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Evyaprotieg

Oa 10eda OAOKANPOVOVTAG TNV TTVYLOKY LOV EPYACIO VO ELYOPIGTHOW® TOVG OVOPOTOVS TOV NTAV

dimha pov kat pe otpi&ay.

Apykd tov kabnynt| pov kad. Ipapdvn Ayxtdiéo mov pov £0mwoe TV gukopio Vo EPYNCT® OTO
gpyaotipia Tov ‘’Neural Tissue Engineering Lab’’ tov ITE kot va ekmovio® TNV TTUYLOKN LOV

epyaoia kot mioteye otV tpoomdbela pov otnpilovrag.

‘Eva. 10waitepo guyopiotd otov emiPAémov kabnynty pov Ap. Eppavound EXtpoatdkn yuwo v
EUTLGTOCVVT] TOL OV £0€1EE O OVTA TaL XPOVID, TNV VITOGTNPLEN TOL KOl OAEC TIC EVKOUPIEC TOV [LOV
¢0woe. Hrav anictevtn yapd yia péva va 00vAedm oto gpyactipto tov. Eipat anictevta tuyxepn mov
YVOPLoO KoL GUVEPYACTNKA e £va TETOL0 AvOpmmo kat emothpovae. H kabodrynon tov kot 1 fonfeta
TOV NTOV TOAD GNUOVTIKY Yo TNV emitevén g epyaociog avtie. Tov Bovpdlom kot Oa gival whvto o

SUpervisor pov.

®a NBeia eniong va gvyoapiotiom v kad. Zidnporoviov Kvprokn yio v gvkoupia va Ppicketon
OTNV TPYEAN EMTPOTN] LOV KL TV ELKOIPIN VO EMCKEPTD TO £pyactnplo Hiektpopusioloyag g
¢o0tm Yo Myo. Eniong éva tepdotio evyopiotd ot kad. Kvplaxn Ogpuog mov ftov cav gmg 0An ™
YPOVIAL TOV PETATTUYIOKOD Oyl LOVO Yol LEVA OAAG Kot Yiol OAOL TOL OO, £TOLUN VO LLOG OKOVGEL Kol

VoL LG @POVTIGEL.

Axopa 08D va eKOPAc® TIG W10HTEPEG EVYOPLOTIEG LOL KOt TNV EVYVOUOSLVT Hov 6to Ap Tlepdvn
Anuntpn yw Vv apéprotn Pondeia Tov kot Yoo OAEG QVTEG TI YVAGELS TOV LOV YOPLoE ATAOYEPOL.
Eipot toyepn yuo to véa medio wov pe didae kot Tic evolapeEpovses culNTNoeLg o eiyape. Zolntoelg
pe yvoon kot yéha. [lioteye og guéva kot pe otpiée o€ OAN T S101KOGI0 TG LETOTTUYLOKNG OV
epyaoiag. Efvat évag cmotog avBpmmog kot katomAnKTikog emotipovag. Oca kot va o Ba ivat Aya.
Eipon moAd tuyxepn mov cvvepydomka pali tov kot Epabo tooca mpaypota. Xopic v fondeta Tov N

TPAYLLOTOTOINGT TOV 6TOYOL HoL Oa ftav ciyovpa dVoKoAN. Evyapioto.

®a MBeha va gvyaproTiom v AAéka Mavovsdkn yio T cuveyn Bondeta Tng Kot VTOUOV TG LE TIG
petpnoelg (SEM) tov detypdtov pov oA kot Tig evydpiotes cuintioels mov elyape 6Ao avtd 10
ka1pd. ‘Eva Oeppo evyopiotd oto Xtépavo [Homaddkn yia ) otpiEn tovg oe 0Tt xpelalOlovy 6To

gpyaotplo SEM.
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Evyapiotd moAd Ao Ta Tondid Tov EpYOSTNPIO Y10 TO EVYAPIOTO KA CLVEPYAGING TOL TPOCPEPAY

o€ OAN VTN TN OAPKELD TPOCPEPOVTOS LLOV OLOPPES PIMES KOl OPLOPPES OTUYUEC.

[dwaitepa evyaprotd to INdpyo Zidko wov pe fordnce oe 6Aa T froloywd mepdpato. Mov épabde
TEYVIKEG OV eV Yvadpila Kot ftav mdvta Tpdbvpog va pe fondnoet. H cuveiopopd tov 6to froroykd
KOpUATL Elvat avekTipun . MopdotnKe Tig YVMOOELS TOL KOt LoV YAp1oe po yoyn cvvepyosio. Htoav
exel 6mote ToV Yperalopovv. Eniong 0EAm va suyapiomom v Orya ZapAidov mov eniong pe pHeyain
xopd pe Bordnce oty eKTANPOOTN TOV PLOAOYIKOV TEPAUATOV Kot NTav TPOOuun va amoviioel 6

Ka0e epdTNUO pov. [Tepdoape dpoppeg oTIyUES.

‘Eva guyoplotd e OA0LG LoV TOLG GIAOVE Yol TNV AVIOYN TOV £3€1E0V OMEVOVTL OV OTIG OVGKOAES
OTLYHEG KO Y100 TNV EUYLYMOOT ToL pov xdpwlav otav to elya avaykn. Ewdwotepa tovg [1éykv,
Nextapia, Apyvpo, lodvva, Aviovia, 'idpyo kot Mdaxn mov tav mdvta exel yuo Epeva Kévovtog
avtd To Ta&idl akdpa o dpopeo. Evyapiotd tov Ayuevt mov pe otnpilet kot motedel 6 60 avTd
OV KAVE® 0KOWO KO OTOV OEV TO TOTEL® £YD. TOV E0YUPIOT® TOL NTAV TAVTO EKEL VAL LOV divEL avAcEg

otav TG yperalopor.

‘Eva peydho gvyopiot®d otovg vovoig pov Iaumo kor Mapia yio m cuveyn yoyoloyikr vrootipién
otav 6Aa épotalav dvokora. Hrav dimha pov o kdbe otryun Kot £Tool vo e aKOVGOVY KOt VoL [LE
BonOnoovv. Téhog BEA® Vo VYOPIOTICW® TPAYUATIKO TOVS YOVEIG Hov Xapdlapumo Kot Zogia, Tig
adep@ég pov EAévn kon Baouukn, ™ pkpn Zoeia (to Apokdxt pov) oArd kot to Niko yio
CLUTOPACTOCT OV ATAOXEPO LoV £dtvay OAa avtd ta ypovia. Ilioctevav mdvra oe guéva Ko pe
otplav oe kdbe pov amdeacn. To peyaADTEPO ELXOPIGTAO YO TNV VOOV TOLG CAAG Kol TNV
EUMIGTOGVVT] OV LOL £0gLyvav o€ KAOe pov emhoyn. Ildvta oto AL pov pe aydmn Bvpilovtag pov
1660 dpopeo givar avtd 1o taidl. Xwpig ™ ompiEn tovg dev Ba Mtav timota vAomomoipo. Tovg

EVYOPIOTA Y10 OAOL KOl TOVG QPLEPDVE® TNV EPYACia VT Yoo OAN TNV avidlotern] otnpiEn. Evyopioto.
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Abstract

A basic part of bioengineering is the materials. Materials are what enable us to cultivate and control
cells various functions. This has two basic applications, Regenerative medicine and 3D culture. The
goal of this field is to find treatments for some injuries or organs that have suffered some damage.
According to the literature, materials seem to have helped in the accomplishment of this. What interests
us in this work is to make 3D scaffolds - tissue models and understand how the cell's environment
affects its function. There is a wide range of materials, but we are interested in Porous Scaffolds based
on Collagen. It has a biological activity and low antigenicity. Because of its pores, cells enter and bind
to the material. The way they interact with the environment affects their behavior. The environment
affects the way of their outgrowing, orientation, organization and interactions with each other. Also
affects the way they interact with other type of cells. Collagen based scaffolds have some limitations
in size and construction. Here's where the lasers come, which allow us to make structures with high
precision, complex shapes and in the scale of micrometers. In this way we can build structures and
shapes and control how the environment that perceives the cell affects it. Specifically the aim of the
present work is the creation of 2D and 3D structures, their characterization and in vitro experiments
with motor neuron and muscle cells. At the level of structures the characterization can be done with
SEM images, mechanical collagen resistance and, SHG microscopy. Then in the in vitro experiments
we will construct such structures that will study the response of co culture of motor neuron and muscle
cells. The goal, “’the dream’’ is to be able to build structures with direct application to clinical
regenerative medicine and in vivo trials. A field in which we have to overcome a lot of but one step at

a time.
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Iepiinyn

‘Eva Bacikd koppdtt tng Bloteyvoloyiag sivat ta vAkd. Ta vikd givol avtd mov pog enttpémovy
vo KoAAepynoovpe Kot vo eAéyovpe TiG Odpopeg Aettovpyieg Tovg. Avtd €xel 000 Pacikég
epapuoyés. Tnv avayevvntikn wrpikn kot 116 3D kaAMépyeteg. Avtd 1o medio BEAeL va Bpet Oepameieg
Y10 KATO10 TPOOLLOLTOL 1] KATTOL0L OPYOVOL TOL VTTEGTT) KAmoto BAGPN 1 akOpa Kot Y10 KATO1eg AoOEVELEG.
Yopeova pe t Pipaoypagio eaivetar 6Tt oo vAKG Ponncav va Soviéyel avtd. Avtd mov pag
EVOLAPEPEL 0T TOPOVOA EPYAGIN EIvaL VO OTIAEOVUE IKPLOUATO- LOVTEAD IGTAOV KOt VO KOTAAGBOLLE
WG T0 TEPPAALOV TOV KVTTAPOL ENNPedlel TN AetTovpyia TOV. YhpyeL Eva vpv PAGHA VAK®V, ENAG
OUmG pog evolapépet va aoyoinbovpe pe ta [lopdon Ikpropata pe Bdon to Kodlaydvo. Zopeova pe
™ BPAoypaio avTd To VAKG £X0VV 0TOSEIEYUEVT] KAIVIKTY XPNOT TNV OVOYEVVITIKY 10TPIKN Kot
omwg eaivetal to péyebog mopwv emmpealet v avayévvnon. O Tpomog e ToV 0100 AAANAOETIOPOVY
pe to mepiPdAlov emnpedler T ovumeplpopd Tovg. Tov TpOTO AVATTLENG, TPOGAVATOMGLOVG,
opYbveong Kot AAANAETOPAGELS LETOED TOVG GAAM Kol pe GAAO €100G Kuttdpmv. To tKprdpato [e
Baon to KoAAayOVO £X0VV KATO10VG TTEPLOPIGLOVG OGO aPopd TO LEYEDOS Kot T KATOOKELT) TOVG. EdM
etvar mov épyovtar to A&lep TO OmOlO. HOG EMTPEMOLY VoL KAVOLUE OOUEG pe peydAn okpipela,
nepimAoka GyNUaTo Kot 6T KAMpokae tov prkpopétpov. Me avtd Aoudv Tov TpOmo UmopoVLE vo
eTidEovpe SOUEG KO GYNULOT KOt VO EAEYEOVE TS TO TEPPAAAOV OV AVTIAAUPAVETOL TO KOTTAPO
10 emnpedletl. ZVYKEKPIUEVA O GKOTOG NG TapovGas epyasiog etvar n dnovpyio 2D k3D dopmv, o
YOPOKTNPIGUOG TOVG Kat IN-VItro Telpduato pe GLYKOAMEPYELEG OO KIVITIKOVG VEVPAOVESG KOl LVTKA
KOTTOPA. £TO €MIMESO SOUMV O YOPAKTNPIOUOS Umopel va yivel pe ewoveg SEM, unyoavikég avtoyéc
TOV KOAAaYOVoL kat, SHG pikpockomio. £t cuvéyeia ota. iN-Vitro koppdtio 0o TiaEovpe TETOES
dopég mov Bo peletnoovpe TV amdkpion 600 €DV KLTTAPMOV: KIVNTIKOVG VELPMOVES KOl LKA
KotTapa. O 6toOY0C, ival va HmopEGOLUE VO PTIAEOVE OOUES LLE GILECT] EPOUPLLOYT] GTNV OLVALYEVVITIKN
0TPIKN KoL oTIC KAMVIKEG IN-VivOo. ‘Eva mtedio oto omoio xovpe va Eemepdoovpe moALd, e Eva Prino

v Popa.

Laser Microfabrication of Porous Collagen Scaffolds for Biological Applications Page 15



Chapter 1: Introduction

This thesis describes a novel laser-based method for high-precision 3D microfabrication of porous
collagen-based scaffolds, similar to biomaterials utilized clinically in regenerative medicine. This
chapter introduces the reader to the motivation and impact of this study, presents the current state of

the art and summarizes the context of the following chapters.

