3D printingnable customizationof polymeric
materials However, biocompatibility is often compromised by the chemical
additives such as polymerization inhibitors/initiators, monomers, plasticizers,
pigments, antioxidants, and radiopaque &gjri].

1.1.6.Polycarbonate

Polycarbonate (PCthemicallyreferred taas poly(bisphenol A carbonate),
is a synthetic thermoplastmolymer capable of undergoing repeatstles of
melting upon heatingand solidificationupon cooling. Its chemical formulais
(Ci6H14Os)n (Figure 3) [42]. It is synthesizedthrough a condensation
polymerizatiorreaction between i sphenol A (BPA) [48nd phos
Structurally, PC features repeating carbonate group®-(C=0)0O-) in its
molecular backbone, which contribute to its exceptional properties. The unique
combination of aromatic rings from BPA and carbonate linkages imparts high
rigidity, strength, and optical clarity the materia[44].
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Figure 3. Chemical structure of polycarbong#et].

PCis widely used in aange of applications, especially in tbectronics
automotive, and construction sector&cknowledging the significance of
biocompatibility, certain grades of PC are specifically engineered to comply with
biocompatibility testing standards, such as ISO 10B93C is among the most
commonly utilized and rigorously tested engineering thermoplastic materials in
the medical device industry todaynown for itsstrength, high heat distortion
temperature, excellent optical clarity, adonensional stabilityit is an ideal
material for demandingndcritical healthcare applicationg/ith a safety record
spanningover 50 years, polycarbonate has become a proven material that offers
significant benefits for medical applicatioridoreover, it combines robustness
with the ability to be sterilized using all common methodsylene oxide (EtO),
irradiation (both gamma and electrbeam), and steam autoclaviras well as
disinfection with common clinical disinfectants, such as isopropyl altoho
further solidifying its position as a reliable matefié], [46].

Polycarbonate is commonly used in {8apporting devices, including
hemodialysers, anesthetics containers, blood oxygenators, arterial, filters
intravenous connectors, endoscopic deviaaw others These devices are
lightweight, easy to handleesistant to breakage, and, above all, transparent and
translucent for quick and accurate visual inspection or monitoring of the level,
flow rate, or condition of the liquids flowing through them. Wholéering the
clarity of glass, polycarbonate surpasses it in durability and practicality, making
it an essential material in modern healthcare.

In cellular studies PC membranes areidely used for cell adhesion,
migration, and ceulture experimentCommercially availablerack-etchedPC
membranesprovide precise control over pore size and surface properties,
including wettability. While untreated PGnembranesare hydrophobic,those
treated withpolyvinylpyrrolidone(PVP) become hydrophilicHowever,despite
its hydrophilic nature, PVP-treated PC membrasemay exhibit reducedell
adhesiorontheirsurfacg47], [48]. Therefore, alternative surface treatments are
necessaryo fully enhance adhesion and optimize membrane performance for
specific application§49].
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In the current research, a traetched PC membrane was designed for use
as a component in microchip fabrication, serving a dual function: as a structural
wall separating two subchannels and as a substrate for cell adhesion. To optimize
the PC surface famproved cell adhesion, physical and wet chemical oxidation
methods were applied. Additionally, the adhegioomoting factors (PDL,
fibronectin, collagen) were added to the oxidised PC. Our results demonstrate
how these surface modification techniqueduece adhesioproperties(see
Chapter3.2).

1.1.7.Biocompatibility

Biocompatibility is afundamental requiremerfor any material to be
classified as a biomaterial. diefinest h e mat e r to enterédcswithdhe i | i t vy
biological environment without causing harm, ensuring functional andting
safety. Since biomaterials are used in direct contact with human tissues,
understanding biocompatibility essentiafor selecting appropriate materials for
medical and biological applications.

A biomaterial must not elicit:

I Toxicity - the potential to harm biological systems through chemical
means. This includes systematic toxicity, where adveraetionsoccur away
from the application site; local toxicity, which affects the contact site; and
cytotoxicity, which involves damage to individual cells, such as those in the cell
cultures.

1 Allergenicity i the potential to trigger an allergic reaction in the body.
The dose levels that cause allergic reactions are generally lower than those
required to inductoxic effects

1 Immunogenicityi the ability of a substance to provoke an immune
response.

1 Genotoxicity- an alteration of the base pair sequence in the genomic
DNA. Cells have numerous mechanisms to repair genotiaxitage

1 Mutagenicityi occurs when the geneti@magas not repaired, resulting
in mutations that are passed to the next generation of cells.

9 Carcinogenicityi when alterations in DNA cause cells to grow and
proliferate in an unregulated manid4].

While biocompatibility is universalacross all biomaterials, specific
materials exhibit distinct mechanicahysical and chemical propertiemaking
them suitable fodifferent applications

1) For replacing musculoskeletal parts of the bamlycial features include
tensile and fatigue strength, resistance to wear and corrosion, low modulus of
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elasticity, and good hardness. Examples are dentabathdpedidmplants, such
as joint replacements and bone scrgy@.

2) In wound dressing tissue engineeringand drug delivery soft
biomaterials like hydrogels are required. Their primary purpose is to support cell
growth and provide a moist environment. Thus, they do not need mechanical
strength but rather flexibility and porosiyl].

3) Some materials are designed to react with tissues rather than be ignored
by them. Here, chemical properties such as bioactivity are critical. Examples
include hydroxyapatite, which promotes osseointegration, and bioactive glass
used in dental andrthopaediemplants[14], [52].

4) Materials designed to degrade over time possess chemical properties that
allow for gradual resorption and replacement with natural tissue. Examples
include PLA and polyglycolic acid PGA, used in sutures and temporary implants
as well as tricalcium phosphatehich serves as bone graft substitute that
degrades over time and is replaced by natural [R8]e

To assess the biocompatibility of a material, a series of tests must be
conducted, tailored to its intended use, locateod duration of contact with the
tissues. Biocompatibility isvaluated through three categoriddiologic tests:
in vitro tests, animastudies and clinical trialsThe in vitro testing includes the
following experiments:

1) Surface characterization i assesses theaterials' topography and
surface chemistry, which influence protein agsion and subsequently, cell
adhesion.

2) lon releaseanalysis- measureghe release of iorfsom the materiainto
the surrounding environmenExcessive ion release magsult in toxicity,
adverselhaffecting cell function and integration.

3) Corrosion testing - examinesthe ma t e rrésiagthnéesto chemical
degradation when exposed to bodilyd. Materials sisceptible to corrosiomay
releaseharmful byproducts.

4) Cell adhesion assayg - determinethe materiads ability to promote
attachment to its surface. Cell adhesion itical for cell proliferation, tissue
integration and regeneration.

5) Cytotoxicity tests - assess whethena t e rbiypeotusséor surface
interactions lead tdecreasedell viability or cell death.

Thesein vitro tests are based on internationally recognized standards for
biological evaluation of medical devices, primarily the ISO 10993 series. They
represent widely accepted methodologies for assessing biocompatibility in early
stage material screening, beforemaai or clinical studiesin the present study,
all listedin vitro biocompatibility assessments were conducted on Al alloy 6082
modified by anodization, to determine disitability as ebiomaterial
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While biocompatibility ensurethat biomaterialsdo not cause harm when
interacting with biological system#heir effectiveness in cellular applications
depends on their ability to support cell adhesion. The interaction between cells
and biomaterial surfaces is dictated by surface chemistry, topography, wettability
and functional groups, all of which influengeotein adsorptiorand cellular
attachmentsin the next chapter, | explore the mechanism of cell adhesion
highlighting the role of extracellulamatrix proteins, integrins, and receptor
interactions in guiding cell adhesion. These principles will be applied to
biomaterial surfaces, where topographical and surface chemistry determine the
success of artificial substrates in supporting cellular fonsti
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1.2. CELL ADHESION
1.2.1.Introduction to adhesion

Cell adhesion is a biological cellular process by which individual cells form
molecular and chemical bonds witteighbouringcells or a substratelhis
process iscrucial for maintaining cell viability and other essential molecular
mechanismssuch as cellular communication, signal transduction, proliferation,
tissug andorgan formatiorfi53]. Changes in cell adhesion can cause a wide range
of diseasesincluding cancen[54], [55], arthritis [56], osteoporosi§4], and
atherosclerosif58], [59].

In vivo, atissue is defined as a collection of similar cells that collaborate to
execute a specific function. These cells typically exhibit a common structure and
are organized in a manner that enables them to accomplish tasks that a single cell
would be unable tperform independenthCells inatissue adhere to each other
andthe ECM Adhesion is a critical aspect for maintaining tissue integrity and
function contributing tostructural stability, barrier formation, and cellular
polarization It also plays a keyole in signal transductigrregulating processes
such ascell proliferation, differentiation, survivaland migration[60]. Cell
adhesion i crucial feature in cell biology, biomedicine, and tissue engineering,
and has been extensively studi&ksearcton cell adhesion is important for
fundamentalscientific studies andrarious applications including artificial
tissues, organs, bones, teeth, implantable sensors, skin regenaratiorgan
transplantatiof61], [62]. Understanohg how to control thédehaviouiof cells on
artificial surfacesas well aselecing and prepaing these surface$o promote
cell adhesion, is essential.

1.2.2 Adherentand suspension cells

Based oradhesiorto substratethere are twaypesof cells:

1) Adherent cellsi cells thatrequire adhesionto a substratdor proper
growth and proliferationThese are cells of various tissuieskin, muscle, bone
and others.

2) Suspension cells nonadherent cells thatan proliferatedirectly in a
growth medium without requiring a surface to attamirch as white blood cells
or erythrocytes

When cells are taken from an organismifovitro culture, they are initially
consideredprimary cells. As they adapt and proliferate over time, they may
develop intoa cell line. Thusthere are two main groups wfvitro cells based
on their origin and characteristics:
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1) Primary cells cells taken directly from living tissues and cultured for the
first time. They retain most of the characteristics of their tissue of origin. This
group also includes stem cells, which araifferentiated cells that have the
potential to differentiate into various cell types.

2) Cell linesi cells being adapted to grow continuously in culture, often
through genetic modifications or mutations that enable prolonged proliferation.
This categoryencompasses

9 Cancer cell linesi cells derived fromcancerthat can proliferate
indefinitely.

1 Immortalised cell lines geneticallyaltered to proliferate indefinitely.
They can be from variouxigins, including cancer cells.

Both primay and cell linesetain their characteristics as either adherent cells
or suspension cells. For example, the cell lineNBEL 28 (human cutaneous
melanoma cells) can grow and divide only when adhered to a surface, while the
suspension cell lindurkat (human T lymphocyte cells) grewn the culture
medium in the vial without adhesion

Adherent cells canin some casede cultured as suspension cells. For
example, the widely used HEK293 (human embryonic kidaeg)BHK (baby
hamster kidneykell lines cangrow eitherasoriginally adherenbr suspension
cells [63], [64], [65]. It has been showthat there isa clear difference in the
expression of certain proteins between these lindgatingthat the biochemical
processed these cell linegliffer depending on their growti he mammalian
suspension cells have lower expression of adhesion receptors and ECM adhesion
molecules, and differences in cytoskeletal proteins have been observed compared
to adherent mammaliazell conditions[66], [67]. Other cells thahave altered
morphology or intracellular molecular mechanisms, which may also alter normal
adhesion processeare the cancer cell88]. Thus, it ismportant tchave in mind
the origin of the adhentcellswhile studying cell adhesion

1.2.3The extracellular matrix

The extracellular matrix (ECM) is a complex assemblsnatromolecules
proteins glycoproteins, proteoglycans, and polysaccharidest serves as the
architectural scaffold for all multicellular organisntSCM is involved in cell
polarisation and migration, organizing cells into tissuasad providing
mechanical stability to tissueBesides structural functiolsCMs operate as
communication liaisons between the cells in organs and tissues by coordinating
multiple signalling insideout or outsidén commandg69], [70]. It transmits
biochemical signals through cell surface receptors, includingntegrins,

33



syndecans, and adhesion GP{Rsproteircoupled receptor)This signalling
indicates cellular fate and wide range of cellular functionsncluding
proliferation, survival, adhesion, migrationyound healing tissue repair,
differentiation and senescen¢él], [72], [73], [20]. Structurally ECM behaves
asa hydrogel. The structurfibers formed by collagen molecules, create a cross
linked network that captures anétains other ECM components, such as
proteoglycan[74]. The negatively charged carboxyl and sulphate groups of
proteoglycans attract water molecuteglactas an osmotic sponge, allowing the
polysaccharide molecules to retain a large amount of water in the ECM. This
property is important for thHECM's elasticity to maintain the tissues' compressive
strength[75].
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Figure 4. Schematic representation of the main components of the two ECM
compartments basement membrane (BM) and interstitial matrix (IMhe
legend indicates ECM componemslapted fron{76].

ECM is canposed otwo main componentshe interstitial matrix andhe
basement membrane (also known as the basabna@e)Figure 4). Cells attach
either directly to components dhe interstitial matrix or to the basement
membrane The interstitial matrix is found between various cells, providing
structural support and helping to withstand mechanical stress. The basement
membrane is a specialized structure that supports epithelial cells and separates
them from underlying connectigssue; it covershe basal surfaces of virtually
all epithelia, surroundsthe surfaces of muscli#bres andensheatheserves
Otherfunctions includesequestering growth factors and cytokines, estahlis
concentration gradientand regulating their spatial and temporal distribution
[77].

Thecomposition®f the ECMvary from tissue to tissuallowing it tomeet
the distinct structural and functional demandseafch tissue. For instance, the
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ECM of nervous tissue supports signal transduction, while BG# of
connective tissue provides structural supplNieyvertheless, the formulation of
ECMs carbe constantly adapted according to biochemical or mechanical signals,
resulting in a finguned, dynami&€CM remodellingprocedurd72].

1.2.4.Building blocks of ECM

ECM constitutesan arranged3-dimensional network structuithat offers
cellsbothstructural and biochemicassistanceThe building blocks of ECM are
the proteins (nost abundant.collagens elastin, laminin, fibronectinand
matricellular ~ proteing) glycoproteins  proteoglycans HG, and
glycosaminoglycasi(GAG) [78]. ECM comprises 1%1.5% of the mammalian
proteomewhichconsists ofilmost 300 proteins, including 43 collagen subunits,
more tharthree dozen proteoglycans, and around 200 glycoprdi#hg78].

Proteinsof the ECM can be divided into two groups: structarad adhesion
proteins

(1) Structural protein® The primary function of structural proteins is to
form fibrils, which maintain the strength and elasticity of E@M. However,
these proteins also support and promote cell adhesion [25]. The main structural
proteins are: collagen, which provides structural support and tensile stramgjth
elastin which gives elasticity to tissise The mainPGsare aggrecanversican,
andsyndecan

(2) Adhesion proteinmteractwith cell adhesion receptoos the outside of
the cell membrane. From a ligand and receptor perspettiesesECM adhesion
proteins can beeferred to aadhesion ligands'he mairproteins are fibronectjn
involved in cell adhesion, growth, migraticand differentiation; lamininthe
primary protein ofthe basement membranévolved in cell adhesionand
vitronectin which binds integrins tahe ECM. The main glycoproteinare
osteopontiri important in bone remodelling; tenas€imvolved in tissue repair
and morphogenesiandperiostini which facilitates adhesn and migration of
fibroblasts.

For in vitro cell culturing,a few elements of ECM areommonlyused to
facilitate cell adhesion to a surfaaghich includecollagen fibronectin elastin,
and laminin.While numerous ECM components exist, this thesis emphasizes
collagen and fibronectin due to their direct use in the experiments.

1.2.5.Collagen

Collagensare the most abundant proteingted ECM, comprisingD30% of
total ECM protein conten{72]. They provide fundamental structural support
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across all ECM compartmentscluding strong fibers of tendons, the organic
matrices of bones and cartilages, the laminar sheets of basement membranes, the
viscous matrix of the vitreous hum@vhich is te clear, gelike substance filling

the space between the lens and the retina in the posterior segment of,taedye

the interstitial ECMs of the dermis and of capsules around orlyatiese roles,
collagensserveas structural support faissues and, simultaneouslywith other

matrix components, puide bothelasticity and stability.

The most abundant collagen typedhir human body are collagen | (found
in bones, tendons, ligamendsdskin), Il (found in cartilagantervertebradisc),

Il (found in skin, lung, vascular systepand IV (found in basement membrane).
Beyond these predominant types, collagenshkbugh XIll exist in smaller
guantities, each specialized in function and location within the body.

Collagens can becategorized into subfamilies according to their
supramolecular assemblies: fibrils, beaded filaments, anchoring fibrils, and
networks(Figure 5). Most collagen fibrils are heterotypic, meaning they are
composed of multiple collagen types. Collagen fibrils can also be considered
macromolecular alloys, consisting of collagens andcalagenous proteins or
proteoglycan$79].
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Figure 5. Supramolecular assemblies formed by collag@gk
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1.2.6.Fibronectin

Fibronectin is a large dimeric multidomain protein that can bind
simultaneously to cell surface receptors, collagen, proteogly@ants other
fibronectin molecules. Fibronectin meeighs other adhemsn proteins fjgandg
found inthe ECM. It is synthesized by many adherent gailkich then assemble
it into a fibrillar network

Fibronectinforms a fibrillar networkby direcly interactng with receptors
on the cell surface.Newly secretedsoluble fibronectindimers bind to
transmembrane integrin receptans the outside of the cellheseinteractions
promote fibronectinfibronectin association and fibril formation by inducing
conformational changes in bouribronectin [80], [81]. During assembly,
fibronectin undergoes conformational changes teaeal fibronectinbinding
sites facilitating intermolecular interactionessentiafor fibril formation. The
role offibrils in ECM involvessignal transductiarcell adhesionand migration
includingprocesses suamswound healingandembryonic developmefi82].

Fibronectin has two formg(1) cellular fibronectini a nonsoluble form
secreted byibroblastsand many other cell types and incorporated into ECM; (2)
plasma fibronectiii asoluble formsecreted by hepatocytes and enriahdalood
plasma[82]. Plasma fibronectirplays a crucial rolén initiating and regulating
the body's response to tissue injuWhen a blood vessel is injured, plasma
fibronectin isquickly deposited at the injury site, fomng a temporary matrix that
facilitatesplatelet adhesion and aggregatignditionally, the assemblgnsues
proper clot formation andgupportsthe healing process.The assembly of
fibronectininto a complex thredimensional matrix during physiological repair
servesnot only as a structural scaffold,tbaiso as a regulator of cell function
throughout theissue[83].

It is important to noticahat, despitdoeinga glycoprotein, fibronectin is
often referredto simply as a protein irthe contextof ECM, ratherthan being
categorized as a glycoprotein. This is dultmnectinskritical role instructural
and functional support tehe ECM. Its involvement in variousbiological
processesurpasses that of othglycoproteins, which is whit receives special
attention fibronectin receives special mentidrhe samean besaid for another
group of glycoproteins laminins.

1.2.7Cell adhesiorreceptos

Cell adhesion receptoese specialized transmembrane proteins that enable
cells to detect and respond to external signals. These receiietecell-ECM
interactions, supporting tissue structure and signalling. Key types include
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integrins, which connect the ECM to the cytoskeleton and facilitate bidirectional
signalling, andPG receptors, which often act as-wmceptors in celECM
communication

1.2.8Focal adhesion

Focal adhesionsalso known agocal contactsare specializedsiteswhere
adherent cellenchorto substratesurfaces These multi-proteinassemblies are
initiated by the binding of integrin receptors to specific adhesion ligards.
binding triggers the clustering of various integrins and the recruitment of several
intracellular proteins, including talin, vinculin, and paxi[@®](Figure 6). These
complexes linkthe ECM to the actin cytoskeleton within the cellhe
cytoskeletal structursupportsthe nucleus and maintains the shape of the cell
Actin filaments of the cytoskeleton attach to the focal adhesion complexes,
providing structural support and facilitating signal transduction. This interaction
enables cells to sense and respond to their external enviroj@Ogia4].
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Figure 6. Schematic representation of activated integmindthe formation
of ECM-integrincytoskeleton linkagest the focal adhesion site upadhe
application of an external tensile loggd].
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Structurally, focal contacts are closed junctions where the distance between
the substrate surface and the cell membrangesfrom 10 to 15nm. Some
authors categorize the focal contacts based onléteral extension of adhesion
structures at the cediurface interface

1) Lesstharl & m i il fodaleomgléxas

2)1 to 5 ¢ nocal adhekien®m gt h

3) Greatertha® € m i i supeamatgreé ddhesiof85].

When cells attach to surfacéisey first formnanometesscale dot-like focal
complexesThese focal complexes are transient and unst8blaewill mature
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into micrometerscale elongated focal adhesions, which serve as anchoring points
for cells others disassemble without progressing furf8ér, [87].

During cell motion, focal complexes continuously form under the
protruding front of the cellknown aghelamellipodium. Lamellipodia are thin
wide sheets of cytoplasmapproximately200 nm thick and several micrometres
in width) composed of actin filaments. Some focal complexes mature into focal
adhesionswhich grow and extend towatte cell centre forming thicker actin
fibres[88].

1.2.9Process of cell adhesion

Cells explore the surfaces of materialing membranebound receptors,
such adntegrins, and use them to interact with ECM molecules adsorbed on
substrate surface€ell adhesion to a substratetypically divided intothree or
four stageqd60], [89]. Thedistinction lies inwhether the third and fourth stages
are mergedar treated aseparate stages. In the description below, | present the
information according to the four phagesabroademlandclearerunderstanding
while Figure 7 illustratesthree phase§.herefore the phases of the cell adhesion
to the surface are:

1. Van der Waals and ionic forces draw the seeded cells close to the
substrate

2. After a few minutes, thadhesiomreceptors integrinform contacts with
their adhesin ligands.This procesdriggers the expression of cytoskeletal and
other ECM proteinsFocal adhesions begin to form at these contact points,
linking the EQM to the celfs cytoskeleton through multirotein complexes.

3. After a few hours, the cellstartto flatten, enablingmore receptors to
bind to the surface. This leads to the formation of stfoongl adhegins and the
establishmenof the cytoskeletonThe strength of adhesidncreaseswith the
durationof a celb s ¢ o n tthe substratei ot dnother ceFocal adhesion
becomesgnore stable and mature, facilitatisgronger connections between the
cell and the ECMThese structureserveas anchor points for the cytoskeleton
and are essential for iestablishmenand reorganization.

4. Finally, the cells fully adherenitiating thesecretion of ECM molecules
and otheessentiaproteins into the environmerfgllowed bycell proliferation
Focal adhesions play a crucial role in transmitting mechanical and regulatory
signals between the ECM and the cell, influencing cell behaviour and fate.
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Figure 7. Phases of cell adhesi@#0].

To conclude, cedl sensetheir surroundings by forming adhesions. A
significant factor in celmaterial interactions is protein adsorption.
Conformation, concentration, distributioand bindingstrengthinfluence cell
adhesion. Initially fibronectin, vitronectin, and fibrinogen affect cell adhesion,
while collagen and laminin dominate in lotgrm adhesiof00].
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1.3.CELL ADHESION ON ARTIFICIAL SURFACES

Artificial substrates are utilized fan vitro cell culturing share functional
similarities with biomaterials applied in implantation procedufé® surface of
a substrate significantly impadtse cell behavioumndadhesionUnderstanohg
how surface properties affect these interactions is crucial for designing
biomaterialghat better mimic physiological conditior&his chapteputlinesthe
factors that influence cell adhesion.

In both culturing and implantation scenarias ma t eurfaceai$ riever
simply bare; it is always covered with water and proteinsin vitro cell
culturing,cellsare seeded in a growth mediuimitially, proteins from the growth
medium coat thenaterial's surface, and cells adhere only when they detect these
adsorbed protein@igure 8).

Biological fluid Cells

Material with

controlled /J/' |
topography and
chemistry

° ° Adsorption of
° ° °o e | proteins from
biological fluids

Cell response due
to integrins

Figure 8. Schematic illustration of the different phaseshainteraction of
biological elements witthemat er i al[@)]s sur f ace

This also applies to themplantation process. After implantation,
biomaterialsare immediately coated with proteifrdom blood and interstitial
fluids. Cells sense the substrate surface through this adsprbt=n layer,
meaningtheir initial reaction is to the adsorbed proterasher tharthe surface
itself [91].

In addition to sensing the protein composition ofirtleavironment, cells
alsodetectthe physicabnd chemicaproperties of theurroundingnaterial.Cell
adhesion isnfluencedby variouscharacteristicsincluding surface topography,
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porosity, mechanical propertieand hydrophilicity (Figure 9). These surface
cues affect how proteins conform on the substrate, which in turn governs cell
adhesion, morphology, movement, and biological fundtipnotein expression,
proliferation, and differentiation. Bytloring thesurfaceproperties, biomaterials

can be engineered to support improveacompatibility and celperformance
Studying how these factorfluence cellular responsesprovides valuable
insights for desigimng biomaterials in medical and tissue engineering
applications.
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Figure 9. Factors influencing cell behaviour at the impltissue interface,
including surface properties, adsorbed protensl cellular interaction®2].

1.3.1Surface topography

Topographicfeatures of the surfacencluding shape, sizeand geometric
structuresprovide biophysical and biochemical signals to the cells. Those signals
influence the cytoskeleton organizatinotein orientationandfolding; thereby
determinng the fate of the cell, including itsadhesionpolarisation, migration,
and proliferation. This phenomenon, known as contact guidanceurswhen
cells interact with surface topography, leadingltgnmentand orientation along
specific patterns or structurd83]. This is particularly important in tissue
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engineering and regenerative medicine when designing biomaterial suBaces
tailoring specifictopographiccues, it is possible to direcell responses veard
desired functional outcome$Vhile flat surfaces provide a twdimensional
platform for cell spreading, curved or structured surfaces create & three
dimensional architecture that enables cells to infiltrate and grow within the
material[92].

Surface topographical parameters important for contact guidance are surface
roughness, pattern size and geometry, regularity, stiffness, surface wettability,
andsurface energyn addition to topographyhe presence and typefahctional
groups ofasurfacehaveahuge impacin modulating cell adhesion and behavior
The most important featuresf a biomaterialfor cell adhesion are discussed
below.

1.3.2.Surface roughness

Surface roughnestescribes the degree of irregularity or texture on a
surface, typically characterized by deviation from an ideal smooth plahe.
roughness of a given surface is quantitatively described by the rougiveeage
(Ra), which represents the medaviation of the surface profile froan central
line over a specified lengtithe value of Ra usually can be givemiitcrometers
(um): higher valus of Rareferto a surface with higher irregularities asmcbugh
surface, while lower valigecorrepond to smoother flatter texture [94]. The
surface roughnessan be categorized based on the size of the irregularities
presennt

1) Macroscopic roughnegefers to the surface irregularities with features
larger than Inm, Ra typically greater than 10n. These are visible to the naked
eye. Thecells havesufficient space to spread and grow between macroscopic
irregularities, with minimal impaain cell adhesion.