1.1. Introduction

Researchers have long tried to understand cell function, find ways to control key functions of
various cells, and utilize this knowledge in key applications: understand the molecular basis of disease,
create diagnostic devices, find diseases treatments, engineer in vitro tissue models and develop novel
treatments for organ regeneration. For example, in order to address the need to replace injured organs,
the field of regenerative medicine develops treatments by integrating the fields of materials science,
chemistry and biology. Since the early findings in the 1970s that porous collagen-based scaffolds
(PCS) can induce regeneration in severe skin injuries [1] the field of regenerative medicine has
advanced significantly. Contemporary interdisciplinary approaches combine biomaterials, drugs and
stem cells in order to develop effective treatments for more kinds of organs. A large part of biomaterial
development focuses on providing new materials that can overcome the short-comings of existing
ones [2]. In general, biomaterials used in vitro and in vivo studies should have some basic
characteristics: They should be biocompatible, induce low toxicity or infection to cells, their
degradation rate should be optimized (e.g. slow enough to allow seeded cells to grow and function
normally), and ideally should provide clues that can guide cells towards the formation of functional

novel tissue in vivo [3].

The development of biomaterials with appropriate topographical features is a crucial step towards
providing favorable environment to cells. Porous Collagen-GAG Scaffolds (PCS), also known as
“artificial skin”, have been used in variety researches as a tissue scaffold that allows for fast host
regeneration. Collagen—-GAG (CG) scaffolds ability to induce regeneration in severe skin injuries was
reported by Yannas and Burke [4]. Since then CG scaffolds have been extensively used for skin cell
growth and wound coverage. PCS (CG scaffolds is a subset of PCS) are scaffolds-like biomaterials

fabricated by the freeze-drying (lyophilization) method. The mean pore diameter of PCS (20 — 400
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um) is relatively large compared to cell size (10-20 um). PCS first received FDA approval for the
treatment of severely injured skin and peripheral nerves in 1980s and 1990s respectively (marketed as
Integra DRT® and Neuragen® respectively). Since then, several companies have developed similar
collagen-based scaffold sheets for the treatment of skin injuries, burns or for cosmetic surgery. A
disadvantage of PCS is that due to their solid state and size, their application as a graft requires a
surgery. Their advantages include their proven biological activity and low antigenicity. Furthermore,
due to the size of their pores, cells can enter and bind to the material, providing them a 3D
microenvironment. For this reason, 3D culture of cells inside PCS has been proposed to provide several
advantages over established two-dimensional cultures, as a PCS can better mimic the extracellular
matrix of a tissue. The way they interact with the environment affects their behavior. These advantage

made them an effective material in the field on biological applications research.

By modulating the key physicochemical properties of PCS (mean pore diameter, mass fraction,
degradation rate, chemical composition, and surface chemistry) it is possible to provide cells tunable
biochemical and physical cues (e.g. topographical and mechanical), a major advantage in the field of
biomaterials. Cells respond to their in vivo insoluble microenvironment by initiating a sequence of
different processes including the change of cellular functions and shape [5]. The effect of topographical
cues, dictated also by a geometrical discontinuity or anisotropy, on cellular shape has been known for
many years and the phenomenon is termed as contact guidance [6]. Various approaches have been
evaluated in order to define topographical cues provided to cells, using various kinds of materials such
as polymers, ceramics or metals, and fabrication techniques including photolithography,
electrospinning and laser structuring [7]. Patterning of different topographic clues has been shown to
affect key cell functions including outgrowth, orientation and differentiation. Topographic clue
patterning can assist in better understanding many biological processes by better mimicking in vivo
structures. Towards this goal, several approaches have been investigated to pattern in three dimensions
(within a material volume) or two dimensions (on the top of a surface) and develop 3D matrix analogs
that will guide cells towards desired phenotypes. Such biomaterials can also be utilized to develop
advanced in vitro culture systems that can enable the precise control and study of cell—cell interactions
by better mimicking the complexity of in vivo cell microenvironments [8]. A less investigated
topography, comprising morphological features at various length-scales, can be provided in PCS via

laser fabrication techniques.
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1.2. Motivation

1.2.1. The Role of ECM Architecture in Cell and Tissue organization

Living tissues are intricate ensembles of multiple cell types embedded in a complex, well-defined
extracellular insoluble matter, the extracellular matrix (ECM). ECM is a collection of extracellular
molecules secreted by cells, a heterogeneous chemical composite made of multiple structures that
provide structural and biochemical support to tissue cells. ECM usually consists of an interconnected
network of macromolecules, fibrous proteins (e.g. collagen and elastin) and a largely amorphous inter-
fibrillary matrix (glycosaminoglycans, cell-binding adhesive glycoproteins, proteoglycans and water).
Tissue structure, critical for its function, is regulated by interactions between cells and their
surrounding ECM [9]. ECM also serves as a reservoir of soluble factors (e.g. growth factors,
hormones, cytokines) that influence and regulate tissue structure and function [10]. All these
constituents (cues) of the physiological milieu are not randomly distributed in living tissues. Instead,
the location of each constituent is accurately defined by the tissue architecture and results in
dramatically inhomogeneous microenvironments. Many ECM proteins follow a hierarchical assembly
pattern, providing morphogenic cues to control cell survival, proliferation, migration, polarization, and
differentiation [10]. Therefore, it's important to understand the role of ECM in order to develop
biomaterials, to a view of ECM as an integral determinant of tissue specificity itself. As such, organ
structure and consequently organ function are determined by the dynamic and reciprocal interactions
between the organ’s constituent tissues, the structure and function of which are determined by the
dynamic and reciprocal interactions between the cells and ECM comprising a given tissue [11]. Form
large-scale structures up to several hundred um in size that interact with multiple individual cells to
coordinate complex multicellular behavior has developed. In biological tissues, cells and
microenvironmental cues are integrated and organized according to tissue-specific in vivo 3D
histoarchitecture. 3D scaffolds, including PCS, could behave similarly to corresponding tissues and

could be used in therapeutic applications (regenerative medicine) or as realistic tissue models [12].

1.2.2. Emerging Methods for Engineering Complex 3D Cellular

Microenvironments

Functionality of tissues arises, apart from its components (cells and ECM molecules), from their

location of those components relative to each other. Several published approaches have attempted to
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re-create in vitro the cell-tissue 3D histoarchitecture observed in vivo. In order to study the effect of
complex topographical features of 3D cellular microenvironments in various tissues, researchers use
scaffolding molecules of natural or synthetic origin to support cell growth. The microenvironment of
a cell comprises of all cues affecting cells, such as attachment to neighboring cells, attachment to ECM
molecules (e.g. via integrins) and molecules secreted by the cell itself or by other cells [12]. The well-
established 2D cell culture on flat and rigid substrates, a common laboratory technique since the 1950s,
has elucidated fundamental principles in cell biology [13], however it cannot recapitulate the
complexity of the topographical milieu of cells sensed in 3D tissues. This limitation lead to the
development of techniques for 3D cell culture inside biomaterials, including porous scaffolds. A large
variety of biomaterials including natural, synthetic and their combinations have been reported during
the last two decades [14]. Bio-mimetic material development has focused on generating materials with
similar structures and chemical composition as the ECM of the organ of interest [15]. For example, in
order to mimic the composition of skin, whose ECM is reach in glycosaminoglycans (GAGs), GAGs
are frequently added to a collagen-rich matrix. The bottom layer of the bilayer artificial skin invented
by Yannas and Burke was made of collagen/chondroitin-6-sulfate coprecipitate which functions as a

dermal regenerating template [16].

Approaches of 3D cellular microenvironment in tissues of mimic tissue, differ in the type of porous
material used as the scaffold, inside which cells are cultured. Some techniques use synthetic polymers
while others use natural biopolymers such as collagens or elastin, harvested from tissues, either in
solution or as 3D structures. In this study we demonstrate a method for fabricating hierarchical
structures based on ultrafast laser ablation of Porous Collagen Scaffolds, a straight-forward technique
that takes place in room temperature. This thesis shows that laser ablation provides a novel 3D
manufacturing process that can realize different textured surfaces and all material structuring. The
fabricated surfaces have been used as culture substrates for culturing several kinds of cells including
cell lines (C2C12, NSC34) and stem-cell derived neurons.

1.3. Literature Review

This section summarizes key features of porous collagen scaffolds and reports the current state of

the art on biomaterial microfabrication by laser ablation.
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1.3.1. Porous Collagen-Based Scaffolds

Porous Collagen-based Scaffolds (PCS) are among the most important biomaterials available today
due to their established clinical application in regenerative medicine. PCS are fabricated in dry solid
state by lyophilizing appropriate suspensions whose main chemical component is collagen.
Lyophilization is a method of dehydration that can provide scaffolds of homogenous pore structure.
PCS are fabricated by freeze-drying a suspension of micro-fibrilar collagen I (0.5% to 5% wi/v) in 0.05
M acetic acid. CG scaffolds, originally developed for skin regeneration, have demonstrated great
potential for bone tissue engineering due to their ability to promote cell growth and tissue development
[17]. Previous studies in animal models of skin regeneration suggest that there is a critical range of
mean pore diameter (as 20-120 um) for optimal regenerative activity [3]. Modifications of the
lyophilization process result in the production of scaffolds of mean pore sizes ranging from 85 um to
325 um. CG scaffolds have been used to study the effect of the mechanical environment on the
contractile response of fibroblasts [18]. The permeability of CG scaffolds as a function of pore
diameter was characterized using experimental and mathematical modeling techniques [19].
Researchers investigated in vitro tendon cell-mediated contraction of two kinds of cross-linked CG
matrices [20]. Type | CG matrix was evaluated in tendon defects, while a CG scaffold made of type 1l
collagen was evaluated for treating articular cartilage defects. All type | matrices were cross-linked by
dehydrothermal (DHT) treatment prior to any additional chemical or physical cross-linking. Scaffolds
made of type I and Il collagen were cross-linked by UV illumination. Type | CG scaffolds can induce
partial regeneration of organs in the adult mammal according the results on the ligand’s binding of
fibroblasts to the collagen surface, the mean pore size and the degradation [21]. Proper selection of the
heat-transfer parameters during the freezing results in scaffolds of homogenous mean pore diameter,
usually in the range 50 to 100 um, but as small as 10 um [22].

1.3.2. Laser Microfabrication of Biomaterials

The combination of laser light monochromaticity and controlled pulsed excitation opens up the
possibility of highly selective narrow-band excitation and high temporal resolution that has enabled
several applications relevant to tissue engineering. Methods for 3D microfabrication of biomaterials
are discussed in many reviews. In the vast majority, such studies utilize collagen gels rather than PCS,
the biomaterial of interest in this study [23]. A study on 3D micropatterned fabrication of collagen gels

by femtosecond laser ablation (800 nm, 45 fs Ti:Saph.) focused on the effects of laser fluence and
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exposure time on the size and morphology of the resulting ablation patterns, such as the holes, lines
and grids [24]. It showed the effect of laser fluence on the rage of the pattern and the result of the
adhesion. Porous scaffolds sculpted by laser ablation in the intermediate fluence regime resulted in
good adhesion and growth by rat bone marrow mesenchymal stem cells and human fibroblasts. A 2010
study investigated the photophysical mechanisms of collagen gel photomodification (CFP) by a fs
Ti:Saph laser (780 nm, 80 MHz repetition rate, 120 fs pulse width) and demonstrated that CFP can be
used for bending and cutting collagen fibers and creating 3D patterns within a collagen gel with ~2 um
precision [25]. CFP and imaging were performed using a laser scanning microscope coupled to a Ti:
Saph laser. Collagen fiber structure degradation was possible by laser pulses of 0.1-0.5 nJ energy. The
same study also managed to fabricate interconnected channels of width <2 um inside the collagen gel.
Laser ablation of collagen gels by a two-photon absorption procedure (830 nm, 400 mW average laser
power) was used to generate 3D microtracks in dense 3D structures that support and guide collective
cancer cell invasion, and channels of 150 pum length whose widths and depth range within 3-30 um
in x and z directions [26]. A combination of laser ablation with a Ti: Saph laser and subsequent imaging
by a two-photon microscope was used on acellular collagen gels to create cavities [27]. The effect of
laser wavelength (760 nm to 920 nm, 198 mW average laser power) on collagen was investigated.
Results showed that the diameter of the photodamaged region was directly correlated to average laser

power. The main optical and material features of the above studies are presented in Table 1.3.2-1.

Despite a large number of the previous studies on different solid materials and on collagen gel,
many questions are still open in the field of ultrashort laser interactions with porous collagen scaffold.

This is the state of the art of this project as it will be shown in paragraphs below [1.4].

Reference | Biomaterial Ablation Features Optical Features
A =800 nm, f, =1 kHz,

Outer rim: 5-10 um wide / | 7,=45fs, E,, =2 mJ,
Raised from surface: 15 um/ | y =100mm/s.

[23] 2 mg/mL Depth: 50-100 pm. Damage Threshold:
collagen | gel Parallel Grooves: 60um 0.062J/cm?
long, 70 pm wide, 95 pm (Circular:5.0mJ/pulse,
spacing. Lines:7.0mJ/pulse, Grid:5.0
mJ/pulse)
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Length: 150um
6 mg/ml )
[27] Widths: 3um A =830 nm, P = 400 mW
collagen 1 gel
Depths: 30 um
A =780 nm, f, =80 MHz,
[28] Collagen Gel Channels Widths: <2um P =61060 mW, 7, =120 fs,
E, = 0.1t00.5nJ
Submicron nodules at depth:
Type I-A A =775nm, 7, =80fs, f, =82
[29] 2-15-30 pm.
collagen gel _ MHz, I = 60 mJ/cm?
Size formed: <1um
damage 01 A =760 to 920 nm, P =5,198
[30] Collagen gel 2"%: 1.74 ym and 0.86 pm . and 350 mW, t,, =140fs,
243398 ym and 31.2 pm f, =80MHz
Outer rim: 5-10 um wide /
Raised from surface: 15 um/
Depth: 50-100 um.
[31] Collagen gel I = 60 mJ/cm?
Parallel Grooves: 60um
long, 70 um wide, 95 um
spacing.
resolution patterns:
Collagen- 8.7 £0.5um near-infrared (NIR)
[32] nanorod 56.7 + 3.0um P =100, 150, 185 or 290mW,
Hydrogels 128.6 £ 9.3um U = 0.25,0.75 and 2.0 mm/s
179.3 + 23.5um.
Collagen and A =790 nm, 7, =60 fs,
[33] Type-B gelatine fp =11 MHz, E,, = 4510 80 nJ.
film I =40 or 400 mJ/cm?
3 Collagen A=775nm, P =25W,
4
[34] Scaffolds 7, =150 fs, f,, = 3 kHz.

Table 1.3.2-1: Summary of previous reports of generation of specific features by laser ablation.

Where A is the wavelength of laser, P is the Power of laser, Ep represent the power Energy t,, is time

of pulses and £, is laser fluence of laser.
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Figure 1.3.2-1 : Laser direct-writing ablation lithography. (A) Schematic of laser ablation for selective
biomaterial removal; (B-C) Fabrication of nanoscale craters by laser ablation lithography, which could
generate a repellent cell patterning. Magnification. (D) Fabrication of micro-holes in an electrospun
fibrous scaffold via laser ablation; (E) DIC image of circular and line patterns generated by laser
ablation onto the collagen hydrogel surface. The viability of seeded mesenchymal stem cells was

confirmed via a fluorescent viability assay. [23]
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Figure 1.3.2-2: Two-photon laser generation of collagen-ablated microtracks within a 3D matrix. (A)
x-y and x-z views of a two-photon laser-generated microtrack showing a collagen-cleared lumen. (B)
3D reconstruction of a laser-generated microtrack. (C) Collagen-ablated microtracks of different
calibers. Circular craters (D) were produced by 2 s exposures of a pulsed laser of £, = 5 mJ/pulse. (E)
Lines produced by a pulsed laser of E,, =7 mJ/pulse. (F) A grid pattern produced by a pulsed laser of
E, =5 mJ/pulse moving at U = 100 pm/s. (G) Morphology of the ablation features at different
locations of the laser focus. Positive z corresponds to the focus above the surface. Figures A-C are
from [28]. Figures D-G are from [29].

Figure 1.3.2-3: SEM image of a laser-fabricated cavity (left) obtained at resonance wavelength (800
nm). Right: magnified SEM image (highlighted area in left) showing the banding periodicity along the

border of the cavity and surrounding areas of the laser irradiated site. [27].
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Figure 1.3.2-4: Irradiated zone of a gelatin film (Fluence=0.286 Jcm, N=1375000 pulses). Optical
micrographs of the same irradiated zone in (a) reflection, (b) transmission and (c) Z-scan modes.
Micrographs of the crater formed in the film obtained by (d) SFM and (e) ESEM. From [30].

1.3.3. Applications of Laser Microfabricated Biomaterials

By exploiting the innovative technique of laser ablation and a proven clinical of porous collagen
scaffold, it is possible to fabricate structures and shapes for different biological applications. The
geometry of ECM, for example, is essential to modulate cell function and polarity and with this method

we can fabricate geometries helping cell functions.

Recently, new biofabrication techniques have emerged, including microfabrication and
photopolymerization, 3-D printing, microfluidics, and photochemistry. These tools enable to precisely
construct controllable tissue models that can be used in vitro and mimic the in vivo 3D architecture of
specific tissues. [31]. In an effort to develop complex scaffolds structures that better match natural
tissue structure [27] has been developed, that use laser ablation and PCS. Correlating approaches of
laser ablation and fabrication with (bio)materials, like porous collagen scaffold, seems to give
selectively removes (bio)materials with high precision to create holes, lines and/or any other figures
at micro/nano-scale [32]. Through these laser assisted (bio)fabrication technologies and the control of
the spatial arrangement of (bio)materials at the resolution of 10 um, lead into the fundamental
understanding about cell-cell and cell-biomaterial interactions, which can be applied to regenerative
medicine. With the appearance of ultra-short pulses laser systems, extremely new technology became
accessible thus allowing laser treatment of practically various materials. As a result, extremely precise
processing techniques are under developed with femtosecond laser marking and machining are thus

used in optics, photonics, counterfeiting, ophthalmology and other fields [6].
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1.4.  Thesis Objective

The objective of this thesis is to provide the foundations for a novel laser-based method for
microfabricating porous collagen-based scaffolds. It can be organized into three main tasks

- Characterization of PCS ablation by femtosecond lasers. Specifically, quantify ablation volume
size as a function of key optical parameters (laser power) and manufacturing properties
(machining speed, depth where ablation takes place inside scaffold). Interpret experimental
results using simple analytic models.

- Develop a pipeline that enables the successful fabrication of complex components given an
initial piece of PCS and the 3D drawing of the component to be fabricated.

- Utilize laser microfabricated PCS in pilot in vitro experiments in order to demonstrate the

ability to control cell function by fabricating specific um-sized features.

1.5.  Thesis Outline

Chapter 1 reviews the objective and motivation of this thesis and provides background
literature. Chapter 2 provides experimental characterization of fs laser ablation of PCS and a simple
analytic model that is utilized to interpret them. Chapter 3 presents the pipeline utilized for practical
implementation of 3D microfabrication in PCS. Chapter 4 presents small pilot in vitro studies that
highlight the potential biological applications of microfabricated PCS. Finally, Chapter 5 summarizes
the work and provides ideas for future work.

Laser Microfabrication of Porous Collagen Scaffolds for Biological Applications Page 26



Chapter 2: Characterization of Laser Ablation
In Porous Collagen Scaffolds

No prior study has focused on describing in detail the ablation of PCS by ultrafast lasers. Chapter
2 provides a detailed characterization of this process, a key prerequisite for engineering manufacturing
systems that will utilize laser ablation to fabricate novel scaffolds of complex shape and structure.
Section 2.1 provides theoretical background on the process of material removal by laser ablation.
Section 2.2 analyze laser ablation's characteristics based on the theoretical background. Section 2.3
includes a description of the experimental setups utilized in this study for surface structuring, sample

preparation and characterization, giving results in Section 2.4 and 2.5.

2.1. Introduction

2.1.1. Laser Ablation Physics

Laser fabrication is one the most promising emerging technologies for fabricating novel
biomaterials. This section describes the fundamental physics of laser propagation, light-matter

interaction, and material removal via laser ablation.

Previews studies have shown that the interaction of laser light with matter can induce permanent
changes in the material's properties [30]. Surface modification of materials via laser light depends on
several laser parameters including pulse energyE;,, pulse duration 7,, and pulse repetition rate f,. It
requires the deposition of a certain amount of energy which is absorbed by the material. Depending on
the density, kinetics and localization of deposited energy, different kinds of surface modification can
be achieved. Laser pulse duration is an important parameter in the ablation process. Indeed, several
studies probed the interaction of pulsed lasers whose pulse duration z,, lies in the femtosecond (fs),
picosecond (ps) and nanosecond (ns) regime. Ultrafast pulses (fs) are characterized by very high peak
intensities and their interaction with materials takes place within a timescale faster than lattice disorder
and heat diffusion Figure 2.1.1-1. Lasers of ns pulses have larger heat-affected zones and shock waves
compared with ps and fs pulsed lasers. The main differences between them are due to the mechanism
of laser-induced target material removal processes. The fabrication of hierarchical structures by
ablation via fs lasers has been previously described [33]. During fs laser ablation, plasma is produced

after each laser pulse. A small volume of material at the material surface can be evaporated (or ablated)
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if it is heated in a timescale like femtosecond laser pulse. The provided energy gradually allows the
heat to be absorb into the bulk of the piece, never attaining a sufficiently high temperature at a
particular point. Therefore, there is no thermal processing as in the case of ns pulses. Therefore,
ultrashort (fs) pulsed lasers cause no heat impact and no thermal tension in the material, thereby
inducing minimal changes on material chemical characteristics. Because fs laser induce minimum
micro cracks, they also produce very smooth processed surfaces [34]. Finally, due to minimal heating
phenomena, melting effects and surface damages are reduced. These characteristics allow ultrafast

lasers to precisely control and manipulate the states of materials [31][35].

Femtosecond
Pulse

Long Pulse

DZ@

T

/‘
/@

N

1
\/ : ! Minimal affected area
r \ /¢ for precise machining
: 7/
~

- -

Heat Affected Zone: cracks and melting

Figure 2.1.1-1: Long-pulse and ultrafast-pulse laser interaction with a target material. Long-pulse
lasers reduce in a larger heat-affected zones and larger shock waves compared with ultrafast (fs) lasers,

leading to minimum material damage.

Femtosecond laser ablation allows material removal from materials with minimal debris
generation, high penetration and precision patterning. Since the pulse duration of a fs laser is shorter
than the time constant of thermal diffusion, thermal effects into the surrounding material are minimized

during the ablation process. fs pulsed laser interaction with matter triggers a variety of timescale-
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dependent processes [36], summarized in Figure 2.1.1-2 along with associated timescales that take
place following the absorption of the laser pulse by the target material: 1) carrier excitation, 2)
thermalization, 3) carrier removal, and 4) thermal and structural effects [35]. A threshold at about 10
1210 s distinguishes the regimes between non-thermal and thermal processes. As illustrated in
Figure 2.1.1-2 for pulse duration 7, significantly less than electron-to-lattice (ions) non-thermal
pathways may be accessed that take place on a timescale shorter than a picosecond, hence before
thermal processes are initiated. Laser irradiation is reported to cause changes to the local chemistry
and local morphology. Nevertheless, there are still several aspects of fs laser induced modification of
solids that need to be interpreted. For materials such as metals or semiconductors, thermal effects play
amajor role for material response. Pulse duration t,, is an important parameter that affects such thermal

effects. In these materials free carriers transfer energy to the lattice within a few ps, after which
material melting and evaporation occur. By carefully choosing laser beam parameters (wavelength,
pulse duration, fluence) for laser processing, it is possible to process materials, like metals, dielectric,
semiconductors, biomaterials and solid materials, at high precision using more cost-efficient, longer-
pulse, laser systems [36]. Upon photon absorption electrons are excited from their equilibrium states
into higher-lying unoccupied states. The initial electronic excitation is followed by a complex
hierarchy of secondary processes. The excited electrons relax and the deposited energy is redistributed
through a number of processes which eventually end in the structural modification of the material [13].
The four regimes with different timescales that illustrated in figure and reported above are
distinguished analytically [35].
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Impact lonation

Camer—camer scattenng

THERMALIZATION

Camer-phonon scathenng
Auger recombination

CARRIER
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Figure 2.1.1-2: General schematics of excitation/relaxation processes in an insulator. Timescales of
various electron and lattice regimes following ultrafast laser semiconductor interaction. Each green
bar represents an approximate range of characteristic times over a range of carrier densities from 10%’
to 1022 cm= [35].

Carrier excitation is the movement of an electron to a higher energy state due to absorption of

photons by a laser beam. When the photon energy is larger than the bandgap, single photon absorption
is the dominant mechanism for exciting valence electrons to the conduction band. Free carrier
absorption increases the energy of carriers in the electron—hole plasma or that of the initially free
electrons in a metal, although it does not alter its number density. Multiphoton absorption is important
if the direct gap is greater than the photon energy, especially in transparent insulators, or if single-
photon absorption is inhibited by band filling. In solids, scattering causes rapid dephasing of the
coherence between the excitation and the electromagnetic field that causes it. If some of the carriers
are exited well above the band gap (or Fermi level in metals), impact ionization can generate additional

excited states.

Thermalization: After excitation, electrons and holes are redistributed throughout the conduction

and valence bands by carrier—carrier and carrier—phonon scattering. Carrier—carrier scattering can
cause dephasing in less than 10 fs, but it takes 100s fs for the carrier distribution to approach a Fermi-—
Dirac distribution. In a carrier—phonon scattering process, free carriers lose or gain energy and
momentum by emission or absorption of a phonon. Although carrier—phonon scattering does not
change the number of carriers, their energy decreases due to spontaneous phonon emission, which
transfers energy to the lattice. In metals and semiconductors, carrier—carrier and carrier—phonon
scattering occur concurrently during the first few hundred femtoseconds after excitation. Because the
emitted phonons carry little energy, it takes many scattering processes, and therefore several

picoseconds, before the carriers and the lattice reach thermal equilibrium.