2) Surface roughness on micron and submicron s¢alps to 1mm) is
usually not visible with the naked eye but can be observed amd&roscope.

Ra values between Opin and 1Qum. This scale promotes cell adhesion as it
provides enough irregularities for cells to attach.

3) Submicron roughnesacludesfeaturedsn the range of 106m to 1um.

Ra values between 0.Qin and 0.1um. This group provides an increased surface
areathatcan further enhance cell attachment and spreading.

4) Nanoroughness features smaller than hoid Ra values lower than 0.01
pm. Theseextremelyfine features can affect molecular interactions and cell
behaviour Nano roughness is considered to be the closest to natural tissue
morphology, and it is an ideal factor that has a positive effect on cell adhesion,
growth, and maturatiofb3].
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Surface roughness increases cell adhesion, amdffact depends ohoth
thedegreeof roughness and the size of the c&lisnerally cells adhere better to
surfaces with roughnesisat isequal to or slightly greater théme size of the cell,
as demonstrated withuman osteoblasts and osteosarcoma.céhlsse cells
exhibit varying adhesionlevels on surfaceswith different roughness, with
optimal adhesion often occurring on surfacémgeroughness parametesign
with the size of the cellf80], [81]. Large cells like human primary bone cells
(D50e m) wi | | react differently to the sar
like monocytes P10e m) or P2 eant ) Hdwever sexcéssively rough
surfaces with high peaks and deep valleys may hinder cell adhesion and
spreadingAdditionally, cell type plays arucialrole as different cell phenotypes
responddifferently to the same surface reli€@verall the interaction between
surface roughness and cell adhesion is complexcamafulconsideratiorof the
specific cell type and the extent of surface propeiiesssential foachieving
the desired result in biomaterials developnj8i.

1.3.3.Surface porosity

Surface porosityefers to the presenadd tiny voids or pores on the surface
of amaterial. It can significantly affeche physical and chemical propertie
the material increasing theavailable surface area for processash as
adsorption catalysis and diffusion. Additionally, it impactscell adhesion,
migration, proliferation, and differentiatioThe primary factor affecting cell
adhesionis pore size The pore size classification is as follows:

1) miliporei pore size between Orfimand 100 mm

2) microporei pore size between Ogim and 100 pm

3) nanoporéd pore size between Orimand 100hm[97].

The study involving mesenchymal stem cells (MSGnd collagen
glucosaminoglycan scaffoldith varying milipores, rangingfrom 80 pm to
320um, demonstrate@ consistent increase in adhesion corresponding to larger
pore sizes[98]. In contrast, the same scaffold tested witkteoblasts
demonstrated that cell adhesion occurred in alin@ar patternSpecifically,
increaseddhesiorwas observewvith larger pores pito 320 umthesame as in
thecase of osteoblastsoever,a secondarpeakwas observed at thpore size
120pum. This phenomenoocan be attributed to the fact that smatieresprovide
a larger surface areawhile large poresprovide a higher ligand density.
Nevertheless the secondarypeak disappead following cell proliferation
indicating that while specific surface area may be important for initial cell
adhesion, improved cell migration provided by scaffolds with pores above 300
pim overcomes this effe¢99].

44



When examining micropores, a studynvolving osteoblasts and porous
polycarbonate membrangith pore size ranging from0.2¢ mto 8¢ mwas
conductedThe cells were fully adhered and spread on the surface with ©.2h
pores, whereas cells became spherical with filypodia andlamellipodiaon
membranswith larger micropores (3i8.0¢ m i n d[l08lmet er )

Another studyinvolving fibroblastsand anodic aluminium oxides of
different pore sizeganging from 0.07%m to 0.3um, demonstratethe highest
adhesion and proliferatiomith 0.075um porescompared to wider pores, owing
to increased focal adhesion densifi&s. Thus both studies revealed the highest
cell adhesion with the smatdigporesize.

To sum up, cell adhesion is influenced by pore size, with smaller pores
typically providing a larger surface area and promoting higher adhesion.
Meanwhile larger pores offer higher density and improved cell migration.

1.3.4.Material stiffness

Material stiffness referstamat er i al 6 s resi stance
applied force.In tissue engineering, stiffness and elasticity are often used
interchangeablyhowever, in this context,will use theermstiffnessto discuss
the mechanical properties of biomaterial surfac&tiffnessis quantified by
Youngos modul us mawkrch|l mebhsagtéesity.
modulus indicateBicreased materiatiffness

In vivo, tissue stiffness is determined by the stiffneshe@ECM, primarily
influenced by the composition of collagen and elastirhis stiffness varies
significantly, rangingfrom approximately0.1 kPa in brain tissue #round100
GPa in bone tissy&01]. Cellsperceivethesemechanical properties tie ECM
through a process called mechanotransductutrichinvolves the application of
traction,compresive, and tensile forceas well as thassessmeimif theresulting
deformationsin response, celf®rm focal adhesionsThe stiffness othe ECM
affects various cell activities including gene transcription, cytoskeletal
remodelling andintercellular interactios[53].

In tissue engineering, designing biomaterials wlithappropriate stiffness
can help mimic the natural environment of tissub®greby promoting cell
behaviourand tissue regeneratid@], [102]. Stiffer surfaces providea more
stablefoundationfor cells to anchor t@nd generallyenhance the organization
and dynamics of theytoskeletonOn thesestiffer surfaces, cells develop more
pronounced stresfibres - specialized bundles of actin filaments within the
cytoskeleton that generate contractile forces and are involved in cell adhesion,
migration, and morphogenesis. These conditions also lead to stronger focal
adhesions, resultingn more spreadut morphologiesin contrast on softer
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surfaces, cellsdisplay a more rounded shapéess organized cytoskeletal
structuresreducedstablity of focal adhesionginddecreasedell movemeni2],
[103].

Different cell types reponddifferently to materiaétiffness The actin stress
fibres of fibroblast cellsform when theYoungs modulusexceeds kPa, while
neutrophilsremain insensitive to a wide range of stiffnesgariations This
suggestghat cells mayely ontheirinternalstandard of mechanical sensirj§3].

1.3.5.Curvature

Surface curvaturénfluencescell behaviour both directly, by alterirthe
cytoskeletonand indirectly, by affectingroteinconcentration and foldingn
flat surface, cells extend theicytoskelevn within a twoedimensionalfield.
Converselypn curved surface cells a@pttheir cytoskeleton teconform tothe
geometry. Convex sfaces (e.g., spherespmpelcells to wrap around them,
which resultsn stretching and distodi ofthe cytoskeletorin contrast, oncave
surfaces (e.gpits) enablecells to expand intthe curvature (Figure 10) [104],
[105], [92].

Cell adhesion isnherentlydependent on protein adsorption, which is also
influenced by curvature. The orienation, unfoldng, or denatuation of these
proteins therebimpactscell adhesionkibrinogen and albumidisplaystructural
changesn response to varying levels of curvatukeditionally, the presence of
sharp and smooth edgéatluencesreceptor ligand accessibilityhile specific
patternssuch asioneycomb pores, guidbe formation ofocal adhesionf92],
[106], [107]
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Figure 10. The effect of surface curvature on cell shEs#.

1.3.6.Surface chemical properties

Surface chemistrgncompassefsinctional groups, wettabilityand surface
energy and surface chargeThe first three characteristicare inherently
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interconnectedasachange in one aspeiafluencesthe others. For instance, the
presence of hydroxyl-QH) functional groups on a surfaaeterming its
hydrophilicity; this heightened hydrophilicity correspat increasd surface
energywhichenhancesthmmat er i al dogntetact with watec and other
polar substanceghis relationship can be sumnmai as follows:

1 Functional group These arechemical groupspresenton a
surface such as hydroxy{-OH), carboxyl(-COOH), amine(-NH;) and methyl
(CHs) groups

1 Surfae energy It is influenced by the types of functional groups
present. Hydrophilic groups (@., -OH, -COOH) increase surface energy
enhancing the ability of the surface to interact with polar substances, such as
water moleculesin contrast, fidrophobic groups (e.g-CHs) reduce surface
energy, limiting such interactions

1 Wettability. This refers toa surface's abilityto attract or repel
water,typically quantifiedby measuring theontact angleHydrophilic surfaces
with high surface energgisplay low contact anglesindicating strong water
interactions. In contrashydrophobic surfaces with low surface enegghibit
high contact angleslow wettability - reflecting weaker interactions with water.

All those features determine the conformation of a protein, leading to the
impact on cell adhesion. One example is fibronectinyhich exhibits two
conformations: globular and linear. Material surface properties, such as
hydrophobicity and hydrophilicity, influence their conformations linear
conformation is more prevalent dmydrophilic surfaces, whereas globular
conformation is morealominant onhydrophobic surfaces. This is duette
exposureof negatively charged groups diydrophilic surfaces, which @y
interfere with thestabilizingionic interactions within the proteitmportantly,
the linear conformation of fibronectin enhances cell adhesion by expib&ng
integrinbinding sites RGD motif Other factors, including temperature, [#md
ionic strength also influence the protein conformation of EQiD8], [109],
[110].

Although distinguishing among these properties can be challenging, the
primary features relevant to cell adhesion@rginedbelow.

1.3.7.Functional groups

Suface chemistry refers to the chemical composition and functional groups
presentonamh er i al 6 s sur f ac e ctwifhhgeidserotgimso u p s
and cells influencing various properties, includiegll adhesion. Surfaces with
functional groups such as carboxyCQOH), amineNH), and hydroxyl {OH)
tend to enhance cell adhesion due torthbility to form hydrogen bonds and
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electrostatic interactions with ECM proteins. Conversely, surfaces with
hydrophobic groups, such asnethylgroup(-CHs), discourage cell attachment
[92].

Chemical modification caalso be used teeither promoteor inhibit cell
attachment directly to the surfa@y introducing functional groups with varying
hydrophobicity and surface charges, these maodifications influence the orientation
and conformation of adsorbed proteins. Salthratiors in protein behaviour
can, in turn, impact cellular differentiation procedd€9].

1.3.8.Surface wettability

Surfacewettability, characterized byydrophobicity and hydrophilicity
influences cellular responses by altering protein adsorptidrcanformationlt
reflects how a liquid interacts with a solid surfaitds commonly assessed by
measuring the contact angle formed between a water droplet and the surface.
Wettability primarily depends on factors such elsemical composition
morphology and surfa@ roughnessand it strongly correlateswith biological
interactiors [111]. A water drodet contact angleexceeding90° signifies a
hydrophobic surfagecharacterized by low surface energy and poor wetting
contrast, acontact angle below 90dndicates ahydrophilic surface withbetter
wetting andhigher surface eargy. Surface wethbility can be categorized as
hydrophobic (contact angle >80°), moderately wettable (contact angé2983
andstronglyhydrophilic (contact angle <35f}12].

Cells are more likely to adhere to hydrophilic surfadés. instancethe
adhesion of fibroblasts is the highgsth thewater dropcontact anglérom 60°
to 80°[113]. The supethydrophilic matrix surfacecharacterized bg contact
angle of less than 5&xhibits a strong attraction to water molecules. This strong
hydrophilicity inhibits the proper binding of adhesion proteins, thereby impairing
cell adhesion. Conversel\hd supethydrophobic surfagewith a contact angle
exceedingl50° strongly repels water. On such surfaces, adhesion proteins are
adsorbed in a denatured state, which compromises their ability to support cell
adhesior(Figure 11) [1], [53].
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Figure 11 Effect of surface wettability on protein adsorption and cell
adhesior{92].

1.3.9.Surface energy

Surface energyefers to the energyequired to create a new surface by
breaking bonds within a material. Mathematicalllys described as

7
r g P
where
a1 surface energyJ/n?];
W -work done tacreatethe new sudce, [J];

A1 area of the new surfacgn?.

Surface energy is determined by the interactions of molecules at the interface
with the environment. linfluences how a material interacts with liquids, gases,
and biological tissued he surface with high surface energy atsacater and
other polar molecules, leading to better wettability and adhesion.
The material b6s wettability is closely
1 High surface energgurfaces argypically hydrophilic,promoting better
interactionswith water

1 Low surface engy surfaces arbydrophobic materiajgepelling water
[114].
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For cell adhesionhigh surface energy idesirable A hydrophilic surface
encourages protein adsorption, creating a favourable cell attachment and
spreading environmenThis enhanced protein adhesion directly contributes to
improved cell adhesiofi15].

1.3.10.Surface charge

Surface charginfluenceshow proteins from the growth medium interact
with surface. Positively or negatively charged surfaces attract oppositely
charged regions of proteinsyhich affects their orientation, conformation,
unfolding, and adsorptiofil16]. This in turn, affects the cell adhesion.

The cellmembrane typicallyrasa negativechargedueto phospholipidsand
glycoproteins. Positively charged surfaces enhance adhesion through
electrostatic attractions, leadirgglls to adhere better to positively charged
surfaces than to negatively charged da&$, [117].

1.3.11.Modification of surface chemistry

As described abov#he quality of cell adhesion to tkabstratés influenced
by thephysical and chemical properties of thaterial.To control ths adhesion,
the surface othe biomateial canbe modified according to ¢éhe parameters.
Techniques for modifying the topography of biomaterialanclude
electrospinning, etching, laser ablatiamd 3D printing The surface chemistry
can alsdealteredto enhancer inhibit hydrophilicity, depending on the desired
application This can beachieved througtphysical methods, such as plasma
treatment, UV-activation CO,-pulsed laser treatmentg§118], [119], [120]
Chemical methods includ grafting functional groups, covalent bondirand
silanization while biological approaches involvémmobilization of peptides,
proteins,andgrowthfactors[2], [92], [121].

One of the most effective strategies for modifying surface chemistry is
oxidation, which plays a crucial role in controlling surface hydrophilicity and
improving cell adhesion.

1.3.12. Oxidation of the surface

Surface oxidation can be conducted through either chemical or physical
modification to increase a polymer's hydrophilicity and surface energy, thereby
enhancing its suitability for cell adhesion and biocompatilili2)].

Chemical modificationintroduces oxygegontaining functional groups
suchas hydroxyl, carbonyl, and carboxtio a biomaterial's surfaces, increasing
hydrophilicity and surface energy. This is typicadlgcomplished through wet
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oxidation, using strong acids, alkalis, or other oxidizing agefi®3], [124]
Commonly used oxidizrsinclude nitric acid, sulfuric acid, hydrogen peroxide,
potassium permanganate, and sodium hydroxide. These chemicals react with the
polymer surface enabling further functionalization or biomolecule grafting.
Chemical oxidationmodifies only the surface whilgresering the basic
properties ofthe polymer, making it an effective method for enhancing cell
adhesion

Physical oxidation of a surface can be achieved through plasma treatment, a
widely used technique for modifying material surfaces. Plasma, known as the
fourth state of matter, is an ionized gas containing positive and negative ions,
electrons, and chargeadicals. Various types of plasma discharges are employed
for surface modification, making this approach highly vers§tis]. Plasma
states can be broadly categorized into hot (thermal) plasma and cold (non
thermal) plasma. Hot plasma is characterized by-tegtperature electrons and
heavy particles, such as ions and neutral atoms, resulting in a high degree of
ionization. Incontrast, cold plasma features k&mperature heavy particles and
high-energy electrons, leading to a lower degree of ioniz§ti6].

Cold plasmas are routinely used for surface modification in laboratory
conditionsbecause thegctivate surfaces without causing thermal damage to the
material. Plasma treatment of polymers has long been recognized as an effective
method for modifying surfaces to enhance cell adhefl@7]. It has been
demonstrated that when synthetic polymers are exposed to oxygen gas plasma,
oxygencontaining polar groups such as@; O=CO, and C=0 form on the
surface. These groups increase the hydrophilicity and roughness of the surface,
facilitating the adhesion of ECM proteif$28].

Chemical oxidation maintains the stability of the surface structimre
contrastplasma oxidation allows the surface to revert to its original state after a
certain period, a process known as surface aging. This reversal results in a loss of
some of the induced hydrophilicity effects, necessitating repeated plasma
oxidation[129]. The duration for which the surface remains hydrophilic depends
on the storage conditions. Plasmadiated surface restructuring slows
significantly when the polymer is incubated at lower temperatures in a less humid
environmen{130]. Therefore, when working with different surfaces, it is crucial
to identify the appropriate conditions and oxidation method to maintain the
surfacebds suitability for cell adhesion

Nevertheless, plasma oxidation has several advantages over chemical
oxidation. Firstly, it does not involveazardous substances health and the
environment, which ultimately become chemical waste that must be disposed of
safely. Secondly, surface plasma treatment is a-$awéng method, requiring
only a few seconds of plasma modification to achieve effective surface changes.
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Third, plasma modification alters the surface uniformly, regardless of geometry,
whether it involves micro or nanoparticles, thin films, or complex 3D structures
[131], [132]

Other physical methods, including ozone treatment combined with UV
treatment, photografting, and gamma irradiation, have also been noted and widely
used to incorporate various chemical groups into material surfaces. However,
radiation can lead to materidegradation, resulting in changes to the surface
structure. These modifications are often discontinuous anempecific, which
may limit their stability and targeted functionalization in certain applications
[133], [134] Despite these challenges, these methods remain valuable tools in
surface engineering due to their ability to enhance surface characteristics in terms
of adhesion, wettability, and compatibility with the biological environri2i],

[135].

Oxidation techniques significantly enhance adhesion properties, yet
additional strategies, such as surface coatings, further optimize biomaterial
interactions with cells.

1.3.13. Surface coatings for adhesion

In vitro cell cultureoften requires specialized surfaces to optimize adhesion.
While commercially pretreatedulturewareis widely available,for specific
applications researchers need to modify surfacesnttance cell adhesion.
Beyond adjustingurface topography and chistny, adhesion proteins frothe
ECM, such ascollagen, fibronectin, laminin, and thertificial RGD loop,
facilitate celladhesion. A drawback of using these proteins is their cost and short
shelf life. An dternative approach involves usingynthetic polymersas
adhesiormpromoting coatings. Among thegelylysins offer a convenient and
costeffective alternativePoly-L-lysine (PLL) and PDL can be used alone or in
combination with other adhesive molecules. Positively charged iRiekacts
with negatively charged cell membrane protgisgpporting aldesion [136].

Cells metabolize PLLwhereas itsstereoisomer PDlprovides amore stable
substrate fomammalian celattachmentPDL iscommonlyusedin neuronal cell
adhesion studiedue to its durability This polymer can coat glass, plastic, or
other surfacesoffering acosteffective alternativefor initiating cell adhesion
[137]. Surface coating complements oxidation methods by creating a chemically
tailored environment for optimal cell interaction.
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1.3.14 Future directions in biomaterial surfagegineering

To optimise the interaction of biomaterials with cells, modifications of the
substrate surface are cruci@lell adhesioris affected by surface topography,
chemical composition, and wettability can beimproved by modifying these
properties. The main strategies include the regulation of surface roughness, the
introduction of functional groupand the use addhesiorpromotingcoatings.

Physical methods such as plasma treatment and microstructuring are used to
modify material topography and surface eneRjgsma treatment also introduces
oxygencontaining functional groups. Chemical modifications further enable
controlled surface reactivity, improving hydrophilicity and compatibility with
biological molecules. In addition, biochemical coatings, includirtgaegllular
matrix proteins and synthetic alternatives, create a tailored environment for cell
attachment.

Biomaterials engineering is a highly interdisciplinary figltht brings
together chemistspiologists, materials scientists, engineers, and medical
researchers tdevelop biological alternativesapable of restoring or enhancing
tissue and organ functioithe primary goal of this interdisciplinary field is to
leverage the potential of biomaterials engineering treate biological
alternatives, ultimately advaimg tissue engineering and regenerative medicine.
As this field evolves, biomaterial surface erggring isapplied toadvanced
platforms such as microfluidic systems. These systems rggrecese control of
the cellular microenvironment is essentiaicluding surface properties that
support cell adhesion under dynamic culture conditions, enabling the study of cell
behaviour under shear stress, nutrient gradient, and spatial confinement. To
ensure optimal cell adhesion in such systems, substratacasirimust be
engineered with tailored chemical and physical characteristics that maintain
adhesion dung flow. Theability to modify biomaterialplays an important role
in the developmenbf microfluidic technology, drug screeningnd next
generatiortissue engineeringtrategies
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1.4. MICROFLUIDIC TECHNOLOGY
1.4.1.Definition of microfluidics

According to Georg®. Whiteside, microfluidicss definedas the science
and technology of systems that process or manipulate amallints of fluids
(10° to 10 L), using channelthat measur¢éens to hundreds of micromese
[138]. Since theinceptionof microfluidics inthe early 1990syesearch in this
field hasprimarily focused on thehemistry and physiasf the microscaleOnly
aftera solidunderstandingf fundamental microscaf@incipleswas established
could theseonceptbe applied tohestudyof cells,which areobjectsof a micron
scale [139]. Microfluidics has shifted towardscell research and today it
integrats seamlessly with cell biology and tissue engineering technid4és.
Currently,microfluidics has foundpplicationsn variousdomains, ranginfrom
microarrays to cellulabiophysics Figure 12).

Drug
Discovery
Single cell Food
studies technology

Microarray DNA
systems purification

Application of

microfluidics
Medical X
diagnostics technology Bioreactor
Tissue
engineering PCR
. Chemical
L oteduice synthesis

Figure 12. Application of the microfluidic technologyl41].
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Microfluidics isarapidly developing technologyhe annual number of
new publications on the topic of microfluidics is increasing rapidly and
continuously every yeamore than 88 thousand publications published by the
end of 2024, as presented mincSaf.ltwmic@&iD¢ r

The technology of microfluidiceonsistf two mainsubsections

1) Microfluidics with flow. This technology involves the movement of
liquid througha microchannel, enabling functions such as mixing, separation,
chemical reactions, and cell nourishment. It is crucial for applications that
demand steady and controlled fluid movement, includingotab-chip (LoC),
organon-a-chip (OoC), and microphysiological systems (MPS).

2) Dropletbased microfluidicsThis subsectiofiocuses on generatirand
manipulatng discrete droplets withianotherimmiscible fluid. These droplets
function as individual microreactorsallowing for highthroughput screening,
singlecell analysis and precise encapsulation. This technique is particularly
valuable for applications that benefit frahecompartmentalization and isolation
of reactions.

In this work | focusexclusively on flowbased microfluidicslnformation
regarding droplebased microfluidics will not be presented further.
Consequentlyin the textthat follows flow-based microfluidicsvill simply be
referredto as microfluidic.

1.4.2.Microfluidics with flow

LoC, OoC and MPS are three categories ahicrofluidic platforms with
distinct applications: laboratory, biomedical, and physiological, respectively
These closely related technologies complement each other in chemical,
biochemicaland celular research.

LoC are primarilydesignedor laboratoryapplicationsi they miniaturize
and automate analytical processes such as diagnostics, chemical analysis, or
sample preparation. Historically, the term LoC referred to microfluidic systems
in general, but today it is associated with compact laboratory that integrate
multiple functions on a single microchip42], [143], [144]

OoC platforms, in contrast, are engineered to replicate the function of a
specific human organ or tissure vitro. These systemsimulatephysiological
conditions such as fluid flowmechanical stressnd biochemical gradients.
OoGCs allow researchers to study orglavelresponsese.g, heart, liver, kidney,
gut, or blood-brainbarrieron-a-chip[145].

MPS represents broader category aradmore advanced category. While
often used interchangeably with OoC, MPS typicatigludes featuresthat
extend beyonthe singleorgan model:
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1) Integrated sensors faeakltime monitoring of the microphysiological
environmentWhile this feature is frequently found in OoC, it is atemsidered
a defining aspect of MPR46], [147]

2) Multi-organon-chip systems, such as livkidney-chipsandheartlung-
chips which integrate multiple organ models to simulate totglan interactions.
These systems are alsderredto as multtOoCs[148], [149]

3) Applications involvingspheroids and organoids, whidpresenthree
dimensionatellular structurebut do nostrictly fall within thedefinition of OoC
[150].

1.4.3.Microfluidic setup

Contrary to the expectation thanicrofluidics would achieve full
miniaturization- hencethe namdab-on-a-chip - these devices often resemble a
"chip in the lab"setupdue toextensiveancillary equipmentrequired This
includescomponents such gaimps, reservoirsncubatorssensors, valves, etc.
(Figure 13). Furthermorean incubators essentiafor maintaining the optimal
conditionsfor in vitro cell cultue, ensuring propemvironmentaparametersre
upheld throughout the process.

Reservoirs Sensors

Pumps Valves

Figure 13. The general equipment for microfluidics in flghb1].

56



Unlike microfluidic systemslesignedor physical ochemicakstudiesthose
intended for cell and tissue researchhave specific features of particular
importance:

1. Materialfrom which the microchip is madeit should be biocompatible
to ensure the proper conditions for cell culture, as well as transparent to allow
opticalimagingtechniques.

2. The design of the microchannalong with the flow typedetermines the
flow dynamics and directlyimpacts cell behaviours, including adhesion,
morphology andviability.

Both aspectare described below.

1.4.4.Materials for microchip fabrication

The choice ofmaterial for microchip fabricatioms critical in ensuring
desired performanc8&iocompatibility is a key requirement for the material used
in thefabricationof microchips for cell research. The materials must be optically
transparent to allow observation under an optical microscope. The materials must
also be chemically inert and resistant to physical influetheesdly, thematerials
should be capable of being fabricated into microscale channels and must support
surface functionalization tensure effectiveell adhesion.

Microchip manufacturing has historically moved throsgiveraimaterials:
silicon in the 1960s, then glass in the 1970s, with the eventual introduction of
polymers in the 1990sand paper chips in the 200GSilicon chips arevery
precise however theylack opticaltransparency, which renders themsuitable
for optical microscopybservations and cellular research.

Glassbased microchipsare fabricated using various types of gass
borosilicated152], quarts[153], soda lime glasgl54], pyrex[155], ultra-thin
glasg[156]. Glass slides are quite commonly applied as the cell culturingiplate
traditional static culturing conditiongnd this material wasadopted for
microfluidic cell culture as well. Glass is biocompatible, resistance to most
solvents and has exceptional optical transpardfty. The microchip itself
consistsof two main wafers. One wafecontainsthe microchannel patterns
created by etchindaser ablation, embossingr mechanical erosion. The second
wafer contains inlet and outlet ports and acts as a lid to enclose the microchip.
The wafers are aligned atitermallybonded.

Glassbased microchips offer a simpler and more convenient metho
compared to siliconHowever, when bonding multiple layers of glass, it is
difficult to ensure precise alignment and adhesion of the layées.bonding
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process is quite complexhe productivity is low, and it needsexperiencen
manual handling157].