Carrier removal: Once the carriers and the lattice are in equilibrium, the material is at a well-

defined temperature. Although the carrier distribution has the same temperature as the lattice, there is
an excess of free carriers compared to that in the thermal equilibrium. The excess carriers are removed
either by recombination of electrons and holes or by diffusion out of the excitation region. In

semiconductors, carrier confinement due to a decrease in bandgap on the excitation of a high carrier
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density, slows down the diffusion away from the photo-excited region. This laser induced bandgap

renormalization has been confirmed by theory as well as by experimental results.

Thermal and structural effects. Material excited by ultrashort laser pulses can achieve the

equilibrium temperature in just a few picoseconds, but the removal of excess carriers takes longer. On
the time scale of 107! sec and below carriers and lattice come to an equilibrium temperature and heat
is diffused from the material surface to the bulk. If the lattice temperature exceeds the melting or
boiling point, melting or vaporization can occur, but not on the ps timescale. The material is
superheated but remains solid until regions of liquid or gas nucleate. Starting from nucleation sites at
the surface, the liquid and/or gas phase expands into the material. As the energy deposited by the laser
pulse is converted to kinetic energy of the lattice ions, individual atoms, ions, molecules or clusters
can leave the surface, leading to ablation. Thermal diffusion limits expansion of the liquid region by
cooling the photo-excited region. If no phase transition occurs, the temperature reverts back to the
ambient value on the timescale of microseconds. If melting or vaporization has occurred, then re-
solidification or condensation ensues as the temperature falls below the melting or boiling points,

respectively; however, the material does not necessarily revert back to its original structure or phase.

Mechanisms leading to structural modifications using exposure to ultrashort (fs) pulses are no
thermal and leads to a different type of modification. Laser ablation techniques have been used for
selective material removal to create precise patterning on several materials. Ablation processing
utilizes large pulse energies to cause boiling at the melt surface. The resulting superheating of the
liquid phase and high nucleation rates of the gas phase cause material ejection from the surface. Thus,
ablation can take place only if a laser beam is absorbed by the material to be ablated. The onset of
ablation occurs above a threshold fluence I;;,, which depends on the absorption mechanism, material
properties (e.g. microstructure, morphology and the presence of defects) and laser parameters
(wavelength, pulse duration) [37]. Ablation processing by laser pulses, utilizes high pulse energies to
cause boiling at the melt surface, therefore ablation can take place only if a laser beam is absorbed by
the material to be ablated, leading to cumulative changes in the surface texture, morphology, and
chemistry. For instance, residual heat left after material ablation can lead to further melting or other
thermally activated processes in the surrounding material volume [38], which can result in complex
multi-scale material modifications that can be utilized by various laser material processing
applications. Mechanisms leading to structural modifications using ultrashort (fs) pulses are not
thermal and lead to a different type of modification with minimal material damage. In the case of fs

pulsed lases, the plasma recombines before thermal diffusion, shock wave propagation, and cavitation
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set in. Ablation of the substrate is confined, at least initially, to a small volume. Although the intensity
required to initiate breakdown is fairly high, the short duration of the pulse allows the threshold
intensity to be achieved with a lower intensity. The combination of localized excitation and low
threshold fluence can greatly reduce the extent of damage to surrounding areas, so that the size of the
affected material can be microscopic, very close to the diffraction-limited focusing volume. As a
consequence, structures fabricated using fs laser ablation techniques provide excellent control over

micro- and submicron scales [39].

2.1.2. Pulsed laser ablation of biological tissues

Although there is extensive knowledge on laser processing of solid materials and metals, much
less is known about ablation of biomaterials, despite the fact that mechanisms of pulsed laser ablation
interaction with biological tissues were reported soon after the invention of the pulsed ruby laser by
Maiman in 1960 [40]. The first clinical application of pulsed laser ablation was reported in the early

1970s [40]. Researchers investigate the mechanisms of pulsed laser tissue ablation since.

The mechanical properties of biological tissues are of great importance to laser ablation, as both
tissues elasticity and strength modulate the kinetics and dynamics of the ablation process. When a laser
beam propagates through matter, ballistic beam intensity diminishes due to two processes: absorption
and scattering. The spatial distribution of energy density of laser irradiation drives the ablation process.
The optical properties of the tissue to be ablated, mainly its scattering and absorption properties,
determine the energy distribution of the propagating laser beam, which drives the ablation process.

Such optical properties depend on tissue composition and morphology.

Beginning with absorption, it seems that there are two types of multi-photon absorption:
simultaneous and sequential. In simultaneous absorption, there is no real intermediate energy state i.e.,
the material is transparent at that wavelength. Instead, there is a virtual intermediate energy state and
two-photon absorption happens only if another photon arrives within the virtual state lifetime. For this
to occur high intensities are required, which can be provided by a tightly focused ultrafast laser beam.
In sequential multi-photon absorption, the absorbing species are excited to a real intermediate state,
where, a second photon is absorbed. The presence of the intermediate energy state implies that the
material is absorbing at this specific wavelength. The optical absorption properties of a tissue sample

can be characterized by its absorption coefficient p, (cm™) defined by Beer-Lambert’s law as:
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Equation 2.1.2-1

Where T is optical transmission and x is optical path depth.

Regarding tissue scattering, it seems that optical scattering arises from refractive index spatial
variations within the tissue, which dependents on the composition, size, and morphology of cellular
and extracellular matrix tissue components [40]. When scattering is negligible or absent, the optical
penetration depth, J, of the incident radiation can change and the absorption coefficient defines the
characteristic depth to which the tissue is heated. However, wavelength and laser beam diameter can
influence optical properties and at wavelengths where optical scattering is significant and optical

penetration depth is smaller than 1/

2.1.3. Propagation of Light inside Porous Scaffolds

2.1.3.1. Gaussian Beam

Electric field of Gaussian wave propagates in z direction. The beam power is located within a finite
distance from the beam axis. Intensity distribution in the transverse plane follows Gaussian
distribution.

= 10( ve )2 6_2<WES))2

w(z)

w(z) = w, ’1 + (%)2

Where w,, is the beam waist at the focal plane (z=0) and w(z) is the beam radius at any transverse

Equation 2.1.3.1-1

Equation 2.1.3.1-2

plane located at z. Figure 2.1.3.1-1 shows notation for the lowest order Gaussian beam diverging away
from its waist. Within any transverse plane the beam intensity peaks on the beam axis and drops by

the factor 1/62~0.135 at the radial distance r = w(z), which is called the beam radius. w(z) is minimum
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at the beam waist (z = 0) where w(0) = wo. The beam diameter 2w is called the spot size of the Gaussian
beam. The beam radius and spot size monotonically increase with increasing distance from the beam

waist.

Figure 2.1.3.1-1 : The beam radius and spot size monotonically increase with increasing distance from

the beam waist.

The paraxial approximation assumes that the plane wave is modulated by a complex amplitude that
is a slowly varying function of position. Figure 2.1.3.1-2 shows the fractional power transfer for a
Gaussian beam of radius w passing through a circular aperture of diameter 2a. The effective diameter

d., and area A, of a uniform cylindrical beam (top hat beam) with the same peak intensity and total

2
power as a cylindrical Gaussian beam equals d;;, = V2w and Ay, = % . An aperture with radius

a=w will transmit ~86% of the total beam power. An aperture of diameter 7 - w transmits = 99% of
the total beam power. The diffraction effects on an ideal Gaussian beam of a sharp edge circular
aperture of diameter m - w will cause near field diffraction ripples with intensity variation AI/I =17%

in the near field, along with a peak intensity reduction of 17% on axis in the far field.
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Figure 2.1.3.1-2 : Distance at which 1/e times amplitude on the axis. Aperture transmission —
diffraction effects. The fractional power transfer for a Gaussian beam of radius w passing through a

circular aperture of diameter 2a

All Gaussian beam parameters can be related to the waist spot size wo, w; and the zr by:
_|Azg 3 - (Z)Z _ g’
Wo = T ’ Wz, = Wy Z, ) Zy = 2

And the radius of curvature by:

Equation 2.1.3.1-3

Z
R, =7+ —
Equation 2.1.3.1-4

Where parameter wo or zr at the beam waist is in the relative of the wavelength A in the medium.
The intensity of a Gaussian beam falls off very rapidly with radius beyond the spot size w. The total

Power in an optical beam is given by:

P =f |u|? dA

Laser Microfabrication of Porous Collagen Scaffolds for Biological Applications Page 35



Equation 2.1.3.1-5

Over the cross sectional area. Now the radial intensity variation of a Gaussian beam with spot size w

can be inferred as:

2P e w2

i (T') = — Y
mw,

Equation 2.1.3.1-6

2.1.3.2. Beam divergence

In certain distance zr away from the focal plane, the laser beams follow plane wave characteristics.

But after that, laser beam width diverges from being nearly linear. The corresponding angle of

deviation of beam width equals 6 = 2
A

The distance which the beam travels from the waist before the beam diameter increases by v2 or

"";02 (Rayleigh range), see Figure 2.1.3.1-3. Since the beam

has its minimum width at z=0, it achieves its best focus at the plane z=0. In either direction, the beam

before the beam area doubles equals z =

gradually grows out of focus.

Figure 2.1.3.1-3: the depth of focus of a Gaussian beam as a function of the distance z. Wp is the beam

waist, b is the depth of focus, Zr the Rayleigh range and 6 the total angular spread
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If a Gaussian beam is focused down to a waist and then expands again, the full distance between

the 2 wo beam radii, within which the beam can be considered as nearly collimated, the depth of focus,

2nwg?
A

is called “the confocal parameter of the Gaussian beam” and equals b = 2z, =

%o
HLT;-““‘* ‘#/;:-
AN T =

D = 1r\/§iw0

Figure 2.1.3.1-4 : The beam focusing slightly to a waist with spot size w0 at one Rayleigh range out

and then re-expands to the same diameter D two Rayleigh ranges out

The beam focusing slightly to a waist with spot size wo at one Rayleigh range out and then re-expands

to the same diameter D two Rayleigh ranges out as D = mv/2 w,

Relation between the collimated beam distance and the transmitting aperture size using this criterion

is then described by Collimated range:

2nwy®  D?
A mA?

collimated range = 2z =

Equation 2.1.3.1-7

Beam size expands linearly with distance. The 1/e spot size w(z)for the field amplitude in the field far

for a Gaussian beam coming from a waist with spot size wo by:

@ Woz Az
wiz)=—=——
Wg W,

Equation 2.1.3.1-8

The on-axis beam intensity in the far field is given by:
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2P P
w2(z)  A%z?
2w, 2

Laxis (z) =

Equation 2.1.3.1-9

The solid angle for an equivalent top hat angular distribution in the far field call Qw(z), is thus given

by:

mw?(z) A

222 2mw,?

Doy =

Equation 2.1.3.1-10
2.1.4. Analytic Models for Ablation

According the theoretical background of Principles of laser, a model was design to describe the
laser Ablation when the laser beam focus inside Porous Collagen Scaffolds. After these approaches

the theoretical and the experimental part have to be in agreement.

Assuming that ablation is equal or bigger than w; of a Gaussian beam when the laser beam is
focusing inside a scaffold. That means ablation takes place inside a volume where 1>li. This idea can

be described in figure below [Figure 2.1.4-1].

\ l / \ l /

Scaffold Constant Intensity loci

I = Iy, locus

Figure 2.1.4-1 : Propagation of a Focusing Gaussian Beam inside a Scaffold. (A) The constant
intensity locus when a laser beam focusing inside a material. (B) The ablation volume which can be

described by radial and axonal radius.
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The radius in the radial direction rr and the radial in the axial direction r;, define the locus of

constant intensity | where the ablation take place. Model this according the Gaussian theory and find

this locus, an equation of radius resulting depending on the Numerical Aperture (NA) of the focusing

lens and the ratio b of Intensity. The intensity profile a Gaussian beam propagating inside a medium

without absorption or scattering around the focus (r = z = 0) is:

=) )

So the locus r(z) of constant intensity | equals:

1
r*? = S+ (NA 2°)?) - In(

Where

b_IO_Z-P-n-(NA)Z
1 A2 -]

And n.", r,* are non-dimensionalized coordinates:

. r
T =—
r WO

. Z
r, =—
z WO

Assuming ablation takes place when
1> 1y,

1+ (NA-z)?

Equation 2.1.4-1

)

Equation 2.1.4-2

Equation 2.1.4-3

Equation 2.1.4-4

Equation 2.1.4-5

Boundary of the ablated volume is approximated by the locus r.*(r,*, NA, b(Is)) :
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b(I¢r) )
1+ (NA-2°)?

1
r*? = 5 (14 (NA-1,)?) - In(

Equation 2.1.4-6

where

2-m-P-(NA)?
A2,

b(I) =

Equation 2.1.4-7

After calculations above, ablation radius in the radial direction 7. is defined as r*(z* = 0) and is given:

1
R = /5 tn(b(Ign))

__A 1, (2m P (NAy:
TEana 2\ e,

Equation 2.1.4-8

The same with the ablation radius in the axial direction r, is defined as z*(r* = 0) :

o Vb)) — 1

z NA

VbUep)—1 A jZH-P-(NA)Z_l

EEWOTTNA T noNazT a-dg,

Equation 2.1.4-9
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2.2.  Analytic Study of Laser Ablation

2.2.1. Light Intensity Profile

According to the literature of laser ablation, the basic characteristic is ablation held on the top of
the surface. When material is solid then the ablation is superficial due to absorption and scattering
phenomena in solid materials. In the case of PCS ablation by a pulsed laser beam, ablation happens in
a material with very low average mass density. A laser beam can be focused both inside a PCS as well
as on its surface. Inside a PCS, scattering and absorption phenomena play a main role in laser ablation
characteristics. To first approximation, absorption and scattering phenomena are neglected and the
Gaussian beam model is utilized to describe the intensity of light when a laser beam is focused inside
a PCS. Therefore, according theory of laser beam intensity, characterization of Laser-Induced Ablation
of Porous Collagen Scaffolds can calculate the radius of laser beam. Radius of ablation were evaluated
according to the intensity of laser depending from w;, wo and the ration of intensity (1) and I¢n). The
values of w; and wo replaced on the Equation 2.2.1-1. A non-dimensional values of radius and waist

of laser wo, represented in terms of o and b.

T

2 _2
. Izlo(;//V—Z)ez(Wz) -1 =W, nvv\\;—;ﬁ (1)

Equation 2.2.1-1

Equation 2.2.1-2

72 zZa \?
W, = W, /”E - Wy =W, /1+(HW02) 2

Equation 2.2.1-3

Wioz \/(1+a2)zn@\/3 (3)

Equation 2.2.1-4

Where:
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ZA
TTWOZ

= ph= 17" ratio of intensities

Equation 2.2.1-5

In order to estimate what happening when z and r is zero respectively, the Equation 2.1.3.1-4
solved. First the value o set as zero and the non-dimensional r/wp estimated and shows that is depended
on value b. When a non-dimensional values of radius (r) and waist of laser (wo) is zero then a is

depended on b value.

% If: a=0->

WLO= \/(1+a2)1n\/_\/5 - Wi= VInvb

1
1+a? 0

2
WL: ,/ln\/z - b= ez(WLo)

0

Equation 2.2.1-6

& I —=0>>
W,

0

Vb

r 1
W= \/(1+a2)1n1+a2\/3 —>0=\/(1+a2)1n

0 1+ a?

a= (\/E—l)

b= (1+a?)?

Equation 2.2.1-7
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2.2.2. Ablation Volume Estimation

Here, it is assumed that ablation takes place within the volume where light intensity exceeds the
intensity threshold I;;, a characteristic of the ablated material. Figure 2.2.2-1 reveals that radius of
ablation r; in the axial (along with the laser direction) direction and the radial direction r; are effective
by intensity in different ways. The axial resolution r; depends strongly on both optical and intensity of
light as well. As laser intensity increases, the volume that is removed grows. The NA of the focusing
lens affects strongly axial radius r.. On the other hand, the radial radius of the ablation volume does

not depend so significantly on focusing lens NA or laser intensity. NA has less effect on " than .

When b(l;,) = Ilt—"h becomes less or equal to 1, no ablation is observed. When 1 < b(l;,) < 10

then . < wy. When b(I;,) = 10 then . = wy,. Figure 2.2.2-1 shows the non-dimensional values of

axial and radial resolution relation on respectively values of NA according the equations:

* Tz * Tr
= — 1, = —
wo' r Wo
200 4
—NA =0.05 I
0
3 —max(r*)
o
SF
I
*
&L
1
0
0 20 40 60 80 100 0 10 20 30 40 50 60 70
Iy P Iy, P
0 — Y Nl
Ith Ith Ith Ith

Figure 2.2.2-1: Effect of NA, P on Axial Resolution r-*and Radial Resolution 7

Ablation locus as function of (ly) showing in the graph below Figure 2.2.2-2 where in generally

" is bounded and r,.* < r,*. Figure 2.2.2-2.
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Figure 2.2.2-2: Radial radius of laser beam and axial radius relationship. Ablation locus as function
of b(lt) can be estimate.

2.3.  Experimental Methods

In this project, two kinds of PCS were used. First, “thin” PCS of =20 um mean pore diameter and

150 um thickness, fabricated in devices. Second, “thick” PCS of =100 um mean pore diameter and 2-

3mm thickness Figure 2.3-1. Samples were laser ablated by a focused fs laser beam in order to estimate
intensity threshold I and measure axial and radial resolution r, and ;. respectively.
[

X27  500pm

(b)

Figure 2.3-1: Porous collagen scaffolds utilized in this study. (a) “Thin” PCS fabricated inside a
device. (b) Scanning Electron Microscopy of a “thick” PCS.
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2.3.1. PCS Fabrication

Both thin and thick PCS were fabricated by lyophilization as described in [41]. Overall, PCS

fabrication consists of four major processes:

Preparation of collagen suspension: Microfibrillar collagen | fibers and other components (in this

study glycosaminoglycans (GAG) or fibronectin isoforms) are dissolved in 0.05M acetic acid. The
resulting suspension contains collagen particles and air bubbles.

Freeze-drying: The collagen suspension is poured into a mold that provides the shape of the final
dry scaffold. Lyophilization is a dehydration method in which the icy water contained in the
material passes directly from the solid phase to the gases as shows in the figure [Figure 2.3.1 1].
Thin PCS were placed inside a PDMS scaffold, analogue of well-plates, on a glass surface [Figure
2.2.2 1] and microfabricated in this device. The aqueous part is removed by first freezing the
suspension, and then removing the resulting ice crystals via sublimation. What remains is a dry
porous scaffolds-like material whose struts contain the solid material (collagen, GAG, ECM
proteins) that was trapped between ice crystals during freezing. The outcome of the freeze-drying
process is a dry scaffold sheet. On the other hand, cell scaffold interaction experiments or
biomaterial characterization experiments need much smaller cylindrical samples of scaffolds.
These samples are cut from the original sheet using biopsy punches (Miltex).

Scaffold Cross-linking: Formation of additional intra-molecular bonds in the scaffold in order to

improve resistance to proteinase degradation and increased the material stiffness. Cross-linking
can be implemented by thermal (dehydro-thermal treatment) or chemical (chemical cross-linkers)
means.

Sample preparation: In vivo applications of collagen scaffolds in skin and peripheral nerve

regeneration require scaffolds of relative large dimensions (on the order of cm), and planar or
tubular geometry respectively. In contrast in vitro applications of scaffolds for studying cell-
scaffold interactions require multiple copies of small samples (size around 5-8mm), which are

prepared by cutting scaffold sheets.
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Figure 2.3.1-1: Three Stages of lyophilization. Red color shows the freezing stage. Blue shows the

Primary Drying and Purple the Secondary Drying stage.

2.3.2. Ablation Setup

All experiments tool place in the optical setup shown in Figure 2.3.2-1, which is located at the

ultrafast micro and nano processing lab at FORTH-IESL.

A Pharos laser system (Light Conversion Ltd, Vilnius, Lithuania) had been used for PCS laser
microfabrication. Pharos is a compact solid state laser with ytterbium doped with potassium,
gadolinium and tungsten (Yb:KGW) active medium. It emits at a central wavelength of 1026 nm and
supports harmonic generation of the fundamental at 513nm. It’s a single unit integrated fs laser system
combining millijoule pulse energies and high average power with maximum pulse energy E,,= 1.5 mJ

and repetition rate f,, ranging from 1 kHz up to 200 kHz. The pulse width z,, can vary from 170 fs to
10ps. For PCS microfabrication experiments 7, =170 fs and f,, =1 kHz and A= 1026 nm.

The laser beam provided by the Pharos laser is guided by high-reflective dielectric mirrors and is
focused into the sample through a 10x objective lens (Mitutoyo 10x Plan Apo Infinity Corrected Long
WD Obijective, 0.28NA, focal length f =200 mm). The focus point was observed by a CCD camera
connected to a PC. PCS samples where positioned on a XYZ motorized stage (Standa) controlled by

a high-precision motion controller. Collagen samples were placed so that their top surface was
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approximately perpendicular to the incident laser beam. Laser irradiation was performed in air
environment. Laser irradiation was blocked or enabled by a shutter, depending on experimental
process. The average laser beam power was modified via a filter. Laser power measured by a Power
meter after filter and before the sample. The system is controlled by a custom GUI written in Labview

by Andreas Lemonis (ultrafast micro and nano processing lab, FORTH-IESL).

@ CCD
camera

Pharos system D
- "

filter shutter

Objective
lens

sample

z-axis

Computer f 77 X-axis y-axis
system T Stage

Figure 2.3.2-1: Experimental set up. Laser beam propagate from a Pharos laser system through high

reflective dielectric mirrors. A filter controls the laser power and a shutter can manually let the laser
beam go over and start the irradiation process. After, the beam focus through an objective lens. The
focus observe by a CCD camera, united with a computer system. Samples position and stabilized
perpendicular to the incident laser beam on a high-precision X— Y —Z translation stage, united also
with the computer system through a proper software.

2.3.3. Ablation Characterization Experiments

Two types of porous collagen have been used [2.3]. Characterization of a material’s surface
properties is needed, in order to relate important surface characteristics to biological responses [4.1.1].
Topographic properties may all influence the way cells interact with a material. Thin collagen and
thick, were characterized with simply stereoscope microscopy and Scanning Electron Microscopy

respectively for their surface and topology properties.
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2.3.3.1. Scaffold microfabrication

Samples were stabilized on the top surface of the XYZ stage by two ways. First, both thin and thick
PCS, were stuck using double-sided tape (Melca Double Sided Tape) on a Plain Glass Microscope
Slides. Glass placed using double-side tape on the top of the surface. This stabilized the samples during
the movement. Second, cylindrical thick PCS samples (~2mm width and ~3mm diameter) were
stabilized inside the top part of a 200 pl pipette tip (Pipette tip, 200 ul, Biosphere® plus). The top of
the pipette tip was cut and then position on the top of Plain Glass Microscope Slides and then on the

surface of the XYZ stage via double-sided tape.

Then, the laser beam was focused on the top of PCS surface manually using a CCD camera that
provides the GUI with a high-magnification image of the laser beam focusing location. The user selects
a position on the surface as the “starting point” of the fabrication process via the “’set reference’’ button
on the GUI. Then, the user selects stage velocity. As soon as the user clicks the “start” button, the
irradiation begins from the starting point according to the parameters chosen. Figure 2.3.3.1-1shows

representative examples of ablation patterns into a thin PCS.

Figure 2.3.3.1-1: Device of thin PCS. (a) Before laser microfabrication and (b) After laser

microfabrication.

2.3.3.1.1. Thin PCS: Estimation of Intensity Threshold

In order to estimate the intensity threshold I, that can induce PCS ablation at 1026 nm, various

simple patterns were ablated in thin PCS. Thin PCS were chosen due to their smaller pore size (= 20
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um) that makes easier to detect ablation of tiny features. Standard ablation parameters utilized in these
experiments were U =2mm/s, Y-step = 10 um. The main experimental variable of this experiment was
laser power P, which varied between 1 to 5 mW. A 2D sketch program was utilized to generate a
simple pattern (size Imm x 0,5mm), consisting of lines and circles, to be ablated at various power

levels.

2.3.3.1.2. Thick PCS: Characterization of Ablation VVolume Size

Thick PCS were stabilized on the top surface of the XYZ stage by two ways. Fist, samples were
stuck using double-sided tape (Melca Double Sided Tape) on a Plain Glass Microscope Slides. Glass
placed using double-side tape on the top of the surface. This stabilized the samples during the
movement. Second, cylindrical thick PCS samples (~2mm width and ~3mm diameter) were stabilized
inside the top part of a 200 pl pipette tip (Pipette tip, 200 ul, Biosphere® plus). The top of the pipette
tip was cut and then position on the top of Plain Glass Microscope Slides and then on the surface of

the XYZ stage via double-sided tape.

The top surface of PCS samples was not flat and practically could not be set perfectly perpendicular
to the laser propagation axis. In order to minimize experimental variability, PCS samples were initially
flatten via a laser beam of P = 40 mW power using high stage velocity (U = 10 mm/s), manually
focused on the middle of the PCS sample using the procedure described [2.3.2]. After flattening the
top PCS surface, the laser beam went back to the initial point. The plane that corresponds to the laser
focus during flattening was defined as z=Oum. Figure 2.3.3.1-2 shows SEM images before and after
PCS flattening. The utilized flattening process provided consistent results. Experimental results proved

that flattening is absolutely necessary for repeatable precision laser ablation.

Figure 2.3.3.1-2: Flatten process of thick PCS. (A) 2mm PCS before any laser fabrication or
interaction. Side view photo. (B) >2mm PCS after the flatten process with laser fabrication. Side view
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photo. (C) Same sample (>2mm PCS after the flatten process with laser fabrication) in 45° side view

photo.

Experiments for estimating the axonal resolution 7, took place as following: After flattening, the
PCS sample was cut in the middle via high-power beam (P=70 mW) starting from the top of the surface
(z = 0) and moving until the bottom of the scaffold (z = 2000um). In all experiments, laser beam,
focusing on the initial focus for flattening and this place define as z=0. SEM images take with top view

and side view, showing the structures on top of the surface but also inside the material.