The fabricationof both glass and silicon microchipsquires intricate and
time-consuming processe$hesemicrochips arduighly fragile, and their cost is
extremely high. As a result, they are less appealing comparextgeneration
polymerbased microchipssuch asPMMA, COC, and polydimethylsiloxane
(PDMS). These polymereffer significart eag offabricaton.

PMMA is atransparent thermoplassgnthesized from the methyl
methacrylate monomer. Mulayer PMMA chips are fabricated using laser
cutting and plasmactivated thermal bonding158], [159] This material
provides excellent mechanical stability and rigidity and is transpai#hninh the
visible light spectrum, making it ideal for applicatiansoptical detection, such
as fluorescence microscopy and absor bal
interaction with certain solvents reagents may alter its properties or lead to
monomereaching. Additionally, it is prone to scratching and can becoméebritt
particularly in thinner structures.

COC is another replacement for glass in the microchips, composed of cyclic
olefin monomers (norbornene) and linear olefins (ethylene). It offers several
advantages, including good biocompatibility, low water absorption, high heat
resistance, good chemigakistance, and high transparency in the deep UV range,
which minimizes interference in fluorescerussed assay460]. However, the
price is higher than PMMA or PDMS.

Two other polymer$ PDMS and OSTE are of exceptional importance to
this thesisandare discussed in detail in the following chapters.

1.4.5.PDMS

PDMS'i polydimethylsiloxane, also known aimethicone,is the most
popular andwidely used polymer for microchifabrication It is aminerat
organic polymercomposed of carbon and silicobelongng to thesiloxane
family. It is achieved bycombiningan elastomer (base polymen)ith a curing
agent (acrosslinker) and fine-tuning its thermosettingproperties, such as
temperatureguring time, degree of crodisking, and final hardnessr strength.

PDMS isremarkablysoft and deformablewith elasticity that enablasto
withstand significant deformations withousustainingdamage This feature
makes itsuitable[141] [161]. PDMS has the flexibility tobend, stretch, and
precisely adapbp various shapes. PDM&n bemolded, casd and patternetb
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create intricate micihip structures. Multilayer microchiparefabricatedusing
soft lithographywhich transfers microscale patterns from a master mold, and the
layers are permanently sealed ugpatmgmabonding[189], [190], [191]

In addition to itsease of fabrication, PDM8ffers several advantageous
features Its optical transparencgllows for microscopic observations, while its
gas permeabilitfacilitates the echange ofjases, includingxygen and carbon
dioxide between thesurroundingatmosphere and the mediunithin culture
chamberswhich is essential focell culture Furthermore, PDMS inontoxic
andbiocompatible making itidealfor long-term cell culture, cell screening, and
biochemical studiegl62], [163]

While PDMS isregarded ashe gold standard for micrchip fabrication it
has its limitationsOnce crosdinked, PDMS becomes a hydrophobic elastomer.
However, hydrophilic properties are essential for microfluidpplications
because they facilitate fluid flow control, minimize bubble formatiand
improve cell adhesiamhe hydrophobic surface of PDMS can be altered through
oxidation, such as radiofrequency or oxygen plasma treatment, leadihg to
formation of silanol groups (SiOH) on its surface. Aiddally, the material can
befunctionalizedwith organic compounds, such afydroxyethyl methacrylate
(HEMA), PEG, PVP, PUand others, temporarily rendering it hydrophjié4],
[165].

During the curing process, some residual polymer chains remain
incompletelycrosslinked, resulting in residual oligomers that can diffuse within
the PDMS material and may leach out when exposed to a solgEhr{166].
Additionally, the porous nature of PDMS enables it to absorb small molecules,
including components in cell culture media and test substamdgsh may
impact experimental outcomeSrganic solvents could also be absorb@d],
[166], [167], [168], [169] Moreover, the expansion and deformation of PDMS
microchannels can be caused by high flow rEit@8].

The characteristicsof PDMS suggest thathis materialmay introduce
artifacts in microfluidic cell culture resulthie to thdénteraction of PDMSwith
culture mediunand cells. However, thenderlyingmechanisraremainunclear
It is uncertainvhether tlese effects are causedryplecules leaching into or out
of the PDMS orby some othemprocessOne possibility is that uncrosslinked
monomersleachng from the PDMS into the mediyrmould potentially partition
into the hydrophobic portions of the cellsich as the plasma membrane,
endoplasmic reticulungr nuclear envelopd his could disrupt cellulaignalling

59



or metabolism via an unknown mechanisithus it makes PDM$hased
microchips less suitable for pharmaceutical tes{dig], [167], [171]

To overcome these limitations, various strategies can be used, which include
surface modification of microchannels using fsbick and inert materials such
as solgelbased silica nanoparticles, Parylene, and perfluorinated polymers like
Teflon AF and Cytp [35], [172], [173], [174] An alternative to PDMS is off
stoichiometry thiolene (OSTE)and itis described ithe nextchapter.

1.4.6.0STE

OSTE, df-stoichiometry thiolene was introduced in 2011las the first
polymer designed fomicrochip fabrication It is composedf two types of
monomers one featuring thiol functional groups, xR(SH),, and the other
containingallyl functional groups, yR (CH.i CH=CH.),. Here x andy represent
the number of each typgf monomer while mandn indicate lhe number of
functional groupspresenton each.Off-stoichiometric tiol-ene formulations
contain an excess of ongpe of functional group (xm | yn), resuling in
unreacted functional groups batfithin the bulkmaterialand on the surfac&he
density of theseunreactedfunctional groupsremainsstable over time ané
evenly distributedallowing for precise control by adjusting the degreeofif
stoichiometry This characteristienakesthe OSTE polymer particularlywell-
suited for direct UVinitiated grafting of functional moleculggroughhighly
specificthiole ne fAcl i s[k76],[7@act i on

OSTE polymers are unique due to their dualing mechanism. In the first
curing stage, UV lighinitiatesthe thiolene reaction, solidifying thaaterial and
allowingfor precise shaping of microstructur@his procespreseresunreacted
thiol and alkengroups on the surfacmaking it sticky andenabling the polymer
to bondcovalently with other surfaces or graft functional moleculé®second
curing stage involves applying hdateliminate the remaining reactive groups,
resulting in a fully crosslinked, chemically stable material with robust
mechanical propertiesThis dualcuring process allows OSTE to combine
versatility during fabrication withong-termstability performancg177].

Microchip fabrication often involves assemblingmultiple layers, which
presentghallenges in bonding and sealingn@entional bondingnethods such
as thermal bonding, solvent bonding, plasma activatioand UV-curable
adhesives can deform microchannels, compromisgurface modification,or
obstructtiny microstructureg[168]. In contrast, OSTE polymezmploysits
reactive surface groupe form covalent bondingo other surfacesllowing for
gentle bonding without the drawbacks of traditional methédsthermore
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OSTE featureslow shrinkage during curing, high chemical resistance, and
tunable mechanical properties, making OSTE an excellent material for
microfluidic deviceq175], [177], [178]

1.4.7.Microchannel architecture

Microchips are very versatile idesign andare adapted to thdield of
application These designs cadiffer substantially,ranging fromthe simple
linear channel, which may feature one, faseveral parallel channels, to more
complex configurations as mixing channelddvanced designs include
multilayered chips for 3D fluid flow, porous devices for diffusemdfiltration
studies, and topographical chips whose surface features influence cell behaviour
or fluid dynamics[179]. The versatility of microchip architecture limits the
standardization and commercialization of microchips, which is why many
laboratories design and manufacture their own microchips according to their
specific research needs.

To properly design a microfluidic system, the paramedteygsometry and
dimension- of the microfluidic device must be accurately calculatadingle
cell studes, thewidth and heighf the microchannel are typically measured in
the tens ofmicrometres Additionally, whentrapping or sortinghe cells the
microchannemay incorporatespecific traps or curved geometrid80], [181]

For cellularculture microchannel sizeoften rangefrom 100 to 1000 umThe
microchannel should accommodate a sufficient number of cells within the
microchannel, enabling populatidiased analysid 82].

To achievemore complexmicrochannelgeometies, PC and PETirack
etched membranes are used d®at a threedimensionalnetwork These
networks are formed byntegratingthe membranes intthe device during
fabrication.The membranéunctionsas a sempermeable barrier that separates
microchannels on different horizontal planeghile permitting interactions
exclusively at the points where the channels inte[d48&], [184]

Fluid velocitywithin the microchannel exhilsdistinctive behaviour based
on geometry. Ira circular channel, fluid moves fasteat thecente and slove
downsymmetricallynear the channalesulting ina parabolic velocity profile. In
rectangular channels, the velocity distribution vadesording tahe widthto-
heightratio, with fluid slowing near the walls and corners due to boundary sffect
The velocity profile iscritical as it dictates the shestress experienced by cells.
Shear stress influees cellular  morphology, signalling and
mechanotransduction. Additionally, variationtire velocity profile can leado
differencesin nutrient and oxygen distribution,ultimately affecing cellular
behaviour, viabilityand function185].

61



The architecture of microchannels, including their geometry and
dimensions, directly influences criticaarametersuch as Reynolds number,
flow type, which collectively govern fluid behaviour and cellular interactions in
microfluidic systems. These aspects are described below.

1.4.8Fluid dynamics antransporimechanism@ microfluidic systems

In fluid dynamics, the fluid flowbehaviourwithin the microchannels
characterized by a Reynolds numffee)i adimensionless quantitgpresenting
the ratio of inertial to viscous forcgk38], [186]. It providesinsight intothefluid
flow regimes and is defined:as
.0, MDD
YRT A <
where
| is thedensityof the fluid[kg/m?],
uis theflow velocity [m/d],

L is aheight[m],
¢ is thedynamic viscosityof the[Pa-s or N-s/rhor kg/(m-s],
3 is thekinematic viscosityf the fluid[m?/s].

In microfluidic systems, iw behaviour is strongly influenced by microscale
dimensions. Unlike macroscale systems, microfluidics typically operates under
low Reynolds numbers, where viscous forces dominate and flow remains highly
predictablg45]. Microfluidic systems exhibiseveraldistinct flow types which
include: laminar, turbulent, electroosmotic, capillary, and centrifugal flows.
Among these, laminar and turbulent flows are particularly important in
microfluidic applications involvingalls.

1) Laminar flow is thepredominant flowtype in microfluidic systems. It
is characterised byhe orderly movementof fluid particles in parallel layers
without disruption or mixing between layerdDominated by iscous forces
laminar flow exhibits highly predictable behaviour, typically occurring at low
Reynolds numberéRe<2000).This orderly flow enables precise control over
fluid positioning and reagent delivery, which is essential for-luadled
microfluidic applications

2) Turbulent flow is characterizedoy chaotic and unpredictable fluid
movement, oftemccompanied bgddies and instabilitien this regime,ertial
forces dominat®ver viscous forcesReynolds numbertypically exceed 40Q0
Although turbulent flow is uncommonin microfluidic systems it can be
intentionallyinducedto enhance mixing efficiencyts potentiaimpact on shear
stress and flow uniformitynust be carefully considereldiring microchip design
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to ensure optimal performance gméventunintended flow disturbanc@-igure
14) [187].

Fluid 1

Turbulent flow

Laminar flow

Fluid 2 Fluid 2

Mixed by diffusion

VD,
Re = "T <2000 Re<4000 10 000
Laminar Transition region Turbulent

Figure 14. Laminar versus turbulent flow in the microfluidic chanrj&i7].

In microfluidic cell systems, fluid is transported between differegtons
either byactive orpassivgoumpingmechanismaMicrochip inlet and outlet ports
connect microchannelsvhere cultured cells resid¢o the external environment.
Tubingis usedo link these ports tthefluid reservoir andheflow generator

As active pumping methods syringe pumps and peristaltic pumaee
commonly employedn OoC and MPSSyringe pumpsare designedor non
recirculatory flow employing a steppenotor to pull or push a syrind&igure
15). This mechanism producasteadypulsefree flow, requiredfor applications
with precise control of fluid rates.

Figure 15. Schematic representation of a microfluidic system with flow
driven by a syringe pump. Picture sourced ftattps://www.elveflow.com

In contrast, peristaltic pumps generaterecirculating pulsatile flow by
mechanicallycompressing flexible tubingsing rotating rollersThis mimics
physiological blood flow and is suitable for dynamic stimulatiofise pump
head contains multiple rollers mounted on a rotating wheel. As the wheel turns:
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1. The first roller compresses the tubing at the irdegling it and initiating
forward movement

2. As the roller continues along the arc, it presses the tubing against the
manifold, creating a pressure wave that propels the fluid forward

3. Before the fluid reaches the outlet, the second roller closes the tubing
behind the first, preventing backflow

4. Once the first roller passes the outlet, the second roller continues the
cycle, generating the next pressure waMeis sequential compression mimics
the natural rhythm of physiological blood flq#wigure 16).

Figure 16. Perstaltic pump flow schemfL88].

An alternative taactiveflow generators ipassive pumping whichrelies
on surface tensiomlifferences betweedroples at the inlet and outléb drive
fluid flow. Themechanisnis basean the pressure difference created by droplets
of different sizesplaced at the inlet and outl@Eigure 17) [182]. According to
Laplace's lawthe internal pressure of a droplet is inversely proportional to its
radius:

qQr
30 ? o

where

o As the pressure difference across the lieairdnterfacgPal,

dis the surface tensioof the liquid [N/m],
R is the radius of the droplpn].

Figure 17illustratesthis principle.In this context, a smaller droplet (radius
Ri) at the outlet has a higher internal pressufetiign a larger droplet (radius R
and pressuregpat the inlet Since R<R,y, it follows that >F.. This pressure
gradient drives fluid from the inlet to the outlet through the microchannel.

Passive pumping eliminates the need forexternal tubing or
interconnections, as the flow is initiatby pipetting drops directly to the inlets.
This approachs advantageou®r microchipapplicationdor process automation
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[189]. However, passive pumping restrictedo low flow ratesand pressures
making it less suitable for systems requiring continuous and uninterrupted fluid
movement. Whilelropscantheoreticallybe replenishediuring a passive pump
cycle external flow generators argenerally preferred for microfluidic
applicationdor long-durationmicrofluidic experiments.

Figure 17. Schematics of passive pumpirkguid flow is driven bypressure
differences betweetropletso f v ar yi ng radii ,[18ased on

1.4.9.Shear stress

Shear stress defined ashe stress created when a tangential force acts on a
surface.In biology and microfluidicsit can be describedsthe frictional force
of a biological fluid flow acting on cells or tissues.

In vivo, mechanical forces act as physiological sigriat elicit cellular
responsesCells detect and react tioese forces tough mechanosensors, which
convert the mechanical sigsahto chemicalsignals This process is called
mechanotransductioin microfluidics, nechanotransduction is initiated by shear
stress anthfluenceshe celladhesionmigration,andproliferation[190].

Shear stress is closely related to channel geometriedimedsionsin vivo,
it is presentin blood vessels, where it regulates endothelial cell function and
vascular homeostasi§he magnitude of shear forces that cells are subjected to
variesdependingn the location and environment. For instance, endothelial cells
lining arteries experience higher shear stress than those in (f@hk 3).
Besideghe vascular endothelium, cells from other tissues also experience shear
stresq interstitial endothelium @.003 Pa), respiratory endothelium, lymphatic
endothelium, cartilage, bone, corneal cells (ALG5 Pa), and renal glomerular
cells, in all caseswith different shear stress parametéi@ble 3) [191]
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Understanding this variability isrucial for designing devices that accurately
replicatephysiological or pathological conditions.

Table 3. Shear stress in various physiological contexts.

Blood vessel Shear stress Other tissue Shear stress
[192] environments
Arteries 1-6 Pa Lymphatic 0.64Pa
vessel with peaks of
47 12Pa[193]
Veins 0.1-1Pa | Gut (intestinal 0-0.003Pa
endothelium) [191]
Ascending aorta 1.2Pa Bone 0.8-1.0Pa
(osteoblasts) [194]
Descending aorta 0.50.8Pa Bone 0.8- 3.0Pa[195]
(osteocytes)
Pulmonary artery 0.5Pa Cornea 0.005-1.5Pa[191]
Small veins 1.1Pa Kidney 0.57 2Pa
Large veins 0.5Pa (glomerular [196]
endothelium)

1.4.10. Biology meets microfluidics

The convergenceof biology, chemistry, biochemistry, physjcand
engineering is essential for cell research at the mdale A thorough
understanding of cell, tisspand organ biologyalongidethe dynamics of the
microenvironmentis importantto replicatethemin vitro. Equally important ig
strong foundation in microfluidic technologies, which enable the creation of
controlled, miniaturized systems for biological experiments.

Traditionally, cells have beesultured under staticconditions, and a
straightforward approadhasmassivelycontributed to ouknowledge.However,
advances in microfluidiceow enablemore precise studies of celisthin three
dimensional environments and continuous flow systé&uostrolled fluid flowis
essential fornutrient delivery, waste removahnd gas exchangeavithin
microfluidic systemsThese functions are essential for maintaining cell viability
and mimicking in vivo conditions. Additionally, these systems caralso
incorporatesensors to monitokey physiological parametersuch as pH and
oxygen levelsin reattime.
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One of theprimary advantages of microfluidic systems igithability to
overcome the limitations @onventionatell culture methods, allowing for more
dynamic and precisely controlled experimergatups.Theseinnovationsnot
only increase the precision and relevancénaofitro research but also open the
way to groundbreakingapplications, including personzdid medicine,OoC,
MPS technologies and highthroughput drug screening. As the field of
microfluidics continues to evolve, it promises to revolutzerbiological research
and bridge the gap between experimental models and real biological systems.
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2. METHODOLOGY
2.1.MATERIALS AND EQUIPMENT
2.1.1.Material

Biomaterials of the study:
1 Al alloy 6082 anodized with sulphuric acid with a diameter of 15 or

16 mm and a sheet thicknessofizn ( pr ovi ded by Dr . Tadas
1 Al alloy 6082 anodized with phosphoric acidwith a diameter of 15 or

16 mm and a sheet thicknessofidn ( pr ovi ded by Dr . Tadas
1 Al alloy 6082- with the purity of 96.52 Wi (2.28 wt% Mg; 0.53 wi%

Si; 0.36 wt% Fe; 0.31 web Mn), with a diameter of 16m and a sheet thickness

of 2mm (FXB-Niemet UAB, Lithuania)
9 Tialloy BT1 - with the purity of 96.32% (1.76 V86 Mn; 1.75 wt% Al;

0.11 wt% Fe; 0.06 wt Si) with a diameter of 16 mm and a sheet thickness of 2

mm (SP MET UAB Lithuania)
1 PC - tracketched PC membrangore size of3um or 0.4um

(ipPORE, Belgium)

Materials for microchip fabrication

1 Zortrax white resin (Zortrax Ikspire, Poland).

1 PDMS- Sylgard 184 silicone elastomer kit (Dow Corning, USA)

1 OSTE- Ostemer322 resin (Mercene Labs, Sweden)

T COC i microscopy slide formatMicrofluidic Microchip Shop,
Germany)

1 TracketchedPC membrane 3 um pores with 21.2 porosity and
22 pym thicknesqit4ip, Germany)

9 Silicon tubingi 1 mm inner diameters (Darwin Microfluidics, France)

1 Mini Luer ports- (Microfluidic ChipShop, Germany)

1 Oxygen sensorss SRPSt6YAU point oxygen sensors (PreSens
Precision Sensing GmbH, Germany)

1 MD® medical adhesive 1408 - (Dymax, Wiesbaden, Germany)

1 Sil-PoxyE silicone adhesive (Smoethn Inc., PA, USA).

1 PTFE tubing with 0.8nm inner diameter and silicon tubing withmin
innerdiameterDarwin Microfluidics, Paris, France)

Materials for cell handling:
1 RPMI 1640 growth media(Corning, USA)
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F-12K growth media (Corning USA)

FBST Fetal Bovine Serum3ibco, USA)
Penicillin - Streptomycin solutionGibco, USA)
Glutamine- (Lonza, USA)

PBSi Phosphate Buffered Salin8igmaAldrich, USA)
TrypsinEDTA - (Gibco USA)

Trypan Blue Solutiori 0.4% (Gibco, USA)
PDL - (Gibco, USA)

Collagen I- (SigmaAldrich, USA)
Fibronectin- (SigmaAldrich, USA)

Resazuriri (Applichem, Germany)

XTT kit - (Roche, Germany)

DAPI - (Thermofisher Scientific, USA)

= =4 =4 48 48 -8 8 -4 -8 -9 -9 -2 -2

2.1.2Cell lines

1 L929 - mouse fibrablast cell line (NCTC clone 929 [L cell,-929,
derivative of Strain L], cultured in RPMI640 supplemented with 10% FBS, 2
mM Glutamine, 100 U/ml penicillin, and 100 pg/ml streptomycin.

1 CHO-K17i chinese hamster ovary cell line, epitheliké (ATCC, CCL-

E ), cultured in RPMI1640 supplemented with 10% FBS, 100 U/ml penicillin,
and 100 pg/ml streptomycin.

1 SK-MEL-28 i human melanoma cell line, polygona&pitheliatlike
(ATCC, HTB-72E ), cultured in RPM{1640 supplemented with 10% FBS, 100
U/ml penicillin, and 100 pug/ml streptomycin.

1 U20S71 human bone osteosarcoma cell line, epithehdIGC, HTB-
96E ), cultured in F12K supplemented with 10% FBS, 100 U/ml penicillin, and
100 pg/ml streptomycin

f C61i rat glioma cell linefibroblast, (ATCC, CCL107E ), cultured in
RPMI-1640 supplemented with 10% FBS, 100 U/ml penicillin, and 100 pg/ml
streptomycin.

2.1.3.Equipment

Ultrasonic bath VTUSC3 (Velleman, Belgium)
UltrasonicbathDT100H Bandelin ElectronicsGermany)
Dualscope MPORFP (Helmut Fisher, USA)
Profilometer Surftest S310 (Mitutoyo, Aurora, USA)
NanoindenteHysitronTi Premier (Bruker, USA)

aOhrwbdPRE
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6. Microindenter PMT3 (Kirova, Russia)

7. Potentiostat systei®olartron 1280C (Ametek, Inc.).

8. Spectrometer Optima 7000 DV (PerkinElmer, USA)

9. Scanning electron microscope Helios NanoLab 650 (FEI, The
Netherlands).

10.INCA spectrometer equipped with-Max 20 mn? silicon-drift
detector (Oxford Instruments, UK)

11.Contact angle measurement system EasyDrop (KRUSS, Germany).

12.3D printerAnycubic Photon (Shenzhen Anycubic Technologies, China).

13.UV lamp - 365nm UV light, intensity approx. 2.0dW/cn? (custom
made, FTMC, Lithuania).

14.UV lamp - 405nm UV light, intensity approx. 1.98W/cn¥, custom
made, FTMC, Lithuania).

15.LCR-6000 meter (Gwinstek, USA).

16.Plasma cleaner Zepto B (Diener electroni@srmany

17.neMESYS lowpressure syringe pump (Cetoni, Germany)

18.Electroporator Elpora (FTMC, Lithuania)

19.0scilloscope TDS 1012B (Tektronix, USA)

20.Fluorescent spectrophotometer LS50BPerkin Elmer, USA)

21.Confocal microscopECLIPSE Ti (Nikon, USA)

22.Hemocitometer (BLAUBRAND, Germany)

23.0sciloscopa DS 1012B (Tektronix, JAV)

24.0xygen measurement system Gk$MA (G3) meter (PreSens Precision
Sensing, Germany)

25.Photodiode optical glass filter FGL515 (Thorlabs, USA)

26. White LED LEDWE15 (Thorlabs, USA)

27 Laminar hoodAURA VERTICAL S.D.4- (BioAir, Italy)

28.COy incubator ICO (Memmert, Germany)

2.2.METHODS

2.2.1.Bioceramic coating preparation

Al alloy 6082 underwent electrochemical oxidation (anodizing) in
sulfuric acid H2SQy) and phosphoric acidHgPQy) electrolytes. Initially, the
alloys were degreased with acetone and subsequently cleaned by immersion
in an alkaline solution (3@/L sodium hydroxide (NaOH) + 2&/L
trisodium phosphate (NRQy) + 75 g/L sodium carbonate (N&0s)) for 45
seconds at 60°C, followed by a 10% nitric acid (HIN®@eatment for 60
seconds at 21°C, with deionized water rinsing after each step.
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The prepared specimens were mounted in a titanium holder and
immersed in a continuously mixedL3aqueous electrolyte bath with a
titanium cathode. The type Il hard anodizing process was conducted in a
solution containing 18vt % H>SQs, 2wt % oxalic acid, and approximately
0.4wt % AI*" concentration at 15°C, using an anodic current density of
200A/mz for 70 minutes, resulting in thick bioceramit,Os; coatings
(~60pm thicknesswith ~15nm nanoporef20].

The addition of oxalic acid was employed to minimize coating
dissolution and promote the formation of denser, more stab{®; Auring
the anodization proceskicorporating the oxalic acid into the sulfuric acid
electrolyte enhances the thickness and hardness of the alumina coating, thereby
improving its corrosion resistan{29], [197], [198]

Phospheanodizing was conducted in amt % HsPQu electrolyte at
15°C and 150/ direct current for 150 minutes, producing th#lQum
thickness)oatings with ~200 nm microporg99].

2.2.2Water droplet contact angle

Water droplet contact angle measurements were conductedthsing
EasyDrop instrument andnalysedwith Drop Shape Analysis v.1.702
software The dosing process utilized a syringe pump, delivering lelrop
volumes of 24.7+3.@L. Each liquid sample formed a frdanging drofet that
detacheddue to mechanical action. To determine the actual contact angle, a
minimum of five water drojets were measured at various locations, and their
average value was calculated.

2.2.3.SBF immersion experiments

Specimenswere in simulated body fluid (SBF}Yo evaluate their
behaviour under physiologically relevant conditio®BF was prepared
according tahe methoddescribedoy Kokubo and Takadan{a00], with
the following concentration of cations: 148M 0 ®, 5mM 0 , 1.5mM
0"Q,25mMO0d &, and anions: 147.8M0 &, 4.2mM 06 U, 1mM
"00 0 , 0.5mM "YU , adjusted tqpH=7.4 at 36.5°C. Each component
was accuratelyweighted, dissolved in aninimal volume of deionized
water, and gradually addedto the SBF solution drapise, following the
prescribed ordePrior the use, the anhydrous materials were-teat and
sterilized with 70% ethanol, thoroughly washed with sterile deionized
water, and UWdried for 30 min.Specimens (16 mm diameter) were
immersed in 50 mL SBF solution for periods ranging from 1 to 28 days at
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37°C. pH measurementwere conducted to monitor changes in the SBF
solution. After immersion, samples were subjectedrfductively coupled
plasma optical emission spectroscopy ({OES), and potentiometrto
assess ion release and electrochemical behaviour. In additanning
electron microscopy (SEM) waemployed to examine the surface
characteristics of specimens.

2.2.4.1CP-OES

Release of ions from specimens into SBF for 1 to 28 dayamnalgsed
by inductively coupled plasma optical emission spectroscopyQEB) using a
PerkinElmer Optima 7000 DV spectrometgefore analysis, SBF samples were
diluted 10fold with deionized water, and the concentrations of Al, Fe, Mg, Mn,
Si, Ti, B and S analytes were measured in mg/L.

2.2.5.Corrosion tests

Corrosion is an electrochemical process involving at least hai®
reactions metal oxidation (anodic) and oxidant (typically dissolved oxygen)
reduction (cathodic). The rate of corrosion is directly linked to the intensity of
these reactionand is quantified by the corrosion current densiy;)(jNear the
corrosion potential (+20mV from the open circuit potential o&), the current
potential (}E) relationship is approximately linear, allowing the use of Tafel
extrapolation to estimateyy.

The corrosion rate can be calculated using the following equation:

. 0 QOéido.
oY h T

where
CRIT corrosion rat¢mmiyeat,
KT constant[3.27 * 109
jeorr T corrosion current densifyiA/cm?,
EW1 equivalent weighfg/equiy
| - density of the materidb/cny]

The corrosion tests and calculations were conducted by
Dr.AstaGr i g u c eBlectdodhamicaoltammetric E) and impedancé)
measurements were conductediBF at 37°Cusingthe potentiostat system
An Ag/AgCl electrode in saturated KCI solution served as the reference electrode,
while a Pt platevas useds the counter electrode. The working electrode was
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mountedin a holder and immersed in an electrochemical glass cell containing

approximately 100 mL of SBF, ensuring a
Electrochemical measurememitsgan10-15 min after immersion to allow

the open circuit potential (OCP) to reach a qisésady state. Tafel polarization

curves were recorded in a potentiodynamic mode with a potantedcan rate

of 1 mV/ s. Cor r 0 $dr) avare determined byt extrdpolagis i t | e s

linear regions of the anodic and cathodic Tafel slopdse open circuit potential

value Eocpor Ecorr) before and after immersion periods from 1 to 28 days in SBF.

The electrochemical impedancessproscopy (EIS) spectveas conductedt Ecp

over a frequency rangeom 1 0 0 0 k Hz to durthér @haradterize the

corrosion behaviour and surface properties of the specimen.

2.2.6.SEM imaging

Specimens without cells were washed with deionized water and air
driedbeforeSEM imaging The samples were then analysed usmyal
beam scanning electron microscope, enabling the detailed visualization of
surface features. Characteristics of surface pores were analysed using the
opensource image processing program ImagedJ 1.53t, based on using SEM
images captured at 100,000.kesholding process distinguished the black
and white areas, representing the pores and t@;Alrface, respectively,
enabing accurate outlining of surface pores. The average nanopore density
was determined by counting nanopores within & rh segment of the
surface in three randomspots. Characteristics of surface pores were
determined by the opespurce image analysis program ImageJ 1.53t using
SEM images at 100,000x magnification. Thresholding was carried out in
the black and white areas representing the pores apOs; Alurface,
respectively, which enabled the outlining of surface pores. Average
nanopore density was detemad by calculating the number of nanopores
i n a ?skgmenmarea of the surface in three randomly selected areas.
Surface porosity (%) was calculated as the ratio of nanopore openings to
the total selected oxide surface area.

To visualize cell adhesion onto biomaterials, cells were cultured on
them for 24 hours. After incubation, specimens with adherent cells were
rinsed twice with PBS and subsequently fixed with 2% glutaraldehyde in
PBS for 12 hours at +4°C. Following fixatm samples were then
dehydrated through a series of ethanol concentrations (50%, 70%, 85%,
96%, 96%) each for 15 min, and finally @iried in a desiccator. Dry
cellular constructs were sputteoated with Cr (1.2 nm thickness) to obtain
the necessary elgwal conductivity. The prepared samples were
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subsequently analysed using SEM for higlolution visualization of cell
adhesion and surface interaction.

2.2.7.Cell line handling

Cell lines were grown in their respective culture media Gespte 2.1.2)
at 37°C, 5% C@atmosphere in a humidified chamber. The culture medium was
replaced, or cells were passed twice a week and always a day before an
experiment. To collect cells for experiments, cells were detached by
trypsinization (trypsin 0.025% and EDTA 0.02% solutioand resuspended
either in the full medium or in a buffer required for the experiment: Cells
subjected to PEF treatment were resuspended in electroporation buffer
(7 mM NacCl, 1mM KCI, 10mM HEPES, 3nM NaOH, 250mM saccharose,
pH 7.4) at a concentratiorf 6-10x1C cells/mI[201].

2.2.8Viability assays

To evaluate the impact of alloys and their bioceramic coating on cell
viability, the cytotoxicity was assessed by evaluating the viability of L929 cells
exposedtd h e s p extracisiEhess dxtracts were prepared usinglution
test methodin which each specimen was incubated in cell culture meftiuh
days at 37°CFollowing incubation, the conditioned media, now containing
potential leachables from the materials, were collected and used to culture the
cells. As a control, thesameculture mediumwas incubatedunder identical
conditions without the specimen immersion.

To assessell growth, adhesion, and proliferatidr§29 cells were detached
using trypsin, resuspended in the specimen extracts, and seeded at a density of
1 cells/well in a 6well plate. The cells were subsequently incubated for 48
hours to allow for cell attachment and proliferation. Following incubation, cells
were washed with PBS and exposed to resazurin at a concentration of 20 pg/mL
in a buffer containingg mM NaCl, 1mM KCI, 10mM HEPES, 3nM NaOH,
250mM saccharose, plA.4. Cells were incubateditiv resazurin for 3@0 min,
after which fluorescence measurements were recorded using a fluorescent
spectrophotometer with an excitation wavelength of fimland emission at
584nm. Each sample was prepared in duplicate, and the experiments were
repeatedhree times for consistency. Relative cell viability was calculated as the
ratio of the test specimen to the control specimen, expressed as a percentage.

To evaluate the impact on cell proliferation, a-pu#tured cell monolayer
was used. Cells were seeded at a density of*pell3/well in a 96well plate
and precultured for 24 hours before exposure to the extracts. Finally, cells were
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incubated with the extracts for 24 hours. Following incubation, cell viability
measurements were taken using the XTT assay kit with an incubation time of 15
45 min. Absorbance was recorded at 490 nm, withrd2Qised as the reference
wavelength. Each samgplwas prepared in quadruplicate, and the experiments
were repeated three times for reproducibility. Relative cell viability was
calculated as the ratio of the test specimen to the control specimen, expressed as
a percentage.

2.2.9.Cell adhesion on PC membranes

To evaluate the cell adhesion capacity of PC membranes, their ability to
support cell adhesion was assessed under standard culture conditions. Cells were
platedonto a 35 mm diameter P@embranglacedn 6-well platesand incubatd
overnight. After incubation, the growth medigere collected to estimate the
number of noradherent cells, and the cells were detached by trypsinization to
estimate the number of adherent cells. Experiments were conducted in triplicate.

PC membranes were subjected to differenttmatment conditions to
examine their influence on cell adhesi
PBS, FBS, PDLfibronectin, and collagegrand PC&s oxxygeat i on w
plasma and wet chemical oxidation.

2.2.10.Biological functionalisation of PC membrane

To prepare PC membranes for cell adhesion studies, various coatings and
pretreatment methods were applied. These includedngréhation with PBS,
FBS, as well as functionalisation with PDL, collagen I, and fibronectin.

To assess whether the PC membrane inherently supports cell adhesion, it
was preincubated with PBS for 1 h before cell seeding. Similarly, to determine
whether the PC membrane facilitates adhesion through factors present in FBS,
membranes were incubatedFBS for 1 h prioto cell seeding.

PC membranes were coated with PDL following a modified protocol from
B-27E Plus Neuronal Culture System (Gitieo ThermoFisher Scientific, USA).
PDL was diluted in PBS to 0. O05-welg/ mL,
plate, and incubated for 1 h at room temperature. The coating was designed to
achieve a final surface concentration of @§tm?2. After incubation, the
solution was removed, and membranes were washed three times with sterile
distilled water before being dried in a laminar hood for 2 hdMisen coating
membranes within a microchannel, the microchannel was thoroughly washed
with 10x volume of PBS.
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The PC memltanes were coatedwith collagenl at a concentration of
30¢ g / ,miksolved in 20nM acetic acidThe membranes with collagen | were
incubatedor 2 hours at room temperatyedter which the solution was removed,
and the membranes were dried overnigla laminarflow hood The coating was
designed to achieve a finglirfaceconcentration of 16g/cm?2

The PC membranes were coated with fibronectinat®2/ mL i n PBS.
membranes with fibronectin were incubated for 1 h at room temperature, washed
twice with PBS, and dried thoroughly before seeding the cells. Fibronectin
coating was applied to achieveimal surface concentration ofeg/cm?2.

2.2.11.Oxidation of the PC membrane

PC membranes were cut into circular specimens with a diameter of
approximately 3%nm (surface area ~9r6m?) to ensure compatibility witlé-
well cell culture plates following oxidation. For oxidation of the PC membrane
within the microchip, the chemical reagents weré&raduceddirectly into the
microchannels of the fabricatéevice.

Plasma oxidation.Both sides of the PC membrane were exposed to oxygen
plasman PlasmaCleaner Zeptpsupplied with oxygen gas. The treatments were
conducted foBO seconds at 70% power and 0.35 mbar pressure to induce surface
modification

Wet chemical oxidation of PC membranes was conducted using sodium
metaperiodateNalOs), H.SQu, and Piranha solution as oxidizing agents

1. Oxidation with NalOQs: The PC membrane was immersedair25g/L
NalO, solutionand incubatedt room temperatutia thedarkfor 30 min to avoid
photochemical interference.

2. Oxidation withH.SQ.. PC membrane was immersed in 1B860, and
incubated for 30 miat room temperature

3. Oxidation with piranha solutionPiranha solution was prepared with
12.5% HBSQi, which was mixed with kD, in a 4:1 ratio. PC membrasieere
immersed in this highly reactive solution and incubated for At room
temperature

After incubation, all membranes wetikoroughly rinsed with deionized
water and dried at room temperatuBefore the experimerition, membranes
were sterilizedising70% ethanol and UV light to ensure aseptic conditions.

2.2.12.  Fabrication of a microfluidic chip
The OSTE moulding technology using PDMS mold was adapted for

microchip fabrication, with the integration of additional elementéectrodes,
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sensorg202], [203] The brief description of our microchip fabrication process
is presented ifrigure 18.

3D print Master PDMS casting PDMS Mold
Mold

COC slide with
electrodes

OSTE
injection
procedure

Full chip assembly

Figure 18. Microchip fabrication process.

The fabrication requires two mold#é master mold is 3D printedsing
Zortrax white resinA Sylgard 184 silicone elastomer kit was mixed with the
crosslinker and the substratea1:10 (w/w) ratig degasseith a vacuum chamber
Master mold wagre-coated with a thin layer of organic maldleasing waxand
the PDMS mixture was cashto the 3D-printed master moldTo achieve the
correct dimensional height, the PDMS was pressed against glass surfaces and
cured at 60°C overnight. The cured PDMS mold was then removed from the
master mold, andhlets were punched with a biopsy punch.

A COC in microscopy slide format was employed as a substrate material for
the microchip. Two COC slides were prashed with acetone and rinsed with
isopropanol using an ultrasonic cleaning bath fomi, followed by an oxygen
plasma treatment for 30 seads at 70% power and 0.8%ar pressure. A thin
layer of gold with a chrome sublayer for adhesion was deposited onto COC slides
via thermal evaporation through a mechanical mask.

The bottom COC slide with electrodes was placed into a PDMS mold and
secured in a custom 3frinted holder. Two PTFE tubes were attached to the
injection ports for the injection of OSTE. OSTE was prepared according to the
manuf actur er 6 sl RanAsPartBuvww),idegassed, (arid.infe&ed
into the cavities of the COC/PDMS construct. Initial curing of OSTE was
conducted using 363m UV light at an intensitgf approximately2.04mw/cn?
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for 1 min.This results in the OSTE taking shape while still containing unreacted
functional groups, which make the surface sticKhe device was then
disassemblednd a porous PC, ptecated with oxygen plasma, was pressed onto
the cured but still sticky OSTE layek. PC membranewith 3 um pores with
21.2% porosity and 22im thicknessis attached to the sticky OSTE surface of
the bottom slide, forming a COC/OSTE/PC slide

The UV-cured upper slide of the chip was then prepared likewise. Two SP
PSt6YAU point oxygen sensors were glued to the designated channel locations
using SitPoxyE silicone adhesive. The upper COC/OSTE#®nsor slide was
then aligned with pressed onto the lower COC/OSTE/PC slide and cured at 60°C
for 2 hours to complete assembBinally, mini-Luer ports are glued to the inlet
and outlet holes of the microchip channels, allowing connections to all required
tubing

The channel height of the fabricated microchip was measured using a
Vernier calliper to ensure dimensional accuracy. Mini Luer ports were mounted
with MD® medical adhesive 1408 and cured under 40%m UV light for 1min
(intensity approx. 1.98W/cn¥). Finally, electrode performance was validated
by measuring the impedance with a precision b@G&er.

2.2.13 Microfluidic setup

The neMESYS lowpressure syringe pump was used to regukat@nar
flow type and flowrate within the microfluidic channel, controlled via computer
softwareCetoni ElementsFor fluid connections, PTFE tubing were utilized to
link the syringe pump to the microchipBefore the experimentation,
microchannels were sequentially washed with 70% ethanol, followed by sterile
deionized water, and finally with either electroporation buffer or cell growth
mediumRPMI-1640, depending on the experimental conditions. The flow rate
was set to Ll/s for cell injection and %il/s for cell collection and channel
washing.

2.2.14 PEF treatment experiments

Pulsed electric field treatment (PEF) was applied using agogrer square
wave pulse electroporator Elpof204]. The voltage of PEF treatment was
determined using an oscilloscope.

Stop flow PEF.Cells were injected into the electrode area ffdw rate of
1 pl/s, allowed to settle for one minute, and then subjected to PEF ranging from
0-10 kV/cm. A sequence of 8 or téctangular pulses (1Q& duration, Hz
repetition frequency) was applied for pulsation, followed byl-eninute
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incubation period. The cells were then moved along the microchannel by a
volume corresponding to the space between one electrode pair, and the PEF
treatment was repeated.

To ensure that all cells received PEF treatment, the entire process was
repeated twice, based on the initial injected cell volume. The volume between
one electrode paiwy) is calculated using the following formula:

®w a v Q v
where

@ T volume between parallel electrodga$,

ai electrode lengtfum],

0 1 electrode widtHum],

"Qi microchannel heigHum].

Continuous flow PEF.Cells were injected into the microchip and remained
in continuous flow while receiving 8 to 128 rectangular pulses (k0duration,
1 Hz repetition rate). To achieve a specific number of pulses in continuous flow
mode, the flow ratelY) was calculated using the following formula:

where
0T flow rate[pl/s]
47 number of electrodes,
@ T volume between parallel electrodes [ul]
"(¥ repetition ratgHz],
¢ 1 pulse number.

For the viability studies, cells were collected after PEF treatment, seeded
into a 24well plate, and incubated for I®urs at 37°C, in a humidified chamber
with 5% CQO, atmosphere. The number of viable cells was determined with a
trypan blue exclusion assay.

For the permeability studies cells were suspended with DAPI to a M
concentration and incubated for 20 min before the PEF treatment. After
incubation, cells were injected into the microchip, and PEF treatment was
conducted. In continuous flow experiments, cells were incubated@wtiffow
for 5min after PEF treatment. Fluorescence emission ah#b%as measured
for excitation of 395 1m using a fluorescent spectrophotometer.
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2.2.15.0xygen sensing setup

The oxygen measurement system @x8MA (G3) meter was connected to
the support jig via polymer optical fiber, which transfers the excitation light to
the sensor embedded within the microchi
and analysed using the PreSdvleasurement Studio 2 software.

Oxygen microsensors were calibrated using a-pwiot conventional
calibration method. The first calibration point (0) was established in oxygen
water, prepared with 8@M sodium sulphite and 0.28M cobalt nitrate. The
second calibration point (21)ooesponded to asaturated water, ensuring
accurate oxygen concentration measurements.

The variation ofoxygen content between the two bt sensors was
assessed during stop flow electroporation experiments. The oxygen levels were
recorded before and immediately after PEF treatment, which involved different
electric field strengths and 16 pulses. Measwmats were conducted
simultaneously with both sensors, and the results were expressed as the difference
i n oxygen concentr at i oREFtfeapfent) abdesensoe e n s e
1 (prePEFtreatment).

2.2.16.pH measurement setup

The developed pH sensor module incorporates a photodiode optical glass
filter FGL515, 515nm longpass, and a white LED (LEDWES, forward current
25mA, power 13.0nW [205]. The pH measuremergystem was developed by
Mart ynas [206]a The sensor system records measurement data via
RealTerm software, utilizing a it analogto-digital converter for signal
processing. To ensure higluality measurement, a currdntvoltage converter
with a floating reference, based on the operatiomaplifier (opamp), is
employed. Additionally, a secorglage amplifier, designed as a riowerting
amplifier with variable gain, is incorporated to enhance the magnitude of the
offset signal Figure 19). The floating reference enables the extraction of precise
measurement data by eliminating unnecessary DC components.

ThepH sensor consists afwhite LED (D1) and a photodiode (S1) current
produced by the photodiode depends on pH measuremfentgspamp(OP1)
based currento-voltage converter is employed in order to produce a voltage
signal of the desired amplitude range. The floating reference is connected to the
circuit employing opamp OP3 buffer for impedance alignment. Reference is
adjusted accordintp the environmental ambient exposure during. The second
stage opampOP2based amplifier, is dedicated to extractingssential
measurements, discarding ambient exposure.
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Current to voltage
converter

Sensor

Variable gain
amplifier

Figure 19. Circuit diagram of pH measurement consists of sensor LED D1
with current limiting resistor R1, and photodiode S1, current to voltage converter
(opampOP1 and feedback resistor R2), floating reference (potentiometer R7 and
opamp OP3 as a buffer), variable gain amplifier (noninverting opamp OP2,
feedback resistor R4, gain resistors R5, R6 and input resistor R3), treated reading
is passed to an analog irtpAin [206].

Figure 20. Visual representation of the colour variation in phenot red
containing cell culture medium corresponding to different pH levels.
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The optical pHmeter operates on the principle of the colour change of
phenol red Eigure 20). The pH was calibrated using RPMI medium containing
sodium bicarbonate and HEPES, spanning four pH values ranging from 6.0 to 8.0
(Figure 21). The pH of the cell suspension was measured during stop flow
electroporation experiments, conducted at electric field strengths of, @ntl.8
2.4kV/cm with 16 pulses. The pH values were calculated using the calibration
curve

»=—0.00828493x+14.1761|
R>=0.956001

700 800 900 1 000
ADC units
Figure 21. pH calibration curve.

2.2.17. TEER measurement.

The LCR-6000 meter was connected to two adjacent electrodes positioned
in a single plane and utilized for transendotekdéctrical resistance (TEER)
measurement during stop flow electroporation experiments.

2.2.18.Statistical analysis

All data are presented as the mean + standard deviation (SDw&ne
analysis of variance (ANOVA) was used for multifactorial comparisons in this
study. A P value < 0.05 was considered statistically significalhiexperiments

were conducted with independent replica

statistical reliability.
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3. RESULTS

This chapter consists of three sections, each contributing to the
appropriate defensive statement. The first section focuses on biocompatibility
studies of bioceramic alumina, evaluating its suitability for biomedical
applications. The second section exaesi the properties of polycarbonatea
biomaterial, specifically its potential for enhancing cell adhesion. Finally, the
third section explores the integration of PC into a microfluidic system, a core
component of MPS, evaluating its performance analsilitty for PEF treatment
and realtime monitoring of the microenvironment.

3.1. BIOCOMPATIBILITY STUDIES OF BIOCERAMIC ALUMINA
COATINGS ON ALALLOY 6082

This chapter presents the research on bioceramic biomaterial aliina
a promising candidate faosrthopedic joint prostheses due to @sceptional
compressivetrengthand chemically inert properti§s6]. Traditionally, dumina
implants are producefrom powder throughmultistep process including
mechanical grinding, pressing, sintering, and extrusion at high temperatures and
pressure$25]. While this method yieldkigh-performancebioceramics, ifaces
notable limitations: a | umi na 6 s susaeptibility toeimparies, and
compositional variatiorwan hinder the fabricatioof complex shapes ardrge
implants.Moreover the manufacturing process time-consuming,costly, and
constrained by machining challenges due

To address this challenge, thgidy exploresan alternative approacfor
utilizing bioceramicalumina for implantologyhrough anodization of Al alloy
substrates. This approaehableghe formation of porous l80; layers directly
on the Al alloy surfacandsimplifies implant preparatiorTwo distinct types of
anodized Al alloy 6082 wereevaluatedto determine theirpotential as
biomaterials for biomedical applicationsThe evaluation encompasses
mechanical, chemical, and biocompatibility propertieshygirticular attention
to parameters critical for biocompatibility and functional performance.

It should be emphasized that thee of Al in biomedical research often raises
concerns due to its reputation for cytotoxiciymd poor biocompatibility,
particularly in its pure form. These concerns stem from uncontrolled ion release
and surface reactivity, whiatan adversely impasturrounding tissueslowever,
it is essential to recognize that metallic alloys differ significantly from their pure
elemental counterparts, as the presence of alloying elealgheir structural
and chemical behavioulikewise, Al alloy 6082 ustto prepare the specimens
with anodization techniquepnsistsof 96.52wt% Al, 2.28wt% Mg, 0.53wt%
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Si, 0.36wt% Fe, and 0.3Wt% Mn. Thesealloying elementdn Al alloy 6082
contribute to its enhanced mechanical properties and its corrosion resistgnce:
and Siimprove the mechanicastrength Si improves corrosion resistanbg
reducingmicrocracks Fe increases hardnelg forming brittle intermediates,
while Mn refines these phases and stabilizes the microstryQirg

Although pure Al is considered unsuitable for biocompatibily,alloy
6082 may noshare this limitation. In this study, the untreated alloy was not
treated as a negative control, but instead served as a reference point to assess
whether anodization enhances its surface and functional properties. This
distinction is crucial, as the origal alloy exhibited favourable performance
across several tests.

To evaluate the qualification of the anodizegecimensas biomaterials,
medicatgradeTi alloy was used as a reference matefalalloys are widely
regarded as the gold standard in implantology due to their excellent
biocompatibility, corrosion resistanceand mechanical performanceé.he
comparison with Ti alloy provides meaningful context for interpreting the
performance of specimenshomedical applications.

3.1.1.Structural characterization of bioceramic coatings

The original Al alloy 608 was selected fahis study owing tdts relatively
high strength and corrosion resistaf208]. To maodify its surface properties, Al
alloy 6B2wasanodized usingwvo differentelectrolytes to produce porous;®%
coatings Two distinct anodized coatings were obtaineihg sulfuric acid and
phosphoric aciddesignatedAl ,Os° and Al,Os", respectively The electrolyte
composition an@nodizingconditions are summarizéa Table 4.

Table 4. Electrolyte composition and anodizing conditions of Al alloy 6082

Electrolyte Current
Specimen composition Time Temperature | density/
voltage
18% H2SOy 200A/m?2
Al,0Os° 2% oxalic acid | 70 min | 15°C (~20V)
0.4%Al3
AlO5° 4% H:POy 150 min| 15°C 150V
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Table 5. Characteristics obioceramic alumina coatingand corresponding
specimenproduced by anodizingl alloy in different electrolytes.

Coating Pore Pore Interpore | Porosity,
Specimen| thickness, | diameter, | density, distance, | %
em nm poresfim? | nm
Al,O55 58.4+2.3 13.7#0.1 | 912.0+83.8| 30.9+4.4 | 13.51.4
Al,O5" 8.7+1.1 177.2£15.5| 19.7+4.0 | 284.3+29 | 47.6x2.4
Surface Mechanical hardness
roughness pm Indentation, GPa Vickers, HV
Al0z° 15+0.2 4.6x0.5 27939
Al,O5" 15+0.1 1.0£0.5 115¢12
Al alloy 1.3+0.1 1.5%0.2 139£10
Ti alloy 1.2+01 nd 245:20

SEM analysis revealed notable differences in the surface morphology of
anodized alloys. Thal,Os° coatings were relatively thick (~60n) and featured
narrow nanopores (<2@m), while Al,Os” coatings were thinner (~Itm) with
significantly larger micropores (~200n). Surface porosity was approximately
3.5 times higher i\l ,Os” (Table 5, Figure 22). Notably, the smaller pores may
be more favourable for cell adhesion; therefore, it is likely that nanoporgDs Al
coatings would exhibit enhanced cell adhesion performance.

Surface roughness is an important feature influencing osseointegration.
Macro-roughness contributes to mechanical stability, while migna nanoscale
roughness enhances biological response, such as cell adhesion, proliferation, and
osteogenic gene expressi@09]. In this study, the Ra values of the original Al
alloy were 1.28+0.08m. The anodization led to a slight increase in surface
roughness, with Al,Os° and Al,Osf coatings exhibiting Ra values of
1.45+0.23um and 1.49+0.14im. This increased roughness may support
enhanced cell adhesion and integration with surrounding tissues.
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Ti alloy

Al alloy |

AlL,O,P

e R
Figure 22. SEM topography (left) of the tested specimens under low and
high magnifications and their water droplet contact angles (right).

Mechanical hardness &critical pamameter forloadbearingimplants as
higher hardness improves wear resistancecandtibutes tdong-term stability
and biocompatibility byninimizing surface degradatioithe hardnessaluesof
anodized AIOs coatings provide insight into thegdotentialfor biomedical use,
particularlywhen compared to established materials such as Ti allbgsALOs®
specimen exhibited the higheseamanical hardneswith valuesof 4.6+0.5GPa
and 279+3HV, indicating a robust stace comparabléo that of Ti alloy
(245£20HV). In contrast, AOs° coatings exhibited significantly lower hardness
- 1.0+0.5GPa and 115+1RV, similar tothe original Al alloy (1.5+0.Z5Pa and
139+10HV). Thesedatademonstrate that anodization in sulfuric acid not only
enhances surface faess but also yieé mechanical properties approaching
those of Ti alloy This reinforcesits potential for biomedical applications.
Conversely, phosphoric acid anodization does not improve mechanical
performance over thentreatedAl alloy.
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3.1.2Surface wettability

Surface wettabilityis a key parameter in evaluating the biological
performance of biomaterials, particularly in relation to protein adsorption, cell
adhesion, and tissue integration. The wettability reflects how a liquid interacts
with a solid surface and imfluenced by surface chemistry and surface
topographyboth of whichcorrelate with biological interactidd11]. Moderate

hydrophilicity ( con isassdciatal wighlemhanbed telve e n
growth and improved biocompatibility, as noted in previous stydliey, [112],
[210].