2.3.3.2. Scanning Electron Microscopy

Micro-fabricated features on PCS were visualized by scanning electron microscopy (SEM).
Imaging was performed on a JEOL 7000 field emission scanning electron microscope using 15 kV
acceleration voltage [42]. PCS can be characterized with no coating and no preparation before imaging.
Samples were stabilized on glass microscopy slides and placed with a double tape (3M 4016 Natural

PUR Foam Double Sided Tape, 1.6mm Thick, 19mm x 13.7m) on the stage of microscopy.

2.3.3.3. Quantification of ablation radius

In order to quantify the radial and axial resolution of PCS ablation, 7, and r, respectively, SEM
images were analyzed by open-source image processing software. Top and side view SEM images of
the microfabricate scaffolds were processed using the distance tool of the ImageJ software (National
Institutes of Health, Bethesda, MD, USA).

2.4. Results and Discussion

2.4.1. Radial Radius of Ablation

In order to characterize the radial resolution r. of ablation, specific 2D features sketched in the
paint software were laser ablated. Features consisted of lines at different distance and squares with

pixel size 10 um, to estimate the limit of laser ablation on the top of the PCS surface and to measure
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the thickness of fabricated line features, which equals approximately 2r.. Features were produced
using laser beam of P =10, 20, 30 and 40 mW mean power. Figure 2.4.1-1 shoes SEM images of PCS
microfabricated at 10mW and 40 mW. The minimum achievable size of any structure have to be the
laser beam size of the minimum power but above the threshold power. As we increase the laser power,
the width of the structure is increasing too. If this width be measure for different values of power then
the correlation between laser radial resolution and power can be accomplished.

15kV X180  100pm

(A) (B) (©

Figure 2.4.1-1: Experimental measurement of radial resolution rr. (A) 2D figure sketch that laser
beam will follow to ablate on the top of the PCS surface. Ablate line pattern on scaffold surface (B)
with P = 10 mW and (C) with P = 40 mW.

Line ablation experiments conducted using laser beams of 10, 20, 30 and 40 mW show that radial

resolution 7, is an increasing function of mean laser power P, see Figure 2.4.1-2.

25.00
20:00 Power [mW] r. [um]
515'00 10 10.95 4+ 3.64
"= 10.00 20 11.65 4+ 0.85
5.00 30 13.52 4+ 1.39
40 19.02 +4.18
0.00
10 20 30 40
Power [mW]
(A) (B)

Figure 2.4.1-2: (A) Effect of power on radial resolution. (B) Radial radius of laser of power

respectively.
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The effect of stage velocity U on radial resolution r. was then examined by repeating the
fabrication of the line patterns shown in Figure 2.4.1-3-(A) using stage velocity U = 1, 2 and 5 mm/s
and mean laser power P = 10, 20, 30 and 40 mW. The results of this experiment, Figure 2.4.1-3, show
that there is no statistically significant effect of stage velocity U on the radial resolution 7. of PCS

microfabrication.

25

e i
~ 10 ']} I ' I
10 20 30 40

Power [mW)]

(%]

M u(stage)=1mm/s u(stage)=2mm/s ® u(stage)=5mm/s

(B)

Figure 2.4.1-3: Effect of stage velocity on radial resolution in different values of power. (A) Lines
structuring on the top of the surface of PCS (magnification of structure) (B) Graph showing no
significant effect of stage velocity on radial radius.

2.4.2. Axial Extent of Ablation

A particular interesting feature of PCS fs Laser ablation is that material removal can take place
both on the surface and inside the PCS. It was of interest to generate a map of critical parameters that
can result in either surface ablation or ablation inside the PCS Figure 2.4.2-1. Analytical calculations
[Section 2.2] predict that the extent of ablated volume along the axial direction will be greater than the
radial direction (rz>r;). Therefore, another major goal was to characterize the radial resolution r, of
ablation as a function of key parameter. Finally, apart from measuring r, it is of interest to observe if
it is possible to achieve material ablation inside the PCS and not on the surface.

In process of characterizing axial ablation, a major challenge was the need to quantify axial radius.

This challenge emerged from two reasons: First, the porous nature of PCS complicates measurements
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of features. Second, estimation of axial radius requires knowledge of the axial location of the focus
plane from the material surface. The later was not known. Instead, what was known was the distance
z of the current laser focus from the plane where PCS flattening took place. Therefore, a new variable
was defined, AH based on the initial position z = 0 of flattening process (flattening at 40 mW). The
samples were placed on the stage as was described in [Section 2.3.3]. After coarse manual focusing
on the PCS surface using the CCD, PCS were flattened at P = 40 mW. This processed defined z=0. In
later ablation steps, the stage moved along the vertical z axis and the laser beam ablated line features.
SEM images of the resulting features were then utilized to quantify the h and H sizes. h was defined
as the height of structure, defined as the difference of maximum minus minimum feature depth. H was
defined as the maximum depth of the cut feature. Illustrate of the process, present in figure. After

experiments, SEM images show results of radial cut resolution.

Linear T |
0 < AH < AH, Saturation unne
h=H Mg < AH < AHp A0 > Ol
1A h=H <
AH =0 b Ty
kg 1 4 \| 8 .
\ I l /I \ - v
N\ / \ ! /7 \ ,’\ -~ AH

vl 2 th(H

Figure 2.4.2-1: Theoretical figure of the experimental method on axial resolution measurement.
Initially, the material was flattened and the position AH = 0 of the focus of the laser was defined in
this position. Then the focusing plane approaches the material and focus inside the material. At each
level, a 100 um wide surface is cut using the same laser power. In the end, from SEM images (in side
view- cross section) were measured the parameters H and h. H represent the maximum height-depth
from the surface to the end of the structure and h is the minimum minus the maximum depth of the

structure.
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Experiments of ablation cut radius r; utilized as main experimental parameters the mean laser
power P and the vertical position of focus plane z. SEM images provided quantifications of h(AH) and
AH(AH) for given laser power P =10, 20, 30 and 40 mW. Overall, SEM images reveals that the spatial
behavior of laser ablation can be classified into four regions: No ablation region, linear region,

saturation region, and tunnel formation region, Figure 2.4.2-2.

Depending on the laser power, there is an initial range of z where no cut is observed. This
considered to be the point where the beam is less than the focal point (located above). The beam is in
the position of the original plane where there is no material at all since it is removed during flattening.
As we proceeded to the inside of the material (z increases), we saw the reduction and degradation of
the material. As the beam advances inside the material, larger axial cut depth - diameters are observed.
The area representing this cut is linear. Saturation in the cut size is then observed. The exact reasons
of this saturation are not completely understood. Finally, in the fourth region, a tunnel forms inside the
PCS. Here tunnel refers to ablation of a volume inside the PCS that may not be visible from the PCS
surface. A simulation of these results shows in figure with the equation that quantify H, h in different

AH stage displacement Figure 2.4.2-3

Linear range Saturation_

e — 2
YT TR e p——— *w
rwmm s Y T W T
T ¥ - g A p § ] b o y h i 4 A 2%
o 5 Ndca R T RPN e Y 5 . ™ 8 &R

Figure 2.4.2-2: Four regions of radial resolution on thick PCS. SEM side view images.
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>

AH =r,(40) - r,(P)

Depth h [um]

AH_(P) = 2r,(P)

sinm OH(P)=1,(40) +r,(P)

No cut linear saturation tunnel
rz(40) - rz(P) zrz(P)

Figure 2.4.2-3 : Simulation of four regions. Equations can calculate AH and radial resolution of rz of

saturation region.

Figure 2.4.2-4 shows how the values of h and H vary as a function of AH for P = 40 mW.
Unambiguous similarity with the Figure 2.4.2-3. As it observed, at specific z, where h<H, tunnels
forms inside the material. Some of the results shows in figure with SEM images of top view and side
view. As it look on top view no structures are observed and the top surface of PCS is unaffected but
when the sample seen from cros-section in side view, a tunnel form. The top of the PCS surface not

came to any ablation process in contrast of the inside material Figure 2.4.2-5.

Linear region Saturation Tunnel
800 < > < > <
S 400
c
1]
it il " | ‘ I
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» P PP L L L LSS ERS S %Qo

Stage displacement AH [um]

B h=cutting depth ®m H=depth from the surface

Figure 2.4.2-4 : Measurement of h and H cutting depth in dependence of stage displacement AH. Four

regions make appearance.
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Side view

Figure 2.4.2-5: Tunnel formation. Structures make appear inside a material in specific AH depth focus.

Power of irradiation is 40mW. SEM images.

We repeat experiments for radial resolution in a try to measure the effect of power on this cut.
Using 30mW, 20mW and 10mW power in the same AH depth positions, results calculated and shown
in different graphs below. Graphs shows the estimation of cut depth radius rz at P = 40 mW, 30mW,

20mW and 10mW respectively and will be described separately. According the equations:
AH =1,(40) - 1,(P), AHs(P)=2r,(P), AHs(P)=r,(40) +r,(P), rz

and with the value of AH, which represent the real beam focus inside the material, calculate for each

power the axial resolution of laser ablation.

Laser Microfabrication of Porous Collagen Scaffolds for Biological Applications Page 56
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Figure 2.4.2-6 : Estimation of cut depth radius rz at P = 40 mW. Estimation gives r,=296.0 £ 17.6um
for 40mW. All experiments of 40mW represent in this graph showing the four regions of ablation in
different plane of z. Axial radius is calculated.

P =30 mW, r, =235.00 + 18.80 [um] P =30 mW, r_ =235.00 + 18.80 [1um]
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Figure 2.4.2-7: Estimation of cut depth radius rz at P = 30 mW. Estimation gives r,=235.0 £ 18.8um
for 40mW. All experiments of 30mW represent in this graph showing the four regions of ablation in

different plane of z. Axial radius is calculated.

Laser Microfabrication of Porous Collagen Scaffolds for Biological Applications Page 57



P=20mW, r_=153.00 - 24.66 [:m]

P=20mW, r_=153.00 - 24.66 [m]

500 500
400 400
— 300 o X — 300 o ¥
€ \ € ;
— X ; x. x [} x 2P g
T 200 e T 200 \ 8
100 x o 100 X
x X
0 0
0 200 400 600 800 -200 0 200 400
AH [pzm] z [um]

Figure 2.4.2-8: Estimation of cut depth radius rz at P = 20 mW. Estimation gives r,=153.1 £ 24.7um
for 40mW. All experiments of 20mW represent in this graph showing the four regions of ablation in

different plane of z. Axial radius is calculated.
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Figure 2.4.2-9: Estimation of cut depth radius r; at P = 10 mW. Estimation gives r,=60 £ 18.5um for
40mW. All experiments of 10mW represent in this graph showing the four regions of ablation in
different plane of z. Axial radius is calculated.

Estimation of cut depth radius r; at different powers of all experiments represent and radial radius
calculated in each power. The effect of power in radial cut resolution of radius is summed up in the
table Table 2.4.2-1.
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Power [MW] | AHs [pm] rz[pm]
40 590.0+35.2| 295.0+17.6
30 470.0+£37.6 | 235.0+18.8
20 306.2+49.4| 153.1+24.7
10 120.0 + 37 60.0 £ 18.5

Table 2.4.2-1 : The effect of power in radial cut resolution of radius. Radial radius calculated in powers
40, 30, 20, 10mW.

Experimental results show that the square of the axial radius of beam is well described as a linear
function of the power of the laser, in accordance with a simple mathematical model of ablation radius.
Based on these calculations, it was estimated that the minimum laser power for ablation is slightly
above 1 mW. Based on the theory and Equation 2.4.2-1, r;? calculated and represents on a graph for

several values of power analytically.

e P ()
T T T NAZ- I, 7-NA?

Equation 2.4.2-1

100000
80000 -7
"t 60000 e
N, 40000 -
= 5,2 =2820.9P - 28208
20000 o R? = 0.9893
0 i
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P [mw]

Figure 2.4.2-10: Effect of Power on Cut Depth Radius rz. r;? in different values of power.
According the graph, r,2(P) fit excellently to a linear line with the next equation.

r2 = 2820.9P — 28208
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Equation 2.4.2-2

Based on the parameters of this fit, key optical parameters of the system are estimated as NA = 0.045

and I, = 0.12 Finally, the line of Equation 2.4.3 1 crosses the horizontal axis (1, = 0) when

mw
pum?’
P =1.2 mW. This estimation agrees with the experimental data of section XX that in the particular

optical setup utilized, PCS ablation required mean laser power slightly above 1.2 mW.

2.4.3. Effects of Optical Parameters

2.4.3.1. Estimation of Ith

in order to estimate the intensity threshold I,;, laser of increasing mean power was used to
microfabricate a simple flat pattern on thin PCS, as described in [section 2-2.3.3.1.1]. Figure 2.4.3-1.
Shows that as the mean laser power increases, the structures are fabricated on the PCS surface more

clearly.

(a) (b) (©)

Figure 2.4.3-1: (a) 2D figure sketched with paint program. (b) Thin PCS top surface with no structures
observed when Power=1mW (b) Thin PCS top surface with structures (i) power=3mW (ii)

power=3,5mW (ii) power=4mW (iv) power=5mW.

Based on these results, no ablation observed for P= 1 mW, incomplete ablation was observed when
P = 3mW and robust ablation observed when P=4.5 mW. Based on these data, the ablation threshold

was estimated between 1 and 3mW. The corresponding lower and upper bound of I,;, can be estimated

w w
"% and 0.5 =
um? um?

as 0.17

using the next equation:
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2-P-m-(NA)?
10: /12

Equation 2.4.3-1

mw
pum?

This result is in excellent agreement with the estimation I, = 0.12

described in the previous

section.

2.4.3.2. Effect of Mean Power and Stage Velocity

For variables power, new more complex figure have been used. That’s way the accuracy could be
checked and in the same time the resolution in each power. As the power increase, more clearly
structures observed on the top of the surface and as it looks like the depth of each structure increases
too respectively Figure 2.4.3-2. This is something we can observe because of the contrast between no
ablated surfaces and ablated one. As figures below shows structured surface on power 20mW and
30mW are lighter than SmW and 10mW. That’s mean that structures on 20 and 30mW are deeper and
go down to the glass surface than the others. As before no structure and no ablation observed on ImW

power.

Power 1ImW Power 5SmW Power 10mW Power 20mW Power 30mW

(a)

Figure 2.4.3-2 : (a) 2D figure sketched with paint program. (b) Thin PCS top surface with no
structures observed when Power=1mW. Thin PCS top surface with (c) thin structures power=5mwW

(d) power=10mW (e) power=20mW (f) deeper structure power=30mW.

To study the effect of process velocity on the top of thin PCS, different values of stage velocity
have been used. Power was stable on P=10mW and the only variable was the stage velocity. Stage

moved in square figures from U = 0.5 mm/s to 12mm/s. Different contrast of images from simple
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microscopy, shows that structures with height velocity, have less contrast and lead to less depth of
structures Figure 2.4.3-3. No quantification happens for this experiments but it believed that the

different images contrast of structures could happen because of thin PCS properties like porous size.

2mm/s 0,5mm/s

imm/s 3mm/s 122mm/s 11lmm/s

4mm/s Smm/s 10mm/s
: 7 e

f

8mm/s 9mm/s

Figure 2.4.3-3 : Effect of the stage velocity on process ablation. Different values of stage velocity was
used. P=10mW.
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Chapter 3: Practical
Implementation of Porous
Scaffold Microfabrication

This chapter describes the implementation of PCS
microfabrication by laser ablation in the laser facility of
IESL-FORTH. Section 3.1 describes the processing
pipeline and highlights differences and similarities -
between classical machining, 3D printing and laser
ablation of PCS. Sections 3.2 and 3.3 describe the / /
computer-aided tools (CAD and CAM) utilized. Section 3.4 briefly discusses how PCS were mounted

on the micromachining setup. Finally, Section 3.5 provides examples of PCS microfabrication, while

Section 3.5 includes the samples results and characterization
3.1. Introduction: PCS Microfabrication Pipeline

3.1.1. Fabrication Pipeline in CNC Manufacturing Processes

Traditional manufacturing processes for metals, plastics, ceramics and composite materials can be
classified into material removal processes (e.g. turning, drilling, milling), forming and shaping
processes (e.g. abrasion, bending, rolling, wire drawing) and casting (Kalpakjian 1995). The choice of
appropriate fabrication method depends on the material to be processed and the desired specifications
(dimension sizes, dimensional tolerances, surface finish, smallest feature size, component temporal
loading profile) of the component of interest. This thesis utilizes fs laser ablation as a novel means to
fabricate micron-sized features in porous collagen scaffolds.

Over the past twenty years several novel laser-based manufacturing technologies have emerged
including additive manufacturing (e.g. 3D printing) and laser ablation. Such processes utilize lasers in
order to progressively remove (e.g. by ablation) or add (e.g. photopolymerization) material. Such laser-
based manufacturing processes can provide high-performance in terms of precision and repeatability

and in terms of the nature of materials that can be processed.

Regardless of the manufacturing process chosen to fabricate a component (sometimes a cascade of
processes is required), modern manufacturing systems utilize computer-driven machine tools to

improve repeatability and precision. Computer-numerical-controlled (CNC) machine tools utilize
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computer-controlled motors that define the position/orientation of the stage (where the sample is held)
or the tool (used to add or remove material). In CNC machine tools, motor motion is accurately
controlled using closed-loop control systems in order to track specific paths. These paths are usually
generated automatically based on 3D drawings of the component to be fabricated.

Figure 3.1.1-1 shows the pipeline utilized in contemporary manufacturing processes in order to
convert ideas into a final component. This pipeline is common for both material removal
manufacturing processes (e.g. milling) and additive manufacturing processes (e.g. 3D printing). The
first step is the design of the component to be manufactured. This design process is highly problem-
specific and its outcome depends on several constraints including budget, time and resources. A
Computer-Aided Drawing (CAD) software is utilized to describe the geometry of the component in
3D space. CAD drawings are then processed by a Computer-Aided Manufacturing (CAM) software
that generate low-level instructions that define the operation of CNC machine tools. The appropriate
CAM tool depends strongly on the manufacturing process. Finally, the low-level instructions generated

by the CAM software are loaded into a CNC machine tool and implement the manufacturing process
that provides the final part.

CNC q
CAD CAM manufact Final
uring Part

Figure 3.1.1-1: Contemporary manufacturing pipeline for turning an idea into reality. Initially, CAD

software is used to develop a 3D representation of a desired part/component. The CAD file is then
processed by a CAM software that generates the elementary instructions that define the motion of the
specific computer numerical controlled (CNC) machine tool that will manufacture the part. The
instruction sequence generated by CAM software controls the CNC machine tool during the

manufacturing process in order to provide the final part.

While the pipeline described in Figure 3.1.1-2 is valid for both material removal processes and
additive manufacturing processes, there are some key differences. CAM tools for material removal
processes consider in detail the configuration of the machine tool and the initial dimensions of the raw

material in order to generate 3D paths for the part and the cutting tool. CAM tools for additive
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manufacturing convert a 3D object into multiple thin layers to be print layer-by-layer. In each layer,

the path of the printing head is 2D.

Each material removal processes can be divided into three steps: first, high-feed machining
removes large volumes at low precision. Then, a series of cutting "passes” removes progressively
material and provides a component close to final desired shape. Finally, a low-speed finishing stage
ensures high-precision machining and provides a component that meets the desired specifications on
dimensional accuracy and surface quality. During an additive manufacturing processes, the volume to
be printed at each layer is divided into the outside contour (that defines the outer surface of the

component) and the inner part.

CNC Fabrication Final Part
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Figure 3.1.1-2: In the case of a conventional machining process for the manufacture of a turbine, the
CAM code controls the movement of the cutter to cut the wings of the turbine. In the case of 3D
printing, the CAM program separates the object into several thin layers and creates the orbits that add
the material. In the case of PCS microfabrication, the process is a combination of the two as a CAM
tool for 3D printing was used to control a material removal process. In particular, after designing the
component to be fabricated in a CAD program, the same program is used to determine the volume of
the PCS to be cut. (This volume is entered into the Cura program which creates the laser tracks

(respectively the stage) needed to make the cut.)
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3.1.2. Fabrication Pipeline of Laser PCS Microfabrication

Laser microfabrication of PCS has several similarities and differences to contemporary material
removal manufacturing methods and additive manufacturing methods. Laser microfabrication of PCS,
just like conventional material removal processes (e.g. milling), generates the desired component by
progressive material removal from an initial raw part. The 3-phase procedure (rough machining, main
machining, finishing) utilized widely in metal machining can also be applied in laser microfabrication
of PCS. However, a major difference of PCS laser ablation is that it can remove material from either
PCS surface or inside a PCS. In contrast, material removal in conventional manufacturing processes
takes place only in the component surface. Furthermore, during conventional material removal there
is application of large mechanical forces into the piece, necessitating the tight mounting of the piece
in the machine tool. In contrast, PCS ablation does not induce large forces to the piece, therefore
mounting can be much more gentle and distortion-free. Compared to laser ablation in general,
femtosecond laser ablation of PCS can achieve high beam accuracy and minimal thermal damage to
the surrounding sample. Finally, several conventional material removal processes (e.g. milling) could
not be applied to PCS (or several kinds of biomaterials in general) due to several reasons including

sterility issues and poor machinability of scaffolds.

The specific pipeline utilized in this thesis for implementing 3D fs laser microfabrication of PCS
is shown in Figure 3.1.2-1. The parts to be fabricated are designed in a CAD software (see section
3.2). A CAD drawing of the initial raw material is utilized to generate the volume that is to be removed
by ablation. This volume is then processed in Cura, a free CAM software for 3D printing (Section 3.3).
Curaslices the ablation volume into thin slices and generates the stage trajectories required to conduct
the cut. The G code generated by Cura is loaded into a custom-written software (Andreas Lemonis,
IESL-FORTH) that interprets G code commands into a series of simple motions of the stage where the
sample is mounted during fabrication. The same software also controls the laser beam shutter. The
user needs to mount the sample carefully on the stage [Section 3.4], define the coordinate system axis

and start the ablation process.
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From Design To Reality

Figure 3.1.2-1 : PCS 3D fabrication. From the main idea of an object to the reality. A draw with a
CAD software. This CAD model saved as STL file. STL file is opened in a slicing software which
configures cutting settings and slice the object into layers with proper properties- settings. Each layer
is made to a desired thickness and infill percentage, and then the layers are fused, one on top of the
other, to form a full 3D shape from the 2D layers. In the next step file convert into a G-Code file and
opened from the computer system on laser experimental setup and read as x-y-z stage movement. The

ablation begins and PCS fabricate in this final 3D structures, giving figures with very good accuracy.

3.2.  Computer Aided Design (CAD)

Based on the desired application and biological knowledge, the end-user of the microfabricated
PCS needs to design a digital 3D representation of the object. Modern Computer Aided Design (CAD)
software tools can be utilized to create digital descriptions of components of arbitrary complexity.
CAD tools include complex packages utilized in engineering design such as Solidworks (Dassault
Systemes), Creo Elements (PTC), Inventor (Autodesk), AutoCAD (Autodesk) or simple publicly
available tools such as Sketch-up (Last Software, Google). Alternatively, it is possible to design 3D
objects using software utilized in the field of computer graphics and animation, such as rhinoceros
(Robert McNeel & Associates) and Maya (Autodesk). Modern CAD packages enables engineers,
architects, game developers or animation specialists to easily generate complex 3D objects via various

tools, including the generation of 3D features (e.g. extrusions, holes etc).

Microfabrication of complex 3D objects and features in PCS requires a 3D representation of both
the final desired “product” as well as an approximate 3D representation of the initial PCS sample
volume. Since 3D microfabrication is a material removal fabrication process, the CAD designs can be

saved in various file formats. Each CAD software package can save CAD drawings of parts or
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assembled parts using its own proprietary format (e.g. prt for ProEngineer, sldprt for Solidworks) or
using universally-utilized open formats such as STL and IGES. Different CAD formats differ in the
way they describe 3D objects. For example, an STL file describes the surface geometry of a three-
dimensional object in the form of a series of triangulated surfaces. Furthermore, when a CAD drawing
is produced in order to drive a fabrication process, the format chosen should be compatible with
downstream computer-aided manufacturing (CAM) software tools, see section 3.3. Most CAM
software packages can import and process universally-utilized CAD formats such as the STL file
format. Therefore, in this thesis any CAD drawings generated were eventually saved as STLL files.

3.3.  Computer-Aided Manufacturing (CAM)

Computer-Aided Manufacturing (CAM) refers to software tools that generate software commands
that drive a computer-controlled machine tool (e.g. a milling machine, a lathe) in order to machine a
specific component. The sequence of commands generated by CAM software, usually written in a
specific programming language called G-code, drive computer-numerical control (CNC) machine
tools, i.e. machine tools that operate based on closed-loop axis motion (in contract to manual machine

tools, where the human operator drives each axis manually).

In this thesis, the components of interest were saved as STL files and processed by Cura, a free 3D
printing CAM software. Cura performs two main tasks. First, it slices the 3D object into a series of
layers. Such a “slicer” chops up a 3D model into many 2D layers (each one having a finite thickness).
Second, for each layer, the program calculates the required path of the 3D printer head that will drive
the 3D printer leading to printing the object of interest layer-by-layer. Cura is normally utilized for 3D
printing, a manufacturing process where material is added progressively. However, in this thesis Cura
was utilized to generate the paths (for each plane provided by the slicer) where laser ablation takes
place in order to fabricate a specific component, i.e. a material removal process. Cura allows the user
to perform several auxiliary tasks (object viewing and editing, scale object. locate object within printer
space, highlight printer limits) and select settings (e.g. layer thickness, height, width and other
properties, location of print start) given the 3D printer available. Table 3 shows the key parameters of
Cura software, its meaning, and the values of each parameter utilized in this thesis. Based on these
parameters, Cura slices the 3D volume to be removed into several thin layers (the number of layers

depends on the object height and the value of parameter Layer Height Figure 3.1.2-1.
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Figure 3.1.2-1 : Cura slices the 3D volume to be removed into several thin layers

Parameter Meaning Value utilized
Layer 0 On the top of the surface See the sample in the plane
Layer n Inside the material See the sample in the plane

Distance between subsequent layers. This

Layer Height parameter should be chosen smaller than 7, S0 pm
Initial Layer Height The first value (beginning) 1um
Line Width The width of the line (laser beam width) 10 um
Wall Line Width The width of the limits around 100 pum
Infill Line Width Limits around fill 0.1 mm
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0.1 mm
Wall Thickness Thickness of limits around

Infill Density Density — thickness 50%

o ] The distance between line to line (the value
Infill Line Density _ 0.01 mm
of this space)

[0, 0] or [0, 90, 45, 40, ....]
Infill Line Directions | The angle of writing — scanning direction

Table 3.1.2-1 : Key parameters of the Cura CAM software, the meaning of each parameter in terms

of a layer-by-layer fabrication process, and the values utilized in this thesis.