The wettability wasassessed by measuring the contact angle between a
liquid droplet and the surface. All tested specimens exhihitederately
hydrophilic properties with a water droplet contact angle belowRigu(e 22).

The untreated Al alloy demonstratdte lowest hydrophilicitywith a contact
angle of 68°t5°. The anodized samples exhibited variable wetting behaviour,
initially recording higher valuesyhich subsequently decreased and stabilized
within approximately 60 seconds: from 75°+8° to 59°+3° for the poropSsAl

and from 60°+9° to 52°+2° for the nanoporous@¥F. The reduction in contact
angles is likely attributed to the porous nature of th®Atoating. Meanwhile,

the Ti alloy exhibited a contact angle5#°+4°, similar to anodized specimens.

All tested surfaces demonstrated moderate hydrophilicity, which supports
cell growth and adhesion.

3.1.3.lon releasandits toxicity

Biomaterials implanted in the body are subject to a hostile corrosive
environment comprising various body fluids, including blood, water, sodium,
chlorine, plasma, amino acids, and proteins. These interactions can lead to ion
release from the biomaterialegradation, and corrosion of the biomatg2al |.

SBF is commonly used to replicate physiological conditions, providing a
controlled assessment of implant behaviour in a real biological environment. This
method provides insight into surface oxidation, the integrity of the passive film,
and the possiblkiological effects of the released id260].

Highly porous and rough surfaces can influence the release of metal ions,
particularly in materials that are not chemically pure. To evaluate the stability and
biocompatibility of the specimens, they were immersed in SBF for 28 days to
monitor ion releasegorrosion resistance, and surface changésis duration
aligns with establisheid vitro protocols for accelerated corrosion evaluation, and
is recognized as sufficient for simulating letggm physiological exposure and
assessing degradation behaviadr biomaterials under controlled laboratory
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conditions. To ensure the experiment closely simulatesivo degradation
behaviour, the pH of SBF should remain within a physiological range of +7.4, as
fluctuations can significantly influence the degradation of these specjgitis
For this reason, the pH of the SBF was continuously monitored throughout the
entire immersion process.

The starting pH of SBF was 7.4 at 36.5°C. After three days, a slight increase
in pH was observed, although it remained below 7F5§ufe 23) i a level that
does not interfere with physiological conditid24.3]. Significant changes were
observed only by day 28, when the pH of plain SBF ap@AHecreased to 7.29.
By the end of the immersion experiment (day 28), the SBF buffer was nearing
expiration, which may account for the anticipated pH $B00]. Additionally,
the precipitation began on day 7 and progressively increased throughout the
immersion period, potentially contributing to the observed pH changes. Taking
these factors into account, the pH monitoring data confirmed the accuracy of the
immersion test, with questionable results noted faOAt only on day 28.

7.80
7 60 - i -e- SBF
Lﬁ"_"“"'&»“!‘:':‘r Big e ko) Ti
5 740 1% ! i h \,,*1 oAl
: Mo |+ ALOS
7.20 - I *'0-AI2O3S
700 +—————TT—T7T T+
0 10 20 30

Immersion time, days

Figure 23. pH of SBF during the immersion of the specimens.

When studying biomaterials, especially thasglanted intothe human
body, it is important t@nalysethe release of specific iong\l, Fe, Mg, Mn, Si,
sulphur(S) and phosphoru®)i toassess the material 6s
biological activity. The following section presents the impact of each ion on the
human body, as well as the results of ion release from the tested samples into the
surrounding environment.
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Figure 24. Total ion releasdrom tested specimens aftérto 28 day<of
immersion in SBFasdetermined by ICFOES

Al ions are known to be toxic at high concentrations, potentially leading to
local and systemic toxicity, inflammation, bone erosion, and implant rejection
due to migration to surrounding tissues and ordadd], [215] To prevent
adverse health effects, the blood serum concentration of Al should not exceed
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30e g/ L f o r[215A Howavkr] tleeyestimated daily intake of Al is much
higher, ranging between 0il12mg Al/kg/day for adultd216]. Immersion

tests conducted over 28 days in SBF revealed no significant release of Al ions
from tested alloys and coatings, suggesting the effectiveness of surface
passivation in minimizing ion releadgigure 24).

Iron is one of the essential elements that regulates oxygen and electron
transport, DNA synthesis, enzymatic reactions, and other physiological
processes. However, the excessive Fe ions can contribute to lipid peroxidation,
cell damage, and diseases such as liver cancer, atherosclerosis, and
haematological diseas¢217]. The normal Fe concentration in blood serum
ranges f rmytp while @®ncdntraions aboverbg/L are considered
toxic [215]. Experimental results showed no detectable release of Fe ions from
any of the tested specimens immersed in SBF.

Manganese poses potential neurotoxicity risks due to its accumulation in the
brain and other tissues and organs upon excessive expa$8feThe normal
Mn concentration in human tissues is approximately 1 mg/kg, while in blood
serum, it r an g[@lb]. Resultsshowed a gradublbasesf ylri L
ions in SBF, though average experimental values did not exceed 0.1Thg/L.
highest Mn ion release was detected witle Al alloy, reaching up to
0.08+0.02mg/L on the 21 day. Prous AbOs; coatingseleased lower quantities,
up 0.06+0.00Ing/L for Al,Os° and 0.066+0.0Ing/L for Al,Os”. Mn release
from Ti alloy wasthe lowest 0.03 mg/L.

The release of netoxic Mg ions remained relatively stable across all
specimens, with the average concentration mostly below 4 mg/L. Since Mg plays
a vital physiological role, its release does not pose a risk to the biological
environment.

Silicon is an essential trace element, playing a critical role in bone formation,
osteogenesis, and osseointegration at the-tmimeplant interfacg219], [220]

During the immersion period, Siion release exhibited a decreasing trend in most
of the tested samples. While ADs;° coating showed slightly higher Si ion
dissolution, the peak remained below 1 mg/L, which is far lower than the optimal
range (30 to 52ng/L) required for enhancing cellular respof21].

Phosphates are essential for skeletal biomineralization, membrane integrity,
and homeostasi®22]. During the anodization process, significant amounts of
phosphates and sulphates become incorporated in@s Abatings, affecting
their longterm stability. In this study, the average sulfur and phosphorus
concentrations within the coating were 388% and 1.0@t%, respectively.
Immersion tests revealed that S and P concentrations steadily decreased over time
due to precipitate formation, particularly in Al alloys and@d coatings. By day
7, visible precipitate formation indicated active chemicadrianttions between
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phosphates and the Al alloy, leading to surface changes in SBF. Overdhg 28
immersion period, the decline in P concentration was more pronounced due to
AIPO, formation, which has much lower solubility than @&Q); salt.
Additionally, sulfate anion release was most evident fosO&l coatings,
particularly in the early immersion stages, suggesting its potential role in
modifying local acidity[223].

The data revealed limited or negligible release of potential toxic ions from
the anodized Al alloys, indicating good chemical stability and effective surface
passivation.

3.1.4Electrochemicaévaluation oftorrosionresistance il alloy and AbOs
coatings

The dectrochemical corrosiobehaviorof Al alloy and both AIO3; coatings
was evaluated using electrochemical impedance spectroscopy (EIS) and
potentiodynamic polarization tests. Immersion in SBF at 37°C was conducted
over 28 days Nyquist plots revealed distinct differences in electrochemical
behavior Figure 25 illustrates the evolution of Tafel polarization curves and
Nyquist plots for each specimen over thed2§ immersion period.

1) Al alloy initially displays a wider semicircléndicating strong
impedanceand the likely presence af passive film. However, by day 28, the
semicircle shrinks drastically, reflecting a significant drop in impedance. This
change indicates deterioration of the surface film, increased exposure to
electrolyte, and reduced corrosion resistance over time.

2) Al,O5” coating begins with a moderately sized semicircle,
indicating partial protection by the porous structure. As immersion progresses,
the semicircle contracts considerably, implying that the barrier effect weakens.

3) Al,O3® coating demonstratea consistently large semicircle that
expands further with time. This trend h
performance and supports excellemig-term corrosion resistance.

Across all specimens, reducgd values atearly time points (1 and 7
days) reflected damage to surface oxides and increased ion diffusion. However,
impedance values increased after 21 days, indicating the development of
protective layers composed of insoluble corrogioyducts

Key electrochemicaparametersincluding corrosion potential (&),
corrosion current densityc4j)), polarization resistance {Rand corrosion ras
are summarized inTable 6. Higher Eor and lower o Valuescorrelate with
greatercorrosion resistance. The, Ralue is definedfrom the slope ofthe
voltametriccurve at opettircuit potential. Thiszalue is directly correlated with
the corrosion ratea higher R value indicate®ettercorrosion resistance
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Table 6. Summary oflectrochemical corrosion parameters of Al alloy angDAl
coatingsafter immersion in SBF

Specimen Days in  Ecom, V jeorr, Rp, Corrosion
SBF WA cm? MWcm? rate,
mm/year
Al alloy 0 -0.593 0.0027 10.50 14.6 x 16
1 -0.769 0.2820 0.15 1.5x10°
7 -0.713 0.4260 0.05 2.3 x 1¢°
21 -0.648 0.0010 24.70 5.3 x 1¢°
28 -0.752 0.0012 17.30 6.8 x 1¢°
Al203P 0 -0.704 1.2200 0.05 6.7 x 1¢°
1 -0.711 2.2500 0.04 24.6 x 1¢°
7 -0.719 2.1700 0.04 11.8 x 16°
21 -0.718 1.3100 0.05 7.2x 16
28 -0.719 1.4000 0.04 7.6 x 1¢°
0 -0.620 0.056 1.44 290 x 10°
Al203° 1 -0.605 0.0570 1.40 285 x 10°
7 -0.528 0.0010 6.80 76.5 x 1¢°
21 -0.577 0.0003 177.00 1.4 x 10°
28 -0.594 0.0009 55.50 5.4 x 1¢°

The results demonstrated:

1) Al alloy initially exhibited high corrosion resistance due ite native
protecive oxide layer. However, exposure to iBhs in SBF disrupted this layer
after 1 dayresulting in a sharpncreag incorrosion rate by day After 21-:28
days, surface repassivation due tcsalt deposition restored its protective
capabilitiesyeducingthe corrosion rate t6.8x10° mm/year.

2) Al,O5" coating exhibitedsignificantlyhigher corrosion rates throughout
the immersion period (up to 6.7xiénm/year at day 1), attributed to thhigh
surface reactivity and porousorphology Although these coatinggromoted
bioactivity through hydroxyapatite formation, thelectrochemical performance
indicatedlimited corrosion resistance.

3) AlO3° coating provided themost effectiveprotection. Their nanoporous
architecture, formedvia anodization using H.SQ. electrolyte, yielded
exceptionally high Rp values and corrosion rates up to 50 times lower ds&n th
of the Al alloy. Their performance also exceeded that of commercially pure
titanium (CP-Ti), a widely used biomedical alloy

4) Comparative datashow thatheCP-Ti alloy had arinitial corrosion rate
of 3.54x10 mm/yeaf224] compared td..46x10 *mm/year foitheAl alloy and
6.7x10 *mml/year fothe Al Os"” under similar testing conditior®ther scientists
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reported a lower corrosion rate of 7x¥thm/year foretched CPTi [225], these
values stilldid not surpasthe performance ohl,Os° coatings.

The combined EIS and potentiodynamic data confirm thaD-Alcoating
offersexceptional longerm corrosion resistance in SBF, far surpassing both Al
alloy and AbOsP. Al,Os° performance not only exceeds thudt CP-Ti [224],
[226], but also positions ADs° as a promising candidate for biomedical surface
protection and implant applications.

3.1.5Characterization of bioceramic coatings after $Bfersion

Bioactivity refers to the ability of a material to interact with the biological
environment, facilitating mineralization and tissue integration. A key indicator of
bioactivity in biomaterials is the formation of hydroxycarbonate apatite (HCAp)

- a mineral,structurally similar to hydroxyapatite (@&PQ)s(OH).), which is
naturally found in human bones and teeth. The presence of HCAp after SBF
immersion suggests enhanced biocompatibility, improving the potential for
osseointegration and implant succgx/].

Bone tissue is a complex composite material, composed of organic collagen
and inorganic calcium phosphate, primarily in the form of hydroxyapatite. Since
surface topography significantly influences mineral deposition, rough and porous
surfaces enhance adien of deposited minerals, thus ultimately improving
osseointegration and the success of implant§#»a].

Specimen surfaces were examined after 21 and 28 days of immersion in
SBF, revealing notable differences in the morphology and distribution of
deposited saltd{gure 26):

1) Tialloy developed large filametike structures, while Al alloy exhibited
smaller pellefike formations that tended to coalesce over time.

2) Al,Osf coatings formed large salt clusters (35@) with visible cracks
by day 21. However, these clustesshibited poor adhesion, resulting timeir
complete removal by day 28.

3) Al,Os° coatings, however, displayed no visible salt deposition,
suggesting a significant difference in surface chemistry and wettability.

In biomaterial integration, Ca/P ratio is important. A stoichiometric ratio of
1.67 closely resembles natural bone composition, making it the most desirable
for bioceramic coating®228]. However, hydroxyapatites formed from SBF often
exhibit a lower Ca/P ratio due to reduced crystallif227]. EDS analysis
revealed the following CA/P ratios in deposited salts:

1) Ti alloy had the highest ratio (1.00+0.12), while the Al alloy exhibited
the lowest ratio (0.33+0.09).
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2) Al;Os coatings demonstrated higher Ca/P ratio values than untreated,
measured at 0.39+0.10 for,8s” and 0.62+0.06 for ADsS.

3) Negatively chargeghosphate ionsaccumulated within the p@ef
Al,O; coatings, to a greater extetitan C&' cations, suggesting that A8
coatings possesspositivdy chargel surface and aegativelychargel interior.
This highlights the importance of surface chemistry in mineralization and implant
integration

Overall, the apatites with distinct morphology were formed across all tested
specimens, with higher Ca/P amounts on Ti an®DAtoatings compared the
Al alloy. Despite these findings, the Ca/P ratios observed remained lower than
those of natural bone, suggesting that additional surface modifications may be
necessary to optimise biomaterial performance for enhanced osseointegration.

Before 21 days in SBF 28 days in SBF
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3.1.6.Biocompatibility test

Biocompatibility is a importantparameter irevaluatingthe suitability of a
biomaterial for medical applications. This chapter presenteraprehensive
assessmertf the biocompatibilityof the tested specimenshile analysing two
aspectscell adhesion and morphologgnd cytotoxicityTogether, these analyses
provide insight into the biomaterial's biological propertes its potentiafor
successful integration with host tissk#roblasts, particularly the L929 mouse
fibroblast cell line, are widely used as a standard model due to their essential role
in cell adhesion, wound healing, and ECM production. This cell line ensures
reproducibility and comparability, making it a reliable comparison of analysis of
the biological response of a biomaterial.

Adhesion and morphology of L929 fibroblast cells grown onto the
s peci men 6veere analysdd drane SEM imaggsigure 27). Analysis
revealeda high abundance of cells af and ALOs” specimens, suggesting
favourable conditions for cell attachments. In contrastalloy and AbOsS
exhibitedlower imagecontrastwhich limited the reliability ofguanttative cell
evaluation However, this reduced contrast does not necessarily imply diminished
adhesion.

Cell morphologyis a reliable indicator of cellular physiology. Under normal
conditions, cells display three features: an extended shape, a flattened shape, and
prominent filopodial protrusions. The presence of all three characteristics
simultaneously suggests intact askeletal organization, robust adhesion and
active cellular processes. In contrast, the absence or alteration of any of these
morphological features signals physiological disrup[ag].

Morphological assessmemvealedhatcells, culturedon Ti alloy, Al alloy,
and AbOsS, maintainedconsistentand distinguishednorphologies Some cells
appeaed elongated while others displayed flattened morphologies, with visible
filopodia extensionand ECM expression These features indicate normal
physiological behaviour ofhose cells, supporting the suitability of 80,5
coatings for normal cell adhesion.

In contrast, cells on ADs” surfacesdisplayed predominantly flattened
morphologiesThese effects are likely influenced the surface topography and
microporougpore sizeof the coating20],[253]. Filopodia wereeither embedded
within surface pores or spread across them, making visualization in SEM images
challenging. The predominance of single cell shape suggestpaired
physiological processes, whicma y adversely i mpact t
integration with surrounding tissues and compromise its-terg functionality.
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Figure 27. SEM images of L929 cells cultured on Ti alloy, Al alloy,@¢",
and AbLOs® samples at various magnifications. Arrows indicate cells with low

contrast.

To complement the morphological assessment arghin a more
comprehensive under st andi n g cybtoxicityh e
testwasconducted teevaluae the biological impact of alleglerived extracts on
direct celtsurface interactions. Extrabased assaysere usedor identifying
potential leachables that may affect cell viability in the surrounding environment.

The viability of L929 cells was assessed after-tagur incubation with
extracts obtained from each specimé&n. analyse attachment, adhesion, and
proliferation, L929 cells wereollectad, suspended in specimen extracts, and
seededAfter 24 hoursof incubation the mitochondrial activityof adhered cells
was measured to assess cell viability. The relative viability (%) of cells treated
with different extracts was

9 Tialloy-108.2+11.0%,

1 Alalloy - 103.7+4.3%,

1 Al0"-101.7+9.0%

1 Al05°- 96.6+13.3%(Figure 283).
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Figure 28. Effect of alloy extracts on the relative viability of L929 cells: (a)
overall cell growth, including adhesion and proliferation, and (b) proliferation
only. Oneway ANOVA analysis revealed no significant differences in overall
cell growth (p=0.61) or prdkration (p=0.66).

To evaluate the impact on cell proliferation (excluding adhesion), L929 cells
were first allowed to adhere, after which the growth medivas replaced with
specimen extracts. After 24 hours, mitochondrial activity was measured using the
XTT assay Figure 28b). The relative viability (%) of cells treated with different
extracts was

i Tialloyi 105.5+2.5%,

T Alalloy-101.4+2.2%,

T Al 205° - 99.4+2.7%

 Al,Os3- 101.5+1.5% Figure 28b).

No significant differencesvere detectedn overall growth (p=0.61) or
proliferation (p=0.66) across both experimental conditiondhe greater
variability in the error bars in adhesion tests may be attributed to experimental
conditions and instrumengensitivity These resultconfirm that all tested
specimens are nexytotoxic, wth relative cell viability exceeding 9% after
incubation with extractAdhesion results demonstrated effective adhesion, with
filopodia and ECM expression observed.

In summary, all tested materials supported cell viability and adhesion. While
Al,O5” coatingsexhibited morphological limitations likely due to microporous
structure,Al,Os° coatingswith their nanoporous architecture provided a more
favorable environment for cell adhesion and physiological functions.

98



3.1.7.Discussion on biocompatibility of bioceramic coatings

Biocompatibility is strongly influenced by the surface structure of
biomaterials and the release of metal ions, both of which play a crucial role in
cell adhesion, viability, and integration. Studies have shown thaiAlOs-
reinforced hydroxyapatite coatings deposited on stainless steel 316L significantly
improved cell viability (99.5%), whereas hydroxyapatite coatings on stainless
steel and bare stainless steel exhibited reduced viability rates (75% and 51%,
respectively) #ier 72 hours of seedirfg31]. This decline is primarily due to high
surface cracking and porosity of hydroxyapatite coatings, which expose the
underlying stainless steel to SBF, resulting in corrosion and toxic Fe ion release.
Similarly, TiO)/hydroxyapatite nanocomposite with Ti@nd Ag nanoparticles
applied on Ti6Al4V/TiQ coatings reported cell viability of 98.8%, attributed to
enhanced uniformity, craefkee structure, and suppressed migration of toxic Al
and V ions[232]. Furthermore, research demonstrated that Ti6Al4V alloy
combined with a 20% ZrOceramic composite enhanced biocompatibility,
increasing cell viability up to 98.25%, while Zr@ydroxyapatite hybrid
composite achieved the highest viability (107.53288]. These data underscore
the importance of optimizing surface morphology, chemical compaosition, and
structural integrity in biomaterial coatings to enhance cell viability and ensure
long-term implant success.

This study examined the biocompatibility of Al alloy 6082 and its porous
bioceramic AlOs coatings, which were obtained through anodization of Al alloy
6082 using two different electrolytes: phosphoric acid and sulfuric acid. The
evaluation focused on ion leakage, corrosion resistance, cell growth, and
cytotoxicity, with comparable results agst medicalgrade Ti alloy theresults
aresummarizedn Table 7.

The ALOs® bioceramic coating, anodized in sulfuric acid, exhibited multiple
beneficial properties regarding biocompatibility. The@F coating effectively
suppressed Fe and Al ion release, preventing toxicity, inflammation, and implant
rejection[215]. Mn ion release remainedthin safe limits (0.04ng/L, below the
0.1mg/L threshold)[215]. Mg and Si ions, essential for biological functions,
were released in neoxic quantities. Moreover, a higher Si ion dissolution
supports osteogenesis, cell adhesion, and proliferation, thereby improving
osseointegratiof219], [220] Thereleaseor sulfates fromhe Al ,.SO;S specimen
wasa concern as thee ionscontribue to local acidity within the body223].
Therefore additional longterm studie®n sulfate migratiorare recommended to
assessts potentialimpact on biocompatibility and systemic ion levels under
prolongedphysiological conditionsThe corrosion resistance following a-88y
immersion of the specimen in SBF demonstrated th&sAkxhibited superior
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Table 7. Summary of biomedicaielevant properties of A8O:S, Al.SO:”, andTi

alloy.
Property Al,SOs® Al.SOs” Ti alloy
(sulfuric acid) (phosphoric acid) (medical
grade)
Surface Nanoporous Microporous Dense
structure (supports
adhesion)
Hardness/ High Low High
durability
lon release: Suppressed Suppressed Suppressed
Fe and Al
lon release: 0.04 mg/L 0.06 mg/L Lowest
Mn (safe) (highest; still safe)
lon release: Low levels
Siand Mg (biologically Low levels None
favourable)
Hydroxyapatite
formation Minimal Pronounced Absent
Corrosion
resistance Excellent Poor Excellent
Cell Flattened and Flattened, Flattened and
morphology elongated Limited spreading elongated
Cell viability
(shortterm) High High High
Mechanical
integrity Robust Reduced Strong
Biomedical Promising Not recommended for|  Standard
suitability candidate for implants clinical
implants material

corrosion resistance, compared to the original Al alloy an®:AI Among the

tested specimens Al.Os°> exhibited the highest

corrosion

resistance,

demonstrating a continuous increase in protective oxide forméttian
effectively suppressl corrosion via stabilization of the passive film. The
corrosion rate of AlDsS waseitherlower or comparabléo that of CRTi [224],
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[226]. This enhanced stability and longevity minimize the release of harmful ions,
thereby reinforcing biomaterial integrity over prolonged exposure.

The immersion tests confirmed that alumina coatings significantly influence
ion release and corrosion behaviour@Fcoatings exhibited enhanced stability,
lower ion dissolution, and superior corrosion resistance, making them suitable for
biomedical applications requiring durable implant materialsOs° retains the
lightweight properties of Al alloy while demonstrating mechanical properties
comparable to Ti alloy, making it an excellent candidate for implant applications.
The nanoporous structure of8k°providesafavorableenvironment for cellular
activity, as evidenced byiability assaysand fibroblast morphologyCells
exhibited both extended and flattened shapasd expressed filopodia
characteristicsof healthy adhesion and intact physiological functiomhe
biocompatibility of AbOs®is underscored by its enhanced stability, hardness, and
supportive cellular environment, rendering it highly suitable for implantation.

The second bioceramic coating ®@4", produced by anodizing Al alloy with
phosphoric acid, also demonstrated adequate ion release control, preventing Fe
and Al ion release. However, the Mn ion released frosDAlwas the highest
among all specimens, though still within the safe limits (@n@@L) [215].
Immersion tests in SBF confirmed the formationadiydroxyapatite layeon
Al,O5” coatings.This is a desirablefeaturein implantology due to its role in
promoting bone integrationHowever, the high corrosion rate observed in this
specimen is a significant drawback, as biomaterials requiretéwngstability to
ensure implant durability and functionality. The presence of micropores@sAl
contributes to both reduced hardness and compromised structural integrity,
impacting its longerm stability as a biomaterial. Additionally, the surface
features influence cell morphology, leading to a predomindlatitened shape,
which may interfere with essential cellular processes, such as spreading and
migration [234], [235] The altered morphology indicates compromised cell
physiology and could negatively impact its letegm performance.

In summary the ALOs° and Al.Os” bioceramic coating demonstrated
different propertiesAl ,0s” bioceramic coatingwhile capable of hydroxyapatite
formation and maintaining a safe ion release level, exhibited a higher corrosion
rate and reduced mechanical stahilégd impaired cell morphologimiting its
suitability for biomedical applications. In contragt,,Os° exhibited superior
corrosion resistance, mechanical integrity, &nburablecellular interactions,
positioning itas a promisingandidate for longerm implant useOverall, these
findings supportthe classificationof Al alloy 6082, anodizedin sulfuric acid
electrolyte as achemicallystalde, biocompatilbe biomaterial.
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3.2. OPTIMIZATION OF POLYCARBONATE FOR CELL ADHESION

PCis asecond biomaterialnalysedn this thesis due to its potential role in
microfluidic systems designed for cell culture. Specificallyacketched porous
PC membrane was considered for integration into a cufstbricated microchip
(see Chapter 3.3), where the membrane serves a dual fumdtiarsubstrate for
cell adhesion and a porous barrier separating two parallel subchannels. The
membrane as a barrier enables molecular exchange between compartments while
maintaining spatial separation of cell populations, making the membrane a
essential component of the device &rorgarron-a-chip function.

Among various PC forms, tracketched PC membranemre especially
suitable for microdeviceddowever, @spite these advantagd®C presents a
significant limitation for cell-based applications: itsurface is inherently
hydrophobicand chemicallyinert, lacking the functional groups necessary for
effective cell adhesiof236], [237] Thus,the inherenthydrophobicityposes a
challenge for applications requiring direct emléterial interactionWithout
surface modificationthe PC membrandoesnot provide a biological supportive
interface for cell adhesion and growth.

This chapter introduces the strategy for optimizing the tedcked PC
membrane to support cell adhesion. A combination of physical, chermaial
biological surface treatmentgasapplied to improvehe membranesvettability
and biocompatibility. The experimental work that follows evaluates how these
modifications influence surface hydrophilicity and the ability of the membane
affect surface hydrophilicity and the membrane's alititpupport cell adhesion.

By comparing untreateghlasmatreated chemically oxidizedand biologically
functionalizedmembranes, the study aims to identify a robust and reproducible
strategy for PC modificatiansuitable for cell adhesioRor successful operation,
the membrane mustipport stable cell attachment under both static and dynamic
culture conditions, necessitating effective surface modification.

3.2.1Inherent dhesion properties of PC membrane

To enhance the adhesisnpporting properties of traegdched PC
membranethree types of surface modifications were applied and evaluated:
physical chemicaland biological Physical surface modification was conducted
using plasma treatment with oxygen gawy. Therefore, in the following text,

t he term dApl asmao r e tbaseds plasnp.eChenficelc al | y
modification was carried out using selected reagents, while biological
functionalization involved adhesigeromoting molecules. The effectivess of
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each approach was assessed by measuring membrane wettability and endothelial
cell adhesion under static culture conditions.

Baseline adhesion was first evaluated using untreated PC membranes either
with PBSor FBS. In both cases, minimal cell adhesion was observed, with fewer
than 30 of CHOK1 cells adhering tahe membrane surfacérigure 29 and
Figure 30a). This resultconfrmstheme mbr anedés i nability to
without active surface modification.

To improve cell adhesn, the PC membrane was coated wiRbL, a cost
effective and widely useddhesion factorlt significantly increased th&C
me mb r aabilgydts accommodate CH®1 cells, increasing adhesion to
approximately 24%Higure 29 and Figure 30b). To further improve the PC
membraneb6s adhesion properties, surf ac
followed by incubation with PDL. This combined plasma and PDL treatment
strategy resulted in a drastic improvement in PC membradiated cell
adhesios, reaching up to 94% of adherent cefigygre 29 and Figure 30c).
Notably, upon forming a monolayevith the highest adhesion rgteigure 30c),
the optical contrast under microscopy decreases, likely due to the loss of
structural distinctiveness and changes in light refraction.
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Figure 29. Percentage o€HO-K1 cells adheredto PC membrane under
three distinct surface treatment conditions: 1) incubation with PBS or FBS;
2) coatingwith PDL; 3) plasma treatmerfindicated as Pjollowed by PDL
coating
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a)PBSorFBS ' . byPDL

c) Plasma = PDL

Figure 30. Cell adhesiorpattern of CHGK1 cells to PC membrane under
three different surface treatment conditions: a) incubation with PBS or FBS;
b) coatingwith PDL; b) plasma treatment followed by Pbhating

In parallel, surface wettability of PC membranes was characterized using
water contact angle measuremefith i s par ameter directly r
hydrophilic or hydrophobic character: lower contact angles indicate enhanced
hydrophilicity, whereas higher angles correspond to increased hydrophobicity.
The untreated membrane exhibited a contact angld+#°8fFigure 31, none),
indicating a hydrophobic surface. Plasma treatment significantly reduced the
contact angle to 62+6%F{gure 31, Ry), confirming a substantial increase in
hydrophilicity (p<0.05, Tukey HSD poshoc test following onavay ANOVA).
Nevertheless, after 9 days poi®atment, the contact angle increased to 83+6°,
showing no significant difference from the untreated samples (*p>0Fré
31, Py). These results suggest surface aging and a reversion to the initial
hydrophobic state. Such behaviour underscores the transient nature of-plasma
induced oxidation and indicates the necessity of employing alternative oxidation
strategies capable of achieg longterm and stable surface modifications.

Together, hesedatademonstratéhatoxidationcombined with PDL coating,
substantially improves both wettability and cell adhesion on PC membranes.
Moreover the temporary nature of plasamaluced hydrophilicity underscores
the importance of optimizing surface chemistry to obtain more stable and long
lasting modifications.
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Figure 31 Wettability of untreated and modifie€C membranesifter
plasma and chemical treatmemsi plasmatreated and measuradmediately;
Py 1 plasmatreatedandmeasured 9 daysosttreatment

3.2.2Chemical treatment of PC membrane

Given thereversiblenatureof plasmainduced oxidation anthe wettability
results obtained in this studglternative chemicabxidation strategies were
explored. Sodium metaperiodate (Nal©.117 M), sulfuric acid (10%)xnd
Piranha solution (10%) all well-establishedreagents for polymesurface
oxidationi were selected to treat the PC membraiibechoice ofreagentand
their concentrations was guided by the need to maintain compatibility with other
microchip componenjsparticularly OSTE and COGwyhich are sensitiveto
aggressive chemicals.

NalO, is a crystalline inorganic salt and a strong oxidizing agent widely
employed in organic and polymer chemistry forfingctionalizatiorof materials
[277]. It is primarily used to oxidize materials which have vicinal diols
#/1 ( #/ ( , resulting in cleavage dhe C-C bond and producing the
aldehyde and ketone functional groups. Although the inherent PC lacks vicinal
diols. However, environmental and chemical factors such as UV exposure, acid
or base treatment, heat, and mechanical damage may introduce surface
rearangements[238], [239] Moreover, in the case of tragkched PC
membrane, produced through highergy ion irradiation followed by alkaline
etching, the pore structures are chemically alt¢?d@]. After suchanimpact,
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the PC surface could be modified with Nal@nd may form oxygexontaining
groups such as hydroxyl, aldehydadketonegroups.

Sulfuric acid is a strongoxidizing and degradingagent that at high
concentration, can cause complete degradation of various materials, particularly
PC[241]. In the present stugya 10% sulfuric acid solution was usedb this
concentration does not lead to full or partial degradation afrie@her polymeric
components within the microchifNotably, OSTE, a polymeremployedin
microchip fabrication,exhibits chemicalresistanceonly up to 10% of sulfuric
acid. Therefore, i was assumed that10% solutionmay be sufficient to induce
surface modificationsrothe PC membrane. According to the literature, oxidation
of polymers with sulfuric acid results in the formation of sulfuric growgsch
givesthe hydrophilicity and wettability of the material. In addition, the hydrolysis
process may introduce hydroxyl groups on the polymer sui24dg.

Piranha solutionis also a strong oxidizing agemthich is formed from the
H.SQ, and HO,, and is stronger than sulfuric acid alofide volume ratio of
sulfuric acid and hydrogen peroxide typically ranges between 3:1 to 5:1. In the
present study, 10% Piranha solution was used for the same reason as with sulfuric
acid: sulfuric acid concentration higher than 10% deteriorates othangity
components of the microchip. When combined, sulfuric acid reacts with
hydrogen peroxide to generate peroxymonosulfuric aci8(kj, also referred to
as Carobs acid. The formed Capidy, aci d
generatinghydroxyl radicaé andregeneratingulfuric acid. Under these highly
oxidative conditionsH,SG; and the resulting hydroxyl radicahn modify the
PC surfacédoy introducing functional groups suels sulbnic (SQH), hydroxyl
or peroxide groupf242], [243], [244] Consequently, the Piranha solution may
enhance the hydrophtity and wettability othe PC membrane.

PC membranes treated with chemical oxidaN&lQs, H.SQi, and Piranha
solution) exhibited moderate changes in water droplet contact angles, which were
not significantly different compared to the untreated contrdhe measured
contact angles werg8+8° for NalQ, 75+1° for HSQy, and 75x7° for Piranha
solution (Figure 32), none of which demonstrated a significant difference in
hydrophilicity compared to unoxidized P@th 84+2° (*p>0.05, Tukey HSD
posthoc test following onavay ANOVA). These results prompt further
consideration of whether the chemical oxidation meth@as affectively alter
surface characteristics relevant to biological applications, includihgdhesion.
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Figure 32 Wettability of untreated and modifiePC membranesfter
chemical treatments

3.2.3Cell adhesion on theodified PC membranes

To evaluate theffectof surface modification on cell adhesi@K-MEL-28
cellswere cultured o?C membranesubjected to various oxidative treatments.
All modified membranes were coated with PB&forecell seeding to ensure
consistent presentation of adhespmomoting molecules. Quantification of
adherent cells following overnight incubation revealed significantly improved
adhesion on oxidized membranes compared to untreatgdols Specifically,
adhesion rates wei@+3% for oxygen plasma, 9546for NalO4, 80t9% for
H.SQu, and 8313% for piranha solution, whil¢he untreated PC membrane
yielded only24+2%(Figure 33). Statistical analysis confirmed that all oxidized
conditions resulted in significantly greater adhesion to the corirdd.Q05
determinecusingaonavay ANOVA f ol | owed -HogytesTuk ey 6s
although no significardifferencesvereobserved among the chemically treated
groups Overall the combination othemicalsurfacemodification of the PC
membraneand anadditional adhesion factor improved cell adhesion byfdl®
with NAIO,4, 3.2fold with H.SQu, and 4.3fold with piranha solutionThese
results highlight the effectiveness of oxidatimsised surface functionalization in
enhancingthe cell-adhesive propertiesf the PC membrane. Similar adhesin
trends observed with additional cell lines (CHH@ and C6, data not shown)
further support theeproducibilityof this approach across different cell lines.

In summarythese pilot experiments confirmed the effectiveness of NalO
H,SQu, and piranha solution in introducing stable surface modification without
compromising the integrity of other microchip matkxiaWhile oxygen plasma
treatment also facilitated cell adhesion, its reversible nature and rapid surface
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aging posedimitations for extendedworkflow. Chemical treatment offered
consistent performance, longer shelf liéamd compatibility with preassembled
microchip. This strategy simplifies fabricaticsnd enables timely surface
activation. By piloting chemical oxidation, the study validated its use as a robust
alternative to plasma, expanding the surface functionalisation toolkit for
microfluidic systemgequiring reliable cell support.
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Figure 33. Influence ofsurface treatment on SMEL-28 cell adhesiorPC
membranesreated with plasma are denotedPas

3.2.4Cell adhesion with different adhesion factors

To investigate the effect @aryingadhesion molecules on SKEL-28 cell
adhesion, an experiment was conducted on a fresh oxygen phagtizeed PC
membrane using three adhesion factors: PDL, collagen, and fibronectin in various
combinations.

The results revealed that all combinations of these adhesion factors, except
for fibronectin alone, exhibited more than 90% of cell adhesion to the PC
membrane in static cultur@Figure 34). Fibronectin alone was the least
favourable adhesion optioproviding 87+8% of adherent cells, which was a
statistically significant difference compared to all other adhesion factors (p<0.05
oneway ANOVA f ol | owe d-hbcyestTTo kummabize,thdseD p o s |
results suggest that all three factors and their combinations enhance cell adhesion.
Considering the cost and convenience, a simple cell culturing appwitich
chemically modified PC membranesn be selected in the following order: PDL,
collagen, and fibronectin.
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Figure 34. Effect of adhesioipromoting factors on SKMEL-28 cell
adhesion to oxygen plasai@ated PC membrane. Groups included PDL,
fibronectin (F), and collagen (C Significant difference was observexhly
between F and all other groups (* p<0.05).

3.2.5Cell culturing in a microfluidic channel

The previous section demonstrated successful mammalian cell adhesion to
oxidized PC membranes under static culture conditions. This initial step
confirmed the positive impact of PC oxidation on cell adhesion. To extend this
study and better simulate phgkigical conditions, thadhesiorof U20S cel$to
oxidized PC membrane under flow cultumas analysednext. The microchip
with anintegrated PC membrane (Seleapter3.3.1) was used for the experiment.

Shear stress is a key mechanical force experienced by cells in fluid
environments, influencing cell adhesion, morphology, and signalling. While the
U20S cell line originates from cancerous cells in bone tissue, its physiological
shear stress is not definedAs a reference, physiological shear stress for

mesenchymal cells, such as that generated by interstitial flow, can be considered.

Interstitial flow refers to the slow movement of fluid through the ECM,
specifically through the fluidilled spaces calleéhterstitial spaces. This flow
exerts a | ow shedyncnéa45],¢2d63 , t ypically
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To analyse the impact of the PC membrane's oxidation on cell adhesion and
culturing underflow, the piranha solution was used as an oxidizing agent, PDL
was used as an adhesion molecule, and U20S cells were used as an object. The
cells were injected and alved to adhere without the flow overnight. The
following day, the flow was initiated at a shear stress of @yd&km?2 and was
increased gradually by a factor of two every day up to @y®dcm?2 Throughout
the twoweek experiment, U20S cells remained éhtdorming a progressively
denser monolayer while maintaining their adhesion, with the cell monolayer
becoming denserF{gure 35). With this experimentjt was confirmed that
oxidised PC membrane and adhesiooiecules such as PDL, can ensure stable
cell adhesion even with the flow supplied.

a) No flow, 0 dyn/cm?

B

Figure 35. U20S cell adhesion on the oxidized PC membraméhe
microchannel pretreated wittpiranha solution and functionaéid with PDL.
Cell adhesion is shown (a) at the beginning of the experiment under static
conditions, and (b) at the end of the experiment under flow conditions.
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3.2.6Discussion a PC surface treatment for improved cell adhesion

The tracketchedPC membrare offer mechanical strength, transparency,
and compatibility with micrfluidic systemfabrication, making them suitable
candidates for microfluidic applications. In theototype microchip, fabricated
in this thesigsee Chapter 3.3acommercialPC membrane was integratasl a
structural element forming two parallel microchannels and serving eall
culture surfaceAlthough cells are expected to adhere and proliferate on the
membrane, thBydrophobicandchemically inerproperties of PC make its native
surface unfavourable for cell adhesion, as confirmed by control experiments,
conducted without specific surface modification or adhepramoting factors.
Therefore, surface functionalization of PC is necessary to enhtmce
me mb r a n-adbesivepregerties.

To address thibmitation, oxidative surface treatments were investigated to
enhance the cell's ability to accommodate cell adhesion in R®@
complementary strategies were employed: physical modification via oxygen
plasma and chemical modification using wet reagémggen plasma treatment
is a reagentree and timeefficient techniquewidely used for polymer
functionalization It introduces polar oxygecontaining groups onto the surface,
such as hydroxyl, carbonyl, and carboxyl moieties. In this stydgsma
oxidation combined with PDL coatingdlemonstrated notable adhesion
performance. However, the oxidized PC surfgi@ually reverted to its original
state in terms of surface wettability, as confirmeddaytact angle measurements
after 9 days pogreatmentTheobtained results come in line with literature data
on surface aging, following the plasma expodr29], [130] Therefore, the
instability of the plasmdreated PC surfadeespecially considering the extended
fabrication process and the treatment of UV and high temperature (see Chapter
2.2.12)i limits the applicability of plasma oxidation for loigrm use.

Reports in literature indicate thettemical oxidatiomeagents s uch as Nal
and piranha solution, are effective in incorporating functional groups into the
polymer surface withoutausingsignificant materialdegradatior[242], [243],
[247]. This approach is a more stable solution for microfluidic applications
requiring longer production times. Consequently, alternative chemical oxidation
methods, including Nal9H.SQ,, and Piranha solution, were tested as potential
substitutes.While water drofet contact angle measurements revealed no
significant differencen thewettability of PC following chemical treatmeraell
adhesionassays demonstrated a clear improvenrer@dhesion with modified
membranes compared to untreated controls.

To further augment the cedldhesive properties of treated PC membranes,
surface coatings with adhesipnomoting ECM molecules, fibronectin, collagen,
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and PDL, were assessed individually or in combination. These proteins adsorb
onto the modified PC surface and mediate cell adhesion through irtiggnad
interactions. Quantitative analysis revealed that all tested combinations, except
fibronectin aloneyielded adhesion rates above%80In contrast, fibronectin
coated membrane demonstrateder cell adhesion §7+8%), suggesting the
fibronectin'sconformational changes upon adsorptotentially masking or
limiting exposure to the integrin binding domsj critical for cell adhesidi248].

This phenomenon aligns with literature emphasizhrgcritical role of protein
folding and surface orientation in modulating cell surface interacfiijs

Following confirmationof effective cell adhesion for the static culture
conditions, the experimental setup was extended to assess retention of adhesion
under shear flow, simulating physiological shear stress conditié#3S cells
cultured on modified PC membrane exhibited sustained adhesion within the
microfluidic channel, even under shear stress levels up tinges higher than
physiological interstitial flow. These resuliemonstratéhat the modified PC
surfaceseffectively support robust cell adhesion and retain adherdatureler
elevated shear stress.

Taken together, tlse pilot experiments demonstrate that combining surface
oxidation with ECM protein coatirsg provides an effective strategfor
functionalizing otherwise inert PC membranes, enabling thekgration into
microfluidic systems designed for cell cultukhile oxygenplasma treatment
enablesrapid surface modificatignits shortlived hydrophilicity limits its
applicability. In contrast, chemical modification methods ushteyO., H.SQ,
and piranha solution proved to be stalslempatible with fabrication processes,
and capable of achievingpmparable biological performandenportantly, this
approach is costffective and doesab require sophisticated and expensive
equipment, making it practical for routine laboratory use.

These findingsconfirm chemical surface modification as a practical and
easily adaptablstrategy for enhancing PC membrane functionality witnn
enclosed microfluidicsystem The additional PDL to the pirantieeated PC
surface enhanced its ability to support sustained cell adhesion under both static
and dynamic culture conditions.
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3.3.POLYCARBONATEINTEGRATED MPS FOR PEF TREATMENT OF
CELLS

In the previous chaptethe PC membrane was modified usipigysical,
chemical, and biological treatmerBuilding on these findingsthis chapter
introduces a MPS that incorporatke PC membrane adunctionalcomponent
within a microfluidic chip The integrated porous PC membranenics the
complexity of biological tissues and orgatiserves two essential purposes:

1) Providing a arface for cell growthon both sides of the membrane,
thereby preventing direct mixing of cell populations in adjacent microchannels.

2) Enabling interchanneloenmunicatiorthrough itspores which allow the
diffusion of gases, nutrients, and signalling molecules while maintaining physical
separation between compartments. This configuration supports the formation of
physiologically relevant tissue interfaces, closely resemioiviyo conditions.

The MPSis specifically designetbr PEF, or electroporationstudies PEF
treatment has emerged as a powerful tool in biomedical science due to its ability
to induce transient membrane permeabilization, facilitate targeted drug delivery,
gene transfer, and controlled modulation of cellular activity. -B&$ed
approaches arearticularly valuable in cancer therapy, where they enhance
chemotherapeutic uptake and enable -themmmal tumour ablation249].
Additionally, PEF plays a growing role in tissue engineering and regenerative
medicine by promoting cell stimulation, migration, and ECM remodelRB§].

In this chapter, | present the MPS for PBfudies which was designed,
fabricated, and analysedtimelab from scratchDue to its adaptable architecture
andcompatibilitywith standard cell culture protocols, the system can be applied
to a wide range of cell types, enabling comparative studies across different
biological models. The MPS is specifically designed for investigating cellular
responses to PEF treatmeifhe microchipwas fabricated usin@STE asthe
base material, rather than tinidely used PDMSThe microchip incorporates
electrodes for PEF treatment. R&ale monitoring can be performed with
integrated sensors for oxygen and pH, and cell or tissue integrity can be analysed
using TEER measurements.

3.3.1Design of the microchip

The microfluidic chip is designed with dimensions of X7ZZ mm. It
contains one main channel that begins at the inlet, passes through the PEF
treatment chambeand then through the pH sensing area, exiting the microchip
through the outletRigure 36). The channel width is &im in the electroporation
area and Inm in the pH sensing area. The channel, with the height ranging from
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0.75 to 0.85mm, is separated into two subchannels by a porous PC membrane
(Figure35h), serving as a surface for cell adhesion and growth.

The PEF treatment chamber incorporates four independent pairs of parallel
plate electrodes, each measuring 2mm, with a spacing of &hm between
them. For PEF treatment, any combination of the electrode pairs can be used
together, based on their connentto the power source. In the upper subchannel,
two oxygen sensor spots, each with a diametemoft3 are integrated upstream
and downstream of the PEF treatment chamber.
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Figure 36. Schematic representation of the microchip. a) lllustration of the
upper COC/OSTE/®slide and b) crossectional view of the channel at the
electrodes in the PEF treatment chamber.

3.3.2.Microchip fabrication

A primary material for microchip production, PDMS, is considered the gold
standard. Indeed, PDMS has favourable properties, such as biocompatibility,
optical transparency, gas permeability, ease of fabrication, and
straightforwardness of tubing directlytanPDMS. However, significant issues
such as the absorption of small molecules, leaching of uncrosshiigechers
and microchannel deformation due to high flow rates and organic solvents limit
the full application of microchips, particularly in pharmatieal applications
[35], [166], [167], [171] This encourages the search for new suitable polymers
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for microchip production. A decade ago, the duaable polymer OSTE was
introduced specifically for microchip production. This polymer avoids the
negative properties associated with PDNIB5], [251]

For the microchip to perform the MPS function, it is placed in a custom
made support jig. This jig has electrical contacts in both the top and bottom
sections for PEF processing, while the top section also incorporates components
for monitoring oxygen angH (Figure 37).

The presented technology has two key aspects:

(1) Microchipfabrication is achieved through soft lithography, enabling easy
modifications of channel geometry, number of electrodes, and positioning
according to specific needs

(2) The use of COC, OSTElNnd PCmembranego constrain the channel
eliminates the adverse properties associated with PDMS, such as molecular
absorption, gas permeation, and channel deformation.
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Figure 37. (a) MPS prototype (b) Schematic crossection and
decomposition of the supporting jig.

3.3.3.Simulation of the electric field in the microchip

The fabricated microchip is intended for PEF treatment of cells. The upper
and lower walls of the microchip channel in the PEF treatment chamber have
integrated electrodes that generate an electric field. A schematic depiction of the
electric field distrilution within the microchannel is presentedrigure38a.The
electric field is generated only in the area between parallel plate electrodes.
Meanwhile, the electric field is absent in the gaps between the electrodes.

In terms of channel height, the channel is divided approximately in half by
a porous insulating P@&embrane Figure 38b, Figure 38c). To evaluate the
impact of the membrane on the electric field, a simulation of it was conducted
with two membranes with different pore sizes and porosity: (1) PC membrane
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0.4um pores with 18.86 porosity and 2fm thickness; (2) PC membrane
3 um pores with 21.26 porosity and 22m thickness; (3) no membrane.

The electric field simulation across two parallel plane electrodes, measuring
2 2mm with a height of 0.8 mm, was conducted using the COMSOL
Multiphysics software package. An 800potential difference was selected for
the simulation to achieve up to k9/cm electric field.

The electric field simulations revealed a nearly uniform distribution of the
electric field in the subchannels, measuring approximatky/@m (Figure 38b).

This represents a slight decrease compared to the channel without a membrane,
which measured 1kKV/cm. Notably, the electric field near the membrane was
amplified by about a factor of 2. Additionally, the electric field strength oscillates
spatially, reaking its maximum peak above the void spdaégre 38c). The

distribution of the electric field above the membrane is influenced by the
membr aneds characteristics. The membr at
greater electric field distribution and higher oscillation amplitude near the
membrane compared the membrane with smaller pores (). Conversely,

the smaller pore membrane shows a more uniform electric field distribution and

lower oscillation amplitude.

Concluding from the simulation data, the electric field throughout the
subchannel is consistent with the set parameters. However, at the membrane, the
electric field is enhanced twofold, while inside the pores it is fourfold. This
enhancement must be catered when culturing cells that adhere directly to the
membrane.
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Figure 38 Electric field distribution in the microchip. (a) Schematic
representation of electric field lines in the PEF treatment chamber, wisette
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fluid flow rate and®i theelectric field vector. (b) Visualisation of electric field
distribution in the microchip simulated using COMSOL Multiphysics with the
membrane with a pore size ofugn and porosity of 21.20. A voltage potential

of 800V is applied, producing a 10//cm electric field in the channel without

the membrane. The colour gradient illustrates the electric field strength in kV/cm,
with the red triangles indicating the direction of the electric field. (¢) Simulation
results comparing the electric field strength riisttion across the microchip
without the membrane (black line) and Qra above the membrane. Blue and
red lines correspond to oscillations in the microchip with pore sizeguaf 8nd
0.4um, respectively.

3.3.4Cell viability and permeability after PEF treatment in the microchip

In order to confirm the suitability of MPS for investigating the effect of IEL
on cells, electroporation experiments were performednammalian cells in
suspension.

The PEF treatment chamber contains four identical pairs of independent
electrodes and three equally sized gaps of the same dimensions between them
(Figure35a, 383). This configuration means that when cells are injected into the
chamber, only 4/7 of the total cell volume will be subjected to the electric field.
To guarantee the electroporation of the remaining cells, the cell suspension must
be directed across the vohe of one electrode pair. This volume is calculated
using formula §) (Materials and Methas). The experimental procedure could be
significantly improved by conducting the PEF treatment in continuous flow
mode, where the flow and PEF treatment occur simultaneously. In this setup, cells
move through the entire PEF treatment chamber, which conteireld@ctrodes
and gaps, resulting in varyingxposureto the electric field. Therefore, it is
essential to calculate the flow rate (using form@)adsoutlined in the Materials
and Methods section) to determine the precise number of pulses tolied &pp
the cells as they pass through the entire chamber. This specific number of pulses
is referred to as pulses per cell.

Studies assessing the efficacy of the PEF treatment in microchips were
carried out under two flow modes: stop and continuous. For electroporation
experiments, we used the suspension of rat glioma cell line C6, applying the
electric field in the range of 0 to X¥/cm, with a pulse duration of 1Qs, and
a repetition rate of Hz. Sop flow electroporation was performed using an
electric field from 1.&V/cm to 10kV/cm (Figure39a). Theresults revealed no
change in cell viability after PEF treatment with 8 pulses across all tested electric
fields.
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The permeabilityunder stop flowpostPEF treatment with 8 and pilses
was examined usingreonpermeabldluorescent dye DAPISince DAPI cannot
enter intact cells, membrane permeabilization is required, which can be achieved
via PEF treatment his permeabilization effect was evident in the stop flow IEL
experiment, wheregrmeability increased progressively with higher electric field
strengths when using 8 pulses, as indicated by the fluorescence ratio compared to
the nonPEFtreated contro(Figure 39%). When comparing the effects of 8 and
16 pulses, a similar level of membrane permeability was observedlfisingses
at 1.8kV/cm aswith 8 pulses at 1&V/cm. Thus, under stop flow electroporation,
the most favourable parameters for achieving maximum permeabilization were
16 pulses at an electric field strength of KM@cm.

In continuous flow mode, permeability increased slightly with 32 pulses per
cell at 1.8kV/cm, reaching a maximum increase at 64 and di8es(Figure
39%). This increase was comparable to the KM&m observed in stop flow
experiments with 1@ulses. Moreover, exposure to continuous flow PEF
treatment at the highest electric field strength ok\t@&m with 832 pulses per
cell did not significantly impaatell viability compared to the control. However,
continuous flow electroporation with 64 and J#fses per cell led to a
substantialreduction in cell viability- by 80% and 93%, respective(frigure
3%) i indicating that these IEL parameters are unsuitable foednlgimaximal
membrane permeabilizatiavithoutinducing cell death

These conducted experiments confirm that the fabricated microchip with
integrated PC membrane is suitable for PEF treatment of mammalian cells,
enabling effective control of membrane permeabilization under both stop flow
and continuous parameters.
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Figure 39. The impact of PEF treatment on €#lsand permeability under
(a) stop flow and (b) continuous flow electroporation mod@#se colour with
blue circles represents viability data; red coloyermeability datd-or (a) an
electric field range of 0 to 1kV/cm electric field range was applied with either
8 (red crosspr 16 pulsegred squares)or (b) a 1&V/cm electric field was used
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for viability experiments, while permeability experiments employed &\/én

field with 0 to 128 pulses per cell. In both (a) and (b), PEF treatment was
conducted using 100us pulse duration and aHz repetition rate. Permeability

guantified as fluorescence normalised to the-tneated control; the number of
experiments nO3; with error bars indica

3.3.5.Prediction of affected area in continuous PEF

The viability results indicate that 64 pulses are necessary to reduce cell
viability at an electric field of 1&V/cm in continuous flow electroporation. In
contrast, no change in cell viability in stop flow electroporation with 8 palses
10kV/cm demonstrated no change in cell viability. Permeability studies revealed
that the maximum permeability was achieved at an electric field dfVIdn
with 16 pulses in stop flow mode, whereas continuous flow required 64 pulses at
the same electric field strengthThis suggests that continuous flow
electroporation requires four times as many pulses to achieve equivalent
permeability as stop flow mode. These results can be explained by the following
assumptions: (1) the electric field gradient affects only a dpemi€a of the
membrane; (2) in stop flow, cells are in sestationary conditions, i.e., cells
remain relatively stationary during the entire pulsation process, allowing energy
to be delivered multiple times (successfully electroporated Bigare 40a). In
contrast, during continuous flow, cells rotate randomly throughout PEF treatment
(Figure 40b), leading to a more even distribution of energy across the cell surface
and resulting in fewer pulses being directed at any particular area.

A theoretical model for determining the affected area of the membrane was
developed using MATLAB software. In continuous flow, a portion of the total
cell area is influenced ke electric field. The cell is then allowed to randomly
rotate by a certain angldaffecting different locations dhe cell membrane by
an electric field.

This process is repeated N times until the affected area overlaps at least n
times in a single spot. In stop flow mode, it is assumed that cells remain
approximately stationary, leading to overlapping affected areas, where n
represents the number of pulses required. The size of the affected area is
determined by the effective ratio N/n, atustrated in Figur®. Based on
experimental results, the effective ratio of N/n was found to be equal to 4,
indicating the affected area was 16% (intersection of red lifégime 41). This
means that 16% of the cell membrane must receive pulses to achieve the same
permeability level as observed in stop flow mode.
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3.3.6. Oxygen measurement experiments

When culturing cells in vitro, ensuring a constant supply of the necessary
gases is essential O, and CQ. Oxygen is required for cell respiration, while
CO; ensures the correct pH of the culture medium. A distortean@ pH level
will interfere with cell survival and is associated with the development of various
pathologies, including cancg252], [253]

The materials of our microchiffOSTE and CO€are impermeable to gases.
For monitoring of @and pH levels, the MPS system has incorporated sensors for
monitoring both features. The microchip features two oxygen sefsoose
positioned upstream and the other downstream of the PEF treatment chamber
(Figure2a). Both sensors are equidistant frov@ ¢dge electrodes. When the flow
is activated, Sensor 1 measures the oxygen concentration in the fresh medium
that passes through the electrodes, while Sens@a2umes the concentration in
the medium after ithas undergone potential PEF treatment. To assess the
effectiveness of MPS in detecting changes in oxygen concentrations, experiments
were conducted with C6 cell suspension using PEF as the stimulus. Data on
oxygen concentration were collected from both sensefgre and immediately
after the cessation of PEF.

In the absence of PEF treatment (OkV/cm), oxygen concentration at sensor
2 decreased by 0.14+0.07% compared to sengeégaré 42a). This decline was
substantial when compared to the control sample, which contained only buffer
and exhibited a smaller decrease of 0.01+0.07%. However, when cells were
subjected to PEF treatment, there was a noticeable increase in oxygen
concentration 0.14%, 0.13%, 0.09%, and 0.03% at electric fields ok¥/8m,
2.4kVicm, 4.4kVicm, and 8.kV/cm, respectively. Importantly, the buffer
samples at lower electric fields (kk8/cm and 2.4kV/cm) displayed distinct
variations compared to the cell suspension, indicating that these differences were
specifically due to the effect of PEF on the cells. In contrast, at 4.4 and 8.0 kV/cm,
both the cells and buffer showed similar changes in oxygecentration.

The obtained results confirm that the fabricated MPS is suitable for precise
monitoring of oxygen concentration.
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3.3.7.pH measurement

The optimal pH for mammalian cell culture media is approximatehr A2
Drastic changes in pH can significantly impact cell viability, so it is crucial to
maintain the pH within this range. Bicarbonate is a commonly used buffering
agent in culture media, with its effectiveness highly dependent on thieaD
In contrast, the buffering agent HEPES is not influenced by. E&r simple
monitoring of pH levels in the media in stationary culturing, phenol red is
typically used as an indicator, changingarolfrom yellow in acidic conditions
to purple in alkaline conditions. Cellular metabolic processes tend to shift the
medi umés pH towards the acidic side,
changes in pH leve[254], [255]

To assess the performance of thermpkiter, pH fluctuationsvere measured
after applying PEF treatment to C6 cells resuspended in media containing phenol
red, bicarbonate, and HEPES. The inclusion of these two buffering agents helps
maintain a stable pH level, even wiahower CQ concentration compared to a
CQO, incubator. PEF treatment was administered at electric field strengths of
1.8kV/cm and 2.4&V/cm, utilizing 16 pulses, as these parameters are optimal for
enhancing permeability. The effect of pHtble PEFRtreated cell suspension was
compared to notreated one. The initial pH of the media was 7.2. For cells not
subjected to PEF, the pH was recorded at 7.29+0.06. In contrast, PEF treatment
raised the pH to 8.3+0.14 at k8/cm and 8.3+£0.26 at 2l/cm (Figure 42b).
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The obtained results confirm that the fabricated MPS is suitable for precise
monitoring of oxygen concentration.

3.3.8TEER measurement

TEER (¢ransepithelialelectrical resistance) measurement is commonly
utilized in MPS to assess the integrity and functionality of biological barriers,
including epithelial and endothelial cell layers. Sitice fabricatednicrochip
includes integrated electrodéiscan be usetbr both PEF treatment and TEER
measurement. Tevaluate whether TEER measurement is applicable in the
developed MPS, experiments were conducted using cells in suspeNsion.
significant change in TEERas observedefore and after PEF treatment,
which was expected due to the absence of a confluent cell layer. Upon cell
injection, impedance decreased by 60+4% reduction compared to the plain
buffer. As TEER represents a specific case of impedance measurement,
characterizing electrical resistance acroseglalayer, this result indicates
that the system is sensitive to the presence of cells. The obtained data, along
with the microchip design enabling the use of the same electrodes for both
PEF and TEER applications, suggests that the microchip design may be
suitable for TEER measurements within existing MPS applications.

3.3.9.Discussion on the MPS

MPS development encounters several significant challenges. First, standard
instruments for monitoring physiological parameters are not suitable for
microfluidic applications, necessitating the creation and integration of specific
sensors foiin situ monitoring of microfluidic systems. The second challenge
involves PDMS, a polymer commonly used in soft lithography for microchip
fabrication. While PDMS offers several advantages, it also has undesirable
properties, such as the absorption of small mééscelannel expansion, and the
release of unbound crosslinkers into the inner channel. Third, to mimic an organ
in OoC and MPS, two or more cells need to be cultured in contact with each other
without mixing. A porous membrane can facilitate the separation. tHawe
integrating a membrane into the microchip often requires additional additives,
which may influence cellular processes. These issues can distort experimental
results and hinder the adoption of MPS in pharmaceutical applications.

PEF, a physical method for electrotramsfer inactivation of the cells, is
utilized in both the medical and food industries. Currently, PEF research is
shifting towards the microfluidics scale, allowing for experiments that monitor
the effects of PEF on cells under more controlled conditiotignwinicrofluidic
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research. Integrated retine monitoring sensors and instruments in MPS
systems facilitate the collection of experimental diatsitu.

In this study, OSTEbased microchip fabricatiomvas employed for
microchip production[203]. The microchipincorporates aracketched PC
membrane and electrodes for PEF treatmBmevaluate the porousembrane's
impacton electric field distributionmathematicakimulationswith and without
membranes wereonducted The presence of a porous insulating membrane in
the centre of the channel did not significantly change the electric field in the
subchannel, measuringk¥/cm with the membrane compared to KMYcm

without the membrane. However, just a few microns alolee me mbr ane 0

surface, theelectric field strength approximately doubleSince the PEF
treatmentsvere appliedo suspension celldistributed throughout the full height
of a single subchannel (0mMdm), the enhancement of the electric field had a
negligible effect on the PEF resultslowever this enhancemenbecomes
relevantin experimentsnvolving cellspositionednearthe menbrane, such as
adherent cells cultured directly on the surface.

Our microchip features parallel plate electrodes that replicate the structure
of conventional electroporation systems currently available in the market. To
assess the microchipds effectiveness
on mammalian cellg suspension was executed. In stop flow experiments, cell
viability remained unchangeafter 8 pulses of electric fieldid0 kV/cm were
applied Figure 39a). In contrast, continuous flow electroporation resulted in
decreased cell viability with 64 and 128 pulses delivered &wvidm (Figure
39).

The permeability was assessed using the impermeable fluorescent dye
DAPI, whose uptake indicates the membrane disruption. t& flow
electroporation indicated a gradual increase in permeability as the electric field
increased up to 10 kV/cm with 8 puls&sgure 39a). Achieving an electric field
of 10kV/cm requires applying 800, which is relatively high and may lead to
electrode deterioration after only a few sets of experiments. Therefore, we tested
16 pulses, which demonstrated that permeability saturated &V/ICi@,
significantly lower than the initial targefigure 39a). To achieve the same level
of permeability under continuous flow, 64 pulses per cell were necessguyg
41b). Based on the pulse ratios in stop and continuous flow, MATLAB
calculations estimated that the affected cell surface in continuous flow mode is
approximately 16%.

These data demonstrated that cells experience membrane permeabilization
during PEF treatment in the microchip, while maintaining a high level of cell
viability. The high viability observed during electroporatioatisibuted to lower
voltage, shorter pulse duration, and improved heat dissipation in the microfluidic
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device [248]. A conceptual model was developdhlistrating how cells are
affected by electric fields in both stop flow and continuous flow electroporation.
It is suggested thahe cells display senstationary behaviour in stop flow mode,
while they experience random rotation in continuous fldtae model aesnot
account for fluid turbulence caused by bubbles on the electrodes during PEF
applications[256], [257] which may have influenced cell rotation in both
continuous and stop flow modes. Cell rotation can be beneficial as it facilitates
an even distribution of increased permeability across the entire cell 2%8¢e

The performance of integrated sensors was evaluated by applying an electric
field. We monitored changes in oxygen concentration immediately after PEF
treatment Figure 42a). A slight change in oxygen concentration was observed
in both the presence and absence of PEF treatment in the cell suspension. This
indicates that accurate oxygen monitoring can be achieved using the described
microfluidic system.

To observe the pH changes following PEF treatment, pH levels at electric
fields of 1.8kV/cm and 2.4&V/cm were measured and compared to -non
electroporated samples. Both treated samples demonstrated a shift from pH 7.2
to pH 8.3 with PEF treatmelFigure 42b). This shift of one pH unit toward
alkalinity was smallethanwhat was reported by other authf254], [259] This
can be explained by differences in the buffers used in other publications: (1) we
utilize two buffering agents, bicarbonate and HEPES, which accelerate the
significant pH shift; (2) the change was measured not immediately but rather a
few minutes akr PEF treatment; and (3) we do not measure the change occurring
at the electrodeos surf ace, where the
strongest254]. Despite theseit enablesreliable monitoring of pH dynamics
following electroporation.

Finally, TEER measurement capabilities were validated using cell culture
media, both with and without suspension cells, through the samgrdted
electrodeusedfor PEF treatment. The changes in TEER wearlydetectable.

Itis important to note that TEER measurements are typically taken in the presence
of a functional barrier, where disruptions in it can be observed. Howiiger,
experimeninvolvessuspension cellsvhich do not form such barrier. Despite

this limitation, theresults indicate that the microfluidic device is capable of
capturing impedance differences, as demonstrateétidoghange ofimpedance
observed inthebuffer alone compared to the cell suspension. Thesesdpjeort

the suitability of the device for TEER measurements.

To summarize the viability and permeability results following PEF
treatment confirmed that the microchiwith integrated tracletched PC
membranes well suitedfor PEF treatment of mammalian cell$ie integrity and
performance of the integrated sensors wesaccessfully confirmed,
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demonstratingheir ability to compensater the norpermeability of OSTE and

COC by continuously monitoring oxygen levels and pFhese results
collectively demonstrate that the developed MPS, featuring the PC membrane,
embedded electrodes, and integrated oxygen and pH sensors, successfully
enables PEF treatment and reale physiological monitoring within the
microfluidic environnent, fully supporting the statement for defence.
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SUMMARY

This thesis explores the design and evaluation of biomatersdecially
engineered materials designed for interaction with biological systems in medical
and biological research applications. Two distinct material groups were studied:
ceramictype and plymeric materials, eaabf whichalignswith different clinical
and technological goals.

The first material investigated was bioceramic alumina, proposed as a
candidate for orthopaedic and dental implantology. While conventional sintered
alumina is already used in medical settings, particularly in dental prosthetics, its
broader application iémited by intrinsic brittleness, manufacturing complexity,
cost, and geometrgonstraints This work introduces an alternative approach:
producing bioceramic alumina by anodising industrial aluminium all@2 60
useit in implantology, such aan oste@ynthesis plateThis method allows for
more versatile sample geometries and levertdgEigghtweight nature and high
postanodization hardness of alumina alloys, offering potential replacement for
heavier, more expensive titanidpased implants.

A primary objective was to determine whether anodized alumina alloys
treated with phosphoric or sulfuric acid electrolytes could qualifyaas
biocompatible materialA comprehensivassessment was conducted to analyse
their mechanical and chemical properties, corrosion resistandeinteraction
with cells. These evaluations included quantification of ion release into SBF,
biological assay for cell adhesion, viabilignd proliferation, and comparative
analysis with both neanodized Al alloy and medicglade Ti alloy.

The results revealethat bioceramic coatings formed via phosphoric acid
anodization produced microporous surface with insufficient mechanical
strength and increased corrosion ra&tdditionally, the impaired cell adhesion
profiles indicate that such bioceramic alumina coatings are unsuitable for
biomedical use. In contrast, anodization in sulphuric acid yielded nanoporous
bioceramic alumina coatings with superior hardness, low @ease and
excellent corrosion resistance. Cle#lsed assays demonsdgthigh shorterm
viability and strong adhesion on these surfaces with performance comparable to
or exceeding that of Ti alloy. Minor concerns included elevated sulphur and
manganese ion release, though kger remained within the safe biological
limits. Future longterm studies and refinement of sample preparation would be
necessary to validate the safety and durability of these coatings. Overall, sulfuric
acid anodized Al alloy @82 represents a promising platform for bioceramic
implant applications.

The secondiomaterialstudied wasPC, evaluated for its suitabilityn a
microfluidic system. A microchip, fabricated in this thesis from scratch,
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incorporated a tracktched PC membrane, which spatially divided the central
microchannel into two parallel subchannels. Cells cultured on opposing sides of
the PC membrane were expected to interact through its pores, thereby mimicking
physiological tissuéarriers found in orgaon-a-chip systems.

P C dngrinsic hydrophobidty limits its use in celbased applications, as
such surfaces do not support cell adhesion. To address this, a sequence of physical
and chemical surface modification strategies was employed. Initial plasma
treatment using oxygen gas rapidly increasedrdphillicity and improved
adhesion, but the effect diminished o@eshort time due to surfacgingnine
days posplasma treatment.

To achieve longerm stability, wet chemical oxidation was applied using
sodium metaperiodate, sulphuric acid, and piranha solution. These treatments
effectively functionalised the PC surface, enhancing cell attachmestatic
culture. To further improve adhesion, ECM protdirfdronectin, collagepand
PDL- were introduced. Single adhesion molecules and their combinations yielded
consistently high adhesion levels on modified PC surfaces. PDL alone also
proved to be effective in dynamic flow experiments. Importantly, epithigio
U20S cellshave maintained adhesionndershear stress conditions up to six
times higher than physiological interstitial flow, demonstrating that these
optimised PC surface supports cell growth across experimental modes.

With these pilot studieghe need for customized surface chemistries and
adhesion protocols tailored to specific cell typess highlighted. Theversatile
PC membrane treatment process developed here lays the groundwork for future
cell and tissuespecific designs.Maodification of the PC membrane with these
substances favourably affected cell adhesion on the maodified membrane.

Additional adhesion factors are needed to achieve optimal cell adhesion and
PDL, fibronectin and collagen were used in the study. The oxidised PC
membrane, together with the adhesion molecules and their various combinations,
provided high cell adhesion uadstatic culture conditions. In a flow experiment,
the cheapest and most accessible adhesion molecule, PDL, was abtsen
adhesion moleculggnd epithelial bone tissue cells grew on the surface of the
oxidizedPCmembrangeeven under 6 times higher shear force than physiological
conditions. This confirmed that the modified PC surface is suitable for cell growth
under both static and flow conditions. It should be noted that these studies were
carried out as pilot experimentand therefore specific cells and specific
adhesion molecules would have to be tested for each cell type individually.

Building onthese resultghePCmembrane was successfully integrated into
amicrofluidic microchip, designed for PEF studies. TME'S, developed in this
study, incorporaed not onlythe PC membrane and embedded electsag also
integrated oxygen and pHsensors to enable re@ine monitoring of the
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microenvironment. Mathematical simulation of electric field distribution
revealed that the presence of the poroesnbrane did not significantly alter the
field strength across the microchannel, except in the immediate vicinity of the
membrane surface. This localized amplification must be consideradure
experiments involving adherent culls cultured direotithe membrane.

Initial electroporation experiments were conducted using suspension cells to
assess the effectiveness of PEF treatment indtofhflow and continuous flow
conditions. The results demonstrated that the optimal PEF parameters vary
depending on flow mode, but effective membrane permeabilization and high cell
viability can be achieved in both modedeasurementsrom the integrated
oxygen and pH sensocso n f i r me d abilityeto nsowiter ppheysivfogical
changes in redime. Additionally, TEER measuremés) although performed
with nortadherent cells, reveale@téctable ifferences betweecell-containing
and cellfree media, suggesting that the system is suitable for future studies of
barrier integrity and epithelial function.

Taken bgether, the resultsf this thesis demonstrate the potentiadufface
engineered biomateriate regulatecell-material ineractions with precisiom
both static and dynamisettings Whether enhancing corrosion resistance and
biological compatibility in implant coatings or enabling membramegrated
cellular communication in microfluidic devices, the strategies explored here
respond to the evolving demand of biomedical engineerihg. Modularity,
chemical stability, and biological efficacy dhese materials support future
developments in regenerative medicine, pharmacological researdhnext
generation orgaon-a-chip technologies.
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CONCLUSIONS

1. Al alloy 6082 anodized in sulphuric acid electrolyte increased the
S p e ¢ i hasdnedsstwofold, did not alter ion release comparethg¢onon
anodized alloyand improved corrosioresistancéy 1.5 timescomparedo the
titanium alloy.

2. The morphology of mouse fibrobla§i929 cells on Al alloy 6082
anodized in sulphuric acid electrolyte confirms normal physiological behaviour
Cell wviability r eisaorhpatbilityi Thede chasatteristitsh e al |
closely resembling those of medigahde titanium alloy, support the suitability
of this material for biomedical applications.

3. Polycarbonate membrasmnodifiedwith sodium metaperiodate, sulfuric
acid, and piranha solutiprfollowed by polyD-lysine coating, increased cell
adhesion by more than threefold.

4. Polycarbonate membrameodifiedwith piranha solution and coated with
poly-D-lysineenhanced cell adhesion by 4dd under static conditions. Under
dynamic conditionsgpithelial U20Scells withstood shear strefisat wassix
timeshigherthanthe physiological interstitial flow

5. Theporouspolycarbonate membrane was successfatigrporatednto
the microchipdesigned for pulsed electric field (PEF) treatm&heme mbr ane 6 s
porous architecture enhanced the electric field strength by @pCb at the
membrane surfacezhen compared to the identical channel without a membrane,
while maintainingover 90%electric field strengthwithin the microchannel.

6. A microphysiological systenfMPS) designedfor PEF treatment of
mammalian cellsvas developed PEF treatmentesulted inincreasedcell
membrane permeabilitywithout compromising cell viability. Recorded changes
in oxygenconcentration and pH confirm th&PS applicabilityfor physiological
monitoring
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SANTRAUKA

] VADAS

SNveika tarp biomedgi ag®i Or khi pl 6 disn
audiniai-yra esminis medgiagO inginerijos
aspektas. Bi omedgi agos tur.i pasi gymat i
gebdjimu pal ai kaydhezgrjeNt,i npO ollNsfteerlaicO j N
svarbias funkcijas. Gios savybéas yra it
tiek audiniivitboggae®i jnodel iavi me.

Bi omedgi agO savybas gali smarkiai ski
pritaikymo. Audini O regeneracijos ir ir
kaip pastoliai, suteikdami stgtrtha i rinn
ir funkcionuoja Tuo tarpu kraujotakos sistemoj
pavyzdgiui, dirbtiniuose g¢girdies vogtu

vi sisippirgii Nst el iNO laaldhhebi O i gvengta kaip
efektyviam bi omedgiraugod gplriiabiamiei maigkNbil tri

modi fi kuot. j 0s pavirgi O taip, kad at
rei kal avi mus. Pavirgiaus inginerijos me
el gsenN sNIlytyje s u bi omedgi agomi s.
modifikacijos, apnan| i os topografijos, por at umo,
keitimN bei funkcini O grupi O integravim
ir, atitinkamai, | Nsteli® adhezij N.
Pastaraisiais metais vis daugiau dan
pavirgiaus modi fikavimo str at mgifro o ms, I
sistemas, kur i osrealadiziologi aesi KBl ygasat Muk
technologijos, sujungdamos meddgdigagd i ng
tirti | Nsteli O atsakN dinamindje aplin

t Ak ma, DXy ¢ nBeio®Birkr os ky salsi Oy asliismaen nt egr uc
stimuliavi mo moetekiriniussighalus gheminiuzgdadientus ar
mechaimnius dirgiklius Tokiossistemod e i atfkti tkslius, kontroliuojamus
eksperimentus, skirtus specifiniO |INste
Gi di sertacija orientuota DZ bi omedgi
bi osuder i na maikard tikgirgasimodifikalmo strategijaByrime
anali zuot os diva n obdi uoonteadsg i Algod$ ydi nys bei
priklausantis polikarbonatas bei polimeras polikarbonatas (PC). PC integravimas

DZ mi kroskys| i O sistemN |eido sukurt:i f
tyrimams bei stimuliagi a i el ekt rini aisgendinmpptsidsda i s .
prie bi omedgi agO mok sl o galengbasn tek s ir
i mpl antologijoje, tiek audini® ingineri
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Tyrimo tikslas ir wugdavini

Disertacijostikslass i st emi gk ai DZertinti anodi ne
Al 6082 Ilydinio ir polikarbonato biolc
savybes, siekiant nustatyt:i ir optir

biomedicininiam taikymuiirintgr avi mN DZ mi krofi zi ol ogi nt
Tyrimo ugdaviniai

)jvertinti dviej QOsMlang6mks) ydaot O an
sieros ir fosforo riggliO elektrolitai:s
pavirgiaus savybes, siekiant nustatyt.

2)YChemi gk ai modi fi kuoti por at N pol ik
pritaikyti ¢gi N biomedgiagN |INsteli O adh

A Sukurti mi krofiziologinin sistemN su
membr ana, skirtN i mpul sinio el ektrini
mi kroaplinkos parametrO stebasenai

Mokslinis naujumas

Gioje disertacijoje apragyti tyri mai
moksl o bei pritaikymo pagangi ose mi kr
gilinamasDZ med gi agO pavirgiaus optimizavi mN,
integruot O mi kr oiswry sytimads. Tgrimai tafinsar dvio s e
bi omedgi dbOokkbaamsnin al o) midmingNoksi o |
poli karbonat N, kuri os t ai komos skirtin

I

ortopedini O i mplantd gamyboje ir Nst el
Pirmuoju atveju tirtos biokeraminas ¢
Al | yd2 rkZi pO0O&otenci aillmpl Bhomedgi pga r

Anodavimass i 1 | kaipal®rnatyva tradicinianbiokeramilO sinteavimui,
kuiO propakt §v mi o pati teghnologija ribotomis formavimo
gal i mybadmis irsHNnhae.tl oRuise ¢ggiamgyadio sne i mi |

gamybos metodai, anodavi mas lydniudigi a suf
individualiai pritaikomus pavirgius

Nor s pat s anodavi mo metodas nara na
sistemi gkai DX ertintas du skirtingomis
analizuoj ant i © pavi mgtroaluiso swhl@mr a k@ e im
Vertinimas atliktas lyginans u medi ci ni nas kVi &anas tiigt a
tiriamOj Opamidiiymad o savybamis, l ei dgi
bi omedgi agoms ir potencialiai taikyti b

Antroje tyrimO dalyje analizuotas hi

modifikavimasnaudojantcheminis oksidatorusi natrio metaperjoda} sieros
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riggtDZ ir piranijos tirpalN. Nors past
pavirgiaus apdorilktigstr magmat adusgtai pbahbt.i
i gvardint O r e aaptenizaojfantl Nesft ek tiNn e ey §1 i O
sistemoje Chemi nas modi fi kadh¢oisj Nkaskatisa
mo | e k uil firaneksinu, kolagenu ir polD-lizinu (PDL) padidinal Nst el i O
adhezijN ant pol. Bkhrbmast mepadas giyaas t

prieinamesnis ir lankstesnis, nei apdorojimagpi@aa , t odal i gpl el i a
panaudojimo galimybesikros k y § INis® el i & kul tTr® sistem
Treliojoje di sertacijos dal yj e pris

pagamintami kr of i zi ol dvP¥H,niadtegrwjark k e mhas( pagang
funkcijas DZ vienMPSape¢nnigsh pobatt olr npho.l
membr anN, mi krokanal uose integruotus e
jutikiusit oki a konfiglracija iki gi ol nebuv
kaip vieninga sistema. Polikarbonato membrana veikia kaip pusiaudoslai
barjeras taro dviejO |lygiagredrn tOa me ktr © k
| Nsteli O kultilros asphlry gnaesmb rkawnroij s eksamt|
Mi krokanal uose i nt e glokalia tindukuaili emipturl csd aniDZ
el ekt r i nDZ dodawpkd\e g(ulobl )e.s T r pHaj umiylbiRi ai
regi st r uo taplinkbsparaimedriisokgsiyma svarbu mikrolusto gamyboje

nadoj ant dujoms nel ai dgiTolkdos MRSdgréikisg as O S
susi jdiisd &g im wttoimm d et a iOk y m O kunie atiksliau atkuria
gmogaus audini O apliankWai skas byamaly mam:

modeliavimui ir regeneracinei medigih ] pr ast os mi kr oskys|
dagnai netur i galimybas vienu metu tei!
aplinkos parametrus realiuoju laiku.

MPSmodul ind struktira leidgia jN tai
testavimui, kibT t i na dinami gka ir Kost goleil gojaanr
Dhrast O mikroskys|liO sistemO ribotumus,
el ektrinas stimuliacijos, kompart ment i :
stebdsenos integracijN vienoje platfor

prover gi o mi knitesmodekavinmoGrityser.
Ginamiejiteiginiai
1) AI 6082 lydirys,anoduotass audoj ant sierMsgal ggbi e
priskitasb i o me d gdidalg ocnfise mi ni o st abil umo bei bi
2) Polikarbonato membras pavi r gi aus cheminis ol

padengimas poD-l i zi nu uUBsti &Fri ®a adhezi j N esart
dinamindms auginimo sNIlygomi s.
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3) Sukurtamh kr of i zi ol 9 i p adikarbosatoemarabran
elektrodiis bei deguonies ir pH jutikdiis, tinkanti impulsinio elektrinio lauko
poveikiotaikymuigi nduol i Or | NszebBmgi ni O par amet

METODIKA
Bi okeramini O dTa tydndd, Al ydinio nbei sanoduotus
madginiubparsbgaktirinds analiz&s duomen
|l mer sijos eksperiment ai atl i kti naudo,j

pagami nt N p@A®alj omeQ oidjgiskiNs kyri mas mat uot
pl azmos optinas e mi-GES)j(ailiko dsAd eekktsred s kGap ikjoa

korozijos DZertinimas atliktas atliekan
(EI'S) ir potenci odt aiasni (natsl iplod i cdarr.i zAsti g
Maginiai vizualizuoti SEM (atliko dr. A

kampasnatuotasiaudojant EasyDrop instrument (VU GMC).
LNsteli O, adhegijomn bemgysybingumo eksperimentai atlikti

standartindmis ginduoli O I Nsteli O augin
mi kroskysli O sistemoj e, kuomet auginin
pompN ir nuolatos | eidigmantkaslky Nt DZLps
vizualizuotos gviesini uabisrorkKkocnifjolk aman iu
spektrofotometruif | uor escenci j N matuojant spekt
PC modifikavimui naudota plazmos technologija, pasitelkiant deguonies
dujas. Chemina modifikacija atlikta ink

vonel aj e.

MPS gamybainaudota 3D spausdinimo techno
Stirka ir dr. Eivydas Andriukonis). PDI
standartines procedl r saikantdidelLgalimgunop er i me
kvadratin ® mpul s O e b e k tmrealejtrahitl paramptai registruoti
osciloskopu. Deguonies koncentracijos matuotos deguonies matavimo sistema
Oxy-4 SMA, pH matavimai pagald r .  Mar t y pas un@sjtpad i okvN .

St at i st i nDuomenysapateikiami. kaip vidurkis + standartinis

nuokrypis (SD) . Daugiafaktoriniams p e
di spersina analiza (ANOVA). P verta -
rei kgmi nga. Visi eksperi mentrojmabuvo at
nO03, siekiant wugtikrinti atkuriamumN ir
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1. Bl OKERAMI NI O ALI UMI NI O OKSI DO
SUSI FORMAVUSI 6 ANT ALI UMI NI O 6028 1
BIOSUDERINAMUMO TYRIMAI

Giame skyriuje pristatomiOPtyrinkier ami ni

Dal savo i gskirtinio atspar umo gniugd
bi omedgi aga gal at O biti nala6l dljOajaua ort o
seni ai yra naudoj ama d a[23] @liupimicooks&ld a vi mo
kerami ka paprastai gaminama i¢g milteli(
mechani nDZ mal i mN, sausN presavi mN, S
temperatir @ple Virs sda@lgty¢,e aliuminio oksi
buvi mas ir sudati es net ol ygumai kel i a

sudatingd formO ir dideli O gabaritO. B
ilgai trunkantis.

Alternatyvus metodasiokeraminio aliuminio oksido gamgb yra Al
lydinio anodavimas Anodavimomet u suf or muoj a wlels bi oke
dangos | ydi@iioj e@adii §&r tug ei. p0ag lywinaasual i z u o

bi okeraminamis aliuminio oksido dangom
sieros riggtiireveeltéehtmasc! jtDaip®tenci al as
Buvo igtirtos gautO magini O cheminis
pal ygintos su medi cininio |lygio titano

1.1 Struktlrinds magidnanQy osnui sb i soakveyr badn

Al 6028 Ilydiniu pasirinktas dal jo se&
korozijai [208]. Lydinio grynumas siekia 96.52\Wb, o likusi N dal |
legiruojantys elementai: Mg (2.28 ), Si (0,53w6), Fe (0.36wfo) ir Mn
(0.31wt%). Viso tyrimo metu gauti duomenys buvo lyginami su neanoduotu Al

' ydiniu bei medi ci ni n akuriomymarkas rsiekiae s Ti
96. 32wt %, o |likusi N dal DZ suda%)oAl |l egiru
(1.75wt%); Fe (0.11 web), Si (0.06 wt%)Palyginimas su Ti lydiniulaikomu
biomedicininu etalony leido objektyviaiDZ e r t i nt | anochumN O mag

biomedicininiams taikymamsTuo tarpu plyginimas suneanoduottAl lydiniu
buvo atliktas siekianhustatytj DZ e y Kaip anbdamird procesap ak ei t a
medgi ago.s savybas
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Ti lydinys :

570 40

Al lydinys

68° £5°

AlLOSP

)

590 3¢

)

520 %20

1 pav. Mdagini © SEM topografija (kairaje
padi dini mui bei vandens | ago ant magi |
(deginaje).

Al 6028 lydinys (tekste nurodomas kaip Al lydinys) buvo anoduotas dviem
skirtingais elektrolotais: sieros rlggt
pavirgiaus morfol ogija ir ponaudojgni mo c heze
SEM nanot dpae)rpaefktilj B n ¢.Adodayiness i er os r 1 ggti
(tekste nurodomi kaipl .0s%) suformavo storesnes anodines dangas (~60 um) su
siauromis nanoporomis (<20 nm), o aavthasf osf or o r 1 ggti mi ('t
Al,Os") - plonesnes dangas (=10 um) su didea mi s mi kr ap)or omi s
Pavirgiaus giurkgtumas padi daj o0:f ygi nan
mechaninis kietumas pldielntged aJTie)l ydi ni o
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1 Il eBtekadramini O aliuminio o6R8liyddbi zn g C
skirtinguose elektrolituose, charakteristikos.

Por O | Pore tankis, | Atstumas | Porin-
= . | Dangos . 2
Magi n| . diameteras, | porosfum tarp gumas,
storis,em 5
nm nm %
Al203° 58.4+2.3 13.7+0.1 912.0+83.8 | 30.9+4.4 | 13.51.4
Al203" 8.7x1.1 177.2£15.5 19.7+4.0 284.3+29 | 47.6x2.4
Pavirgi Mechaninis kietumas
giurkgtu D paudai , Vickers, HV
Al203° 1.5+0.2 4.6+0.5 27939
AlLOF 15+0.1 1.0+0.5 115+12
Al 13+0.1 1.5+0.2 139+10
lydinys
Ti 1.2:0.1 nd 245+20
lydinys
1.2 JonO igsiskyrimas ir at spa
| mpl antuot os bi omedgi agos organi zme
kor omipdidsnkos, kur i gal i sukel ti jondO i
kor of21l]jLNabai por &ti ir giurkgtlis pavirg
i gsiskyrimui, ypal tais atvej adisam kai

povei ki uatliekdddr standartizoati pagreitintos korozijelssperimerdi,

kuomet méagi ninaudojamas BRFtbufer jea miGisou dbdut fi esr iyor a
tokia, kad kuo | abiau atitiktO gm@adgaus k
Siekiant DZcehretns tngéb i Mm@ giNni ® k e2r8o zdiijeN, O b t
imersijos eksperimentai SBF tirpaRe z ul t at ai o&&tss knli i d &,n Ok
Al) i gsiskyrimas buvo awmeidkusormiumgai mdlgdp
dangoseTuo tarpun eur ot oksi gk o Mibuvg nustaQtasie si s kyr
didesnis 0, 04 mgS it0,08mg/Q PAIt ® i au koncentra
saugiose ribogk[216lne8vagbj® pond (Mg, S
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buvo saugus, o SiSmaagn ® yijgs ibukyr ipraals dAlj r

gal i pal engvinti bi ol oginius procesus,
[219], [220] Sul fatO®O ir fosfatO igsiskyri mas
Al SO gskyr a daugi au sDZl & kalat ook aigtiGlo O, Kur
r1ggt ipnagduintodAli MM&dgi nyje fosfato igsisky
hi droksiapatito susidarymo, kas taip pa

Al lydinio ir AI,Os dangO koeravyibd&ds buvo tirtos
el ektrocheminh i mpedanso spektroskopi
poliarizacijos testus. Rezul tatai at skl
madgini O dangO® atsparumo korozijai

1) Neanoduotd\l lydinio korozijos greitisp a d gd iod &j o d &l s Nv e

SBF esanl i &ii sp qddaistindrsijesikabozijogreitiss uma g &j o
iki 6.8 x 1° mm/metus
2) Al,Os dangosvisoimersijoslaikotarpiup a s i ¢didna p kosozijos
g r e kiki 24,6x10° mm/metai
3YA0fdangos ugtikrinodopagefil aimkssiesh Oap s at
korozijosgreitis buvo tik 1,4x10° mm/metai
4) Palyginimui, publikuotimedicininius Ti lydindo korozijos duomenys
apie rodo gerokai p rkaosnteer scni BstdariogGBavrawr mN  k
Ti) korozijos greitis varijuoja nu®@.54x10* mm/metus iki 7x10 mm/metus
as di n tTa[224],2P5].

l g gautO rezultat @Sgamgamp aisgyyda, ik
atsparumu korozijai, prasOfksban| iN mpéa
naudoj amN. CPo0.0:&IdanAgdos giuo aspektu b
bi omedicininiO implantO® panaudoji mui

1.3 Biosuderinamumo tyrimai

Bi ologinis suderinamumas yra esminis
medgi aga, norint j N klasifikuoti kaip
gebadji mN sNveikauti su biologine aplir
funkci nDZ i r N.Biopgidisasudkribdmsaa nugtataomas pagal
INst el iINQus Waeb &igi gynw y keityringail N .d gGia spr Ast
bi omedgi agos biologines savybes ir jos
a u d i BioBaterinamumo tyrimamss t a n d a maudogink &brroblastai,
dagnil?dpo$ iNa itingd, d &l savo svarbaus vai dmens
gai zdO gijime ir tarplNstelinio ugpildo

LNsteli O savei ka amginaninéd 2 9 refi tidsiogiagdatn a | i z u
magi ni O .pPa24val. ipkulzacijss! N s tfiksliofos ir vizualizuotos
SEM @ pav) . Buvo vertinama, ar | Nstel s vy
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morfologija. Normalios fiziologijjos Ns 't el &s t utrrii mg &s i pgoygnyanii
pailgai r pdf ok grdoimi s bei t ur alteii ikgurreiiok gntoarss fp
trilksta, reigkia | Nstel[229. fiziologiniai

SEM analiza pa®omadg,i nkad Tiuriir dAldel DZ
magini O pavirgi aus;Omagi nia®pki akybiydi si

nebuvo Damanomas dal mago | Nsteli O ir mé
Ti lydinio, Al lydinio ir AI,Os%, i gl ai k& vienodN morfol og
pailgos, dalis pl ok g| i odwsyrbuaiop spabi mi filopodi]j
Tuotarpu ant AOPpavi r gi aus auganlios | Nstelds
for mos, o fosl olpwwdo j Dadjgmmgbyghki as ba DI
pavirgiaus poras arba pasklidusios jO ¢
vizualizuoti. Tokial Nst el i O, AlgOdf, grarfolbgijalroda sutrikusius

gyvybinius procesus, kas gali nei gi ama

audiniu ir jos i[22¢lal ai k®dZ ifrumkckadhat oaknN
mor fologija buvo nulemta pavirgiaus top

2pav.SEM vaizdai, rodantys L929 | Nstel

lydinio, Al,Os", ir Al,Os. Rodykl @&mis pagymatos | Nst
nuotraukose.

161



OTi

0\1110— ” b) 1 =5

© & H;PO,

£ — : mH,S0,

> 100f Ny I .
2 9ot N % -

> o g N e

< | N
= N N\

(4] S N

N N

m Adhezija ir proliferacija Proliferacija

3 pav. Tiri amOj O maginiO poveikis L9
gyvybingumui: (a) bendram I Nsteli O augi
(b) proliferacijai. Vienkrypta ANOVA ar

skirtumb: a) p=0,61 ir b) p=0, 66.

Madgini O citotoksigkumas buvo vertint
aktyvumN po 24 wval . i nk.uBksrakiaijgaus pos u ma ¢
tiriamOj O magini O i nkab amalizuptdisaspéktadi en as
ekstrkabk@ ndr am gyvybingumui , DA kaitan

prolifebPhakpNkobkpebl afet dlstjeai O Rezul t
visO tirtO madgini O povei kilsO5mMNsttealliiGu
rei kgmingd skirtumO t ar3pavinaguiireiuldtain e nu st
l eidgia teigti, kad tirti maginiai nep:
val. eksperimente.

1.4 Biokeramini ®© dang® biosuderi nz

Bi ol oginis suderinamumas | abai pri kil
pavirgiaus ir metal O jond igsiskyri mo,
| Nsteli ® adhezijoje, Bagytrtydoi mggimei atr, i g
anoduojant Al 6028 | ydinDZ shDZereroantr ]

potencial N panaudoji mui bi omedi cinoje.
charakteristikomis pateiktl | ent eDwlgmenys paroda, k ad
Al,O® pasi gy mi ger omi s bi 0s u@ miagamy o S
efektyvi ai slopina toksigkO jond igsi
korozijai, ir pal anki omi s sNIl ygomi s |
savybamis. Tuo Oddpruga kmoporiat aslAdpi na
taliau pasi gy mi di desniu korozijos grei
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gyvybines
tiesiogiai

funkcijas

sprendgi ant

pagal

pagr i ndgAl £082% lydinysn Nipoddotase i gi n [

ektrolidt

savyb

naudoj ant sieros riggties el
2 |l eBt emadgi ago mAlSG:RALRY andhig gsi ni o
Savyba Al,SOs5 Al,SOP Ti lydinys
(anoduota sieros (anoduota (medicininis)
riggtinfosforo
Pavirgi Nanoporos Mikroporos Tankus
strukti| (pal ai ko
Kietumas/ Aukgt a Gemas Aukgt ¢
patvarumas
JonO Nar a Nar a Nar a
i gsi sky
Fe ir Al
Jon( 0.04 mg/L 0.06 mg/L Gemi au
i gsi sky (saugus) (aukglia
Mn saugus)
JonO Ge mas
i gsi sky (biolog Gemas Nar a
Siir Mg palankus)
Hydroxiapatito
formavimasis Minimalus Il greik Nar a
Atsparumas
korozijai Puikus Gemas Puikus
LNsteld
morfologija Pl okgl:i Pl ok gl Pl okgl i
pailgos pailgos
LNstelid
gyvybingumas Aukgt a Aukgt a Aukgt g
(trumpalaikis)
Biomedicininis Perspektyvus | Nerekomenduoja| St andar
tinkamumas kandidatas mas implantams klinik
implantams medgi a

2. POLI KARBONATO

Polikarbonatas (PGyaant r oj i
potencial aus

pasirinktad a |

j o
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| Nst el i OPoa &g iNn iPnCa imegrooteDZachi sert aci j os me't
mi krol 8st B)k.¢ gMiCkr ol uste PC membrymana at | |
pavirgius |,Nsttueol ig@ |d durgeymigjr il atskisantmi k r o k &

pertvaraPor ag¢mbrmana | ei dgia molekulinius ma
paliu iglaikydama erdvinius | Nsteli® po
esminis mikrolusto komponentas.

PC yra plaliai pripagbastamas dal savo
Ds kaitant skaidrumN, mechani nDZ stiprunm

atsparumNyk ar &lliawii,fi kuoj amas kaip biom
formO mi kroDZenginiams ypaTaltiR@mukia por &
svarbO trlkumN: jo pavirgius yra hidr
funkcini O grupi O, reikalin2ged2e7fakt yvi ar
kel ia uisggiNst el i O au@®iCni Be tpia@si deimdi pe
modi fi kavi mo, PC membrana nesukuria bi
prisijungimui ir augimui.

2.1 PC membranai bl dingos adhez
Siekiant igsiaigkint PC membNsthelsi @d

adhezipseksperimentai naudojant
1) nemodifikuotas membrasau PBS arbaFBSgaut a i tin menka

adhezija,-pri e membranos pavirgiaus -Khri sitv,
| NsteliO.
2) membraaspadengaisPDL -adhezi ja padidajo iki 2:
3) deguonies plazma modifikuaanembrams, po kurigpadengbs PDL i
ugti krino itin-iakuik %4 apdrhieszii4pmbsi M wsgiD@ |
Gauti duomenys rodo, kad PC membranO
gerina jO tinkamumN | Nsteli O adhezijai
tai kant PC membranas biologinase siste
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Apav.Pr i si kabiKnusiNGt@HO O ki ekis ant PC
esant trims pavirgiaus apédonofromonéaNigyc
PDLT membrana padengta PDL;P+PDRPC apdorota plazma, p
PDL padengimas.

2.2 PC membranos cheminis modifikavimas

At si gvelgiant DZ pl azmos su@2]RCos oks
modifikavimui buvo naudojami cheminiai oksidatoriais; natrio mejapatas

(NalQs, 0,117 M), sieros rlggtiisvi(slio%)i eir
reagent ai yra gerai gi nomi pol i merO
pasirinki mas ir ji O koncentraciijos bu

suderinamumN su kit asi,s ynpiaklr odSuTsEt o rk oOnQpCo
jautris agresyvioms chemindms medgi agon

NalOs,yra kristalina neorganina druska
naudoj amas organinédje ir polimer® cher
[260].

Sieros (hkS0g gtyirsa stiprus oksidavimo r e
koncentracijoje gali sukelti visigkN D&
[241]. Giame tyrime buvo naudojamas 10% s
koncentracija nesukelia PC ir kitO poli

Pagymat i na,- pokneechs, @a8ddj&mas mikrolusto gamyboje, yra
atsparus sieros FTddfll imuvaidkari kma 1@0r%. e |
sieros rlggties tirpalas gali bTti P
modifikacijoms sukelti.

Piranijos tirpalast ai p pat yra stiprus,S@ksi dat c
and HO;, ir yra stipresnis ug sieros rlgg
vandenilio peroksido tirio santykis pa
tyrime buvo naudojamas 10% Piranijos ti
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sieros rilggtis: sieros rilggties koncen
mikrolusto polimerinius komponentus.

Po cheminds membran® modifikacijos ¢
kampai, kad D&Zertinimui, ar pakito hic
modi fi kuotos membranos kurie r i kgmi n
pav) . |l gmatuot i kont aktini ais 7% Hpta i buvo
atveju ir 75N7A naudojant Piranijos ti
rei kgmingo hidrofilini® savybi ® padidaj
kontaktinis kampas buvo 84+2° (*p>0,05, Tukey HSD gust testas po
vienkryptas ANaa Akatina t@iauesvanstgtiz ar cheminio

oksidavimo metodai gal i vei ksmingai p ¢
bi ologinéds funkcijoms, D&akaitant | Nstel
100t
1

oo
=

=)
<

B
=

Vandens laso
kontaktinis kampas, ©

o
(=]

Néra NalQ,  H,SO, piranija
S5pav. Modi fi kuot® PC membran® hidrofi
modifikavimo.

2.3 LNsteli O adhezija ant modi fi

PC membranos cheminas modifikacijos
auginant SKMEL-28 | Nst el &s ant modi fi kuot O be
Rezultatai paroda reikgmingai didesnn |
(iki 95%), lyginant su nemodifikut a kontr ol e (24%) . Stati s

visO modifikacij O6paf)ektyvumN (p<0, 005)
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(=]

+Jr++

Lasteliy adhezija, %
s 8

(3]
(=]
T

néra P NalO, H,SO, piranija
6pav.PC membr anos modMELi2IBa diNsQ eDZi &k aa dd
Pl azma apdorotos PC membrana pagymata F

Siekiant nustatyti, ar chemina PC mod
sistemoj e, atli ktas eksperimentas su s
membrana buvo modifikuota mikrolusto viduje, bei padengta PDL. U20S
| Nstel &s buvo nms WKkireiksatncad NDZi prarpwad gtkN os p
per naktDZ Sekan|i N dienN paleistas sky
glyties DZempio.

Glyties DZempis yra pagrindind mecha

sNIl ygomi s, ir  kuri DZ akoja DZakN | Nt
perdavi mN. Nors U20S I Nsteli O linija ki
jos patiriama fiziologii g1l yt i es DZ empi s nara nust .
atskaitos tadgku galima | ai kyti fiziol of
susidaran|i N dal i nterstiitcaini batsasaushy
judajimN per ECM, kuogmpki rl edlyitaais peerdveky s
intersticinamis erdvamis. Gis srautas
O 0 dybh/cnt [245], [246]

Viso dviejO savaili O pgskavpevigubimeenast o met
kasdien iki 0,64lyn/cn?. Iki kol buvo pasiektas 6 kartus didesnis nei fiziologinis
gl yties EIDZ penpii ment o met u Uu20SsS | Nst el é

formuodamos vis tankesnDZ mon7pavl).llap k s n DZ
rodo, kad piranijos tirpalu modifikuotaPC membrana kartu su adhékij

pal ai P®hl i wagsttiakbriiln N | Nsteli © adhezij N
skyslio tekaji mui
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a) Adhezija be tékmés

b) Po 14 dieny,
6x fiziologinis Slyties jtempis 0.64 dyn/cm?

e Ty

ETR o L
 Beel?

[

7pav.U20S | Nsteli O adhezija mikrokanale

apdorotos piranijos tirpalu ir padengt
eksperimento pradgioje statindmis sNIyg
0,64dyn/cig | yti es DZ empi ui

2.4 PC pavirgiaus modifikacij O si e
aptarimas

Gauti duomenysrodo kad pavirgiaus oksidacijos
gerinant PC membranos gebadjimN pal aiky
apdoroji mas l eidgia greitai DX esti de
poveikis yra trumpal ai kios tdalpu p avhierng ir
modifikacijos, naudojant NalQH,SQ:i r piranijos tirpal N,
ilgal ai kDZ pavirgiaus aktyvumN bei sud
procesais. ©emi na PC membr anos modi fi kaci j
skatinan!| i onpgag amoil ek ull Manti sl i O ,aveje zi j N
3,2 kartus HSQ, atveju ir 4.3 karto piranijos tirpalo atvejluo tarpu mikroluste
esanti PC membrana buvo modifikuota piranijos tirpalu bei padengta PDL
molekuh mii ¢ oki a modi fi kacija | eido U20S | N
esant 6 kartus didesniam bnei fiziologi
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3. MI KROFI Z1 OLOGI NA SI STEMA SU I NTE
MEMBRANA Lt STELI 606 ATSAKO J | MPULSI N
LAUKt TYRI MAMS

3.1 MPS konstrukcija ir mikrolustas

Disertacijos metu sukonstruota MP8 pav), kuri Nudaro pagrindinis
komponentas mikrolustas, papil domas MPS
ir deguonies jutikliO komponentais. Mi.l
bei deguonies sensori ai NPCOnembrakag kud | as t
padalimk anal N DZ du | ygi &gav)e Mikrausto gainyoa ok an a
paremta OSTE technologija75], turinti du pagrindinius privalumus:

1) Mikrolustasy r a pagamintas naudojant minkgt

|l engvai keisti kanal O geometrijN, elek
poreikius.
22 Naudoj ant COC, OSTE, pagalinamos ne
mol ekul ind absorbcija, dujO prasiskverb
(a) (b)
optinis optiniai
elektriniai jutiklis o ——— kabeliai

deguonies
jutikliai

j¢jimas filtras

mikrolustas

il I~ optiniai
’ kabeliai
SViesos
o e g —]

l HHH
oL . Z AN L4 7 WS 7
— /
& » f baltas i ﬁudiiami \
elekiniai? LED i clektrodai
Rooribel i elekirimial

pH jutiklis kontaktai

8pav.( a) MPS prototipas ir (b) schemati
DZ ai so dekompozicija.

Elektrodas [
. w . " - E
Virgutinis mikrokanalas u?‘- »
=
PC mMembrana Lo oo g 2
T 3
Apatinis mikrokanalas n ®
o
Elektrodas

2 mm plotis

9 pav.Mikrokanalos k er spj T vi o vaizdas ties el ek
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3.2 Elektrinio lauko mikroluste modeliavimas

Sukonstruotos MPS paskirtisl EL | auko tyri mai su gir
Nord4dami DXZertinti, koki N DZakN daro in
pasiskirstymui, atliktas mat emati ni s m
laukas mikrokanaluose pa s ki r st ns bevei k tk¥/lemygi ai i
kai kanal e be me mbr an o skVicenl &uottarpuni s I
tesme mbr ana el ektrinis | aukas buvo sustirg

porosel 4 kartus 10 pav).

10 pav. Elektrinio lauko pasiskirstymo mikroluste vizualizacija, imituota
naudojant COMSOL Multiphysics, su membr
poringumas 2 1, 2 %. Pritaikius 800 V DZampN, |
kV/icm elektrinientaskas.i uSpaluvPagraeikt
kvV/icm, o raudoni trikampi ai rodo el ektr

3.3 LNsteli®O gyvybingumas ir prala

Siekiant patvirtinti MPS tinkamumN t i
suspensini O | Nsteli O .eTyrienkitbuvo ptiiekamic i j o s
dviem re¢gi marnwu:olsausdtnélise yt Biksndisr i ment ai  a

| Nsteli O susptelnosilk\a/ cnma usdtoijpprniumo Oel ekt r i
t rukme i rElektropbmrcijas aféktyvDEsyra vertinamas pagalNst el i O
gyvybingumN b e i | Nsteli O memb rpa tEh spovejkio r me a b i
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