3.4. Sample Mounting

For high-precision manufacturing, it is very important that samples are stabilized well during XYZ
stage movement. In each stage move, the PCS sample receives forces that induce its motion. These
forces can adversely influence the cutting procedure. In this reason, samples of PCS are stabilized on
the top of the stage with two ways. Samples were stuck using double-sided tape (Melca Double Sided
Tape) on a Plain Glass Microscope Slides. Glass placed using double-side tape on the top of the
surface. This stabilized the samples during the movement. In this case, after microfabrication, PCS
samples can removed from the tape using a cutting knife and a tweezers, a procedure than can cause
significant damage to the PCS sample. An alternative way is to stabilize samples on the top of a pipette
tip (of 200ul volume). The tip stuck with double-side tape on stage. In this way the PCS sample can
be reused with minimum lesions. After placed on the stage, the irradiation begins. These samples can

be used later for biological application.

In 3D microfabrication only thick PCS were used because of their size (=2 mm). Thick PCS are

stabilized on the top of the stage with two ways. PCS samples stuck on the top of double-sided tape
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and placed on the movement stage. In this case, if samples must be used, they can be remove of the
tape with a cutting knife and a tweezers. This may cause several damage of the structures. To avoid
this the second way is to stabilize samples on the top of a pipette tip (of 200ul volume). In this way
sample can be reuse with the minimum lesions. The top of the pipette tip was cut and stuck on the top
of double-sided tape. All together were placed on the stage and the irradiation begins. These samples
can be used later for biological application. In the case of 3D microfabrication the ununiformed of
surface considered into final CAD design in order no flatten was needed before the experiment. First
dimensions of the removal material design and then dimensions of the desirable object inside the
material. In this way laser beam will remove the PCS (with the brown color of Figure 3.1.2-1) and

will leave the object (with blue color of the Figure 3.1.2-1).

Removal material
(thick PCS)

Remain object

Figure 3.1.2-1 : CAD design of Aztac Pyramid. Brown color shows material that will be remove via
laser ablation of thick PCS. Blue color shows the remaining object after the cutting ablation process.

The result of this ablation is shown by SEM image.

In 3D laser microfabrication experiments laser power had been P = 40 mW and stage velocity was
U =5 mm/s. These parameters were chosen in order to minimize fabrication duration. However, laser
microfabrication can be significantly improved by optimizing both P and U during the fabrication
process. As the mean laser power decreases, the size of the ablated volume decreases too [Section 2.2],
providing structures of better accuracy. Alterations of stage velocity U will affect the processing time.
The pros if this technique is the ability to have structures and object with the minimum size and the
best accuracy with the less processing time, by changing the laser power. After the proper set of Power

and stage velocity (depend on the aim), laser beam focusing on the top of the surface with a CCD
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camera, the point referenced with the “’set ref”” button as z=Oum as explained in Chapter 2 2.3.3. and

the ablation begins.

3.5. Experimental Results

Several 2D and 3D objects were fabricated using PCS microfabrication. 2D objects were fabricated
in both thin and thick PCS. 3D objects were fabricated only in thick PCS.

3.5.1. 2D figures on thin and thick PCS

Various 2D objects were designed in CAD software and fabricated on the top surface of thin or
thick PCS in order to verify the limitations of PCS microfabrication and provide scaffolds to be used
for cell experiments on specific cell functions. Complicated objects used in order to study the radial
resolution limitation and accuracy Figure 3.5.1-1 on thin PCS. Microfabrication utilized mean laser
power P in range 10 to 30 mW and stage velocity U = 2 mm/s. Images of the obtained structures were

obtained via brightfield microscopy or SEM.

910um
Thin PCS in device

L o O
Final figure on the top thin PCS 2D CAD figure 2D CAD figure Final figure on the top thin PCS
t . 785(7)um - .
640um

2D CAD figure Final figure on the top thin PCS

Figure 3.5.1-1 : Different 2D figures on the top of the surface of thin PCS. Device with thin PCS
fabricated with 2D CAD design figures and gave the final structure with best accuracy. Power of these
process was 20mW and stage velocity 2mm/s. Final structures photograph with a camera from a simply

stereoscope microscopy.

The main idea for thick PCS were for future implants and fabricate structures that may can be used

in many biological application. Results of these structures are in the figure below Figure 3.5.1-2.
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Final figure on the top thick PCS

Thick PCS

15kV X27

Magnification

2D CAD figure ok i

Final figure on the top thick PCS

Figure 3.5.1-2: Different 2D figures on the top of the surface of thick PCS. Thick PCS fabricated with
2D CAD design figures and gave the final structure with best accuracy. Power of these process was

20mW and stage velocity 5mm/s. Final images from SEM.

Not only CAD program can be used but any black and white image can be used to computer
program and transport to x-y stage movement during the ablation procedure. To demonstrate this
capability, a photo of Prof. I. Yannas was utilized as a complex 2D object to be fabricated.
Transportation of black and white images to x-y stage movement, gave accurate results in both thin
and thick PCS, see Figure 3.5.1-3. The image of interest was fabricated on the PCS surface with high
accuracy providing clear structures. In dependence of the cell experiment and study effect, the

appropriate condition of ablation-fabrication have been used in any case.
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Figure 3.5.1-3 : Black — White picture can be used to computer program as a complex 2D object to be
fabricated. An example of Professor Yannas photo. (A) Black white transportation into laser ablation
on (B) thin PCS and (C) thick PCS.
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Chapter 4: When Biology Met Microfabrication

This chapter emphasis potential biological applications of laser microfabricated PCS as a means
towards manipulating cells fates. Focusing on the effect of topography on cells outgrowth with an early
observation Section 4.1 provides an introduction on how microfabrication effect on cell function.
Section 4.2 describes cell types utilized. Sections 4.3 and 4.4 provide the processing methods and

results of experiments.

4.1. Introduction

A major challenge of tissue engineering and regenerative medicine is to mimick the complex
cellular organizations and functions of native tissues. [43] The in vivo extracellular environment of
cells, features both biochemical and physical cues, to which cells respond by initiating various
intracellular processes [44]. Several studies suggest that matrix topography can affect cellular
morphology, orientation and key cellular functions such as adhesion, proliferation, migration and
differentiation [45]. Laser microfabrication via ablation enables precise surface patterning at the
cellular and the subcellular scale to control cells functions of interest. Such surfaces have been widely

used as cell culture platforms for the in vitro study of cellular responses on topographical cues [5].

4.1.1. 3D microfabrication of collagen as a means towards the manipulation

of cell fate

Collagen has been widely investigated for use in nerve regeneration. It has been used in a variety
of biomedical fields such as drug delivery carriers, surgical threads, bone healing material and wound
dressing [46]. Even though type | collagen is not a principal component of the extracellular matrix
(ECM) of the central nervous system, it can support the growth and differentiation of neurons in vitro
and has been applied as a gel scaffold in vivo. Collagen | can also inhibit glial proliferation and thus
may decrease glial scar post-spinal cord injury (SCI) [47] [48]. In peripheral nerve regeneration
experiments, collagen implants have facilitated regeneration of severed axons to the level of nerve auto

graft. Spilker et al., found that collagen tubes implanted across a gap defect in a rat spinal cord reduced
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the density of collagenous scar and aligned the reparative tissue with the long axis of the spinal cord
[16].

4.2.  Cells types

4.2.1. Cell culture

4211 C2C12Cell Line

C2C12 cell line is an immortal skeletal myoblasts line originated from thigh muscle satellite cells
of female C3H mouse donor (Yaffe and Saxel, 1977; Blau et al., 1985). Proliferation of C2C12 occurs
in growth medium that contains 20% fetal bovine serum (FBS). Under appropriate culture conditions
(insulin supplementation, low serum) C2C12 cells differentiate into myocytes. Here, C2C12 were
differentiated into myocytes using a medium that contains ITS (insulin-transferrin-selecium) medium
supplement. Specifically, 100x ITS (Thermo fisher scientific 41400045) contains 1.0 mg/ml
recombinant human insulin, 0.55 mg/ml human transferrin (substantially iron-free), and 0.5 pg/ml
sodium selenite. Switching to differentiation media initiated C2C12 myogenesis 24-48h later, whereas
fusion into myotubes takes 4-6 days. When 80% confluence is reached, AraC (1000X) is added to
eliminate the differentiation process. The following day, medium is switched into differentiation
medium (DMEM/h-g, 1% FBS, Eagle’s medium nonessential amino acids, 0.25 mg/ml G418,
Penicillin/Streptomycin, ITS). Medium is replaced every 2-3 days. Cells can be dissociated Trypsin or
Accutase.

Figure 4.2.1-1: C2C12 culture. (A) Undifferentiated cell culture day 2. (B) Differentiated cell culture

(visible myotubes). Images acquired by a 10X lens from a single microscopy.
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421.2. NSC34 Cell culture and Differentiation:

Mouse Motor Neuron-Like Hybrid cell line (NSC34) is a hybrid cell line, produced by fusion of
motor neuron enriched, embryonic mouse spinal cord cells with mouse neuroblastoma [49]. NSC34
cell line is used mainly to investigate pathophysiological mechanisms of motor neuron diseases like
ALS. NSC34 cultures contain two distinct cell populations: 1) small, undifferentiated, highly
proliferating cells and 2) larger, multi-nucleate motor-neuron like cells. NSC34 cells available at the
IMBB-FORTH Neural Tissue Engineering Lab were a kind gift of Prof. P. Shaw (Sheffield Institute
of Translational Neuroscience, U.K.). NSC34 cells are grown in proliferation medium (High-glucose
DMEM, 10% FBS, 0.25 mg/ml G418, penicillin and streptomycin) until reaching 80% confluence.
Then, AraC (1000x) is added to eliminate highly proliferating cells. The following day, medium is
switched into differentiation medium (DMEM/F12, 1% FBS, Eagle’s medium nonessential amino
acids, 0.25 mg/ml G418, Penicillin/Streptomycin). Differentiation medium is replaced every 2-3 days.
NSC34 cells can be dissociated by gentle pipetting. Dissociation of adherent cells does not require

any dissociation reagent such as Trypsin.

Figure 4.2.1-2: NSC34 culture. (A) Undifferentiated cell culture day 2. (B) Differentiated cell culture

(visible neuronal axons). Images acquired by a 10X lens from a single microscopy.

4.2.1.3.  Spheroid cell formation

It is important to design a system to co-culture different kinds of cells on the same scaffold, which
allows the populations to interact, but also be easily distinguished. Consequently, the idea was to

generate spheroids of one of the two populations, allowing easy separation, while supporting the 3D
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interactions within the cell sphere in different positions inside the scaffold. Cell spheres were generated
by the hanging droplet method [50]. Briefly, cells were counted and suspended in 20% methyl-
cellulose and 80% cell medium. For NSC34 sphere preparation, NSC34 proliferation medium was
used. For C2C12 spheroid preparation, either C2C1 growth or differentiation medium were used
depending on the type utilized C2C12. Each 25 ul droplet contained approximately 1000 cells.
Droplets were placed on the lid of petri dishes. The dish was filled with 10 ml dH20O. Spheres were

harvested next day and seeded into collagen scaffolds (protocol provided by G.Ziakas and O.Sarlidou).

4.2.2. Sample preparation

Cell co-cultures were performed inside thin or thick PCS. Both samples were sterilized before
experiment by UV illumination for 30 minutes inside a biohood. After cell seeding, thick PCS were
placed inside wells of a 96 well plate. Three types of cultures were examined: 1) single cell culture of
differentiated C2C12 cells and differentiated NSC34 cells, 2) co-culture of differentiated C2C12 cells
and NSC34 spheres, and 3) co-culture of differentiated C2C12 spheres and differentiated NSC34

spheres.

4.2.3. Cell Labeling

After four days of culture, C2C12 and NCS34 cells were stained with Calcein AM (Thermo fisher
scientific C3100MP) to label live cells. The staining process realised after cells seeding on the
scaffolds. In some experiments, C2C12 cells, stained before detachment from the growing substrate
(Nunc™ Delta dish), with CellTracker™ Orange CMRA Dye (Thermo fisher scientific C34551) and
thus excided red fluorescence. Specifically, in both cases, medium was removed from the dish and
cells were rinsed once with PBS. Then, 2.5 ul dye was added in a 100ul serum-free buffer and added
to the culture. After a 30 min incubation at 37°C, cells were washed two times with PBS. Finally, the
PBS was replaced with fresh prewarmed media and 3 pg/ml Hoechst33342 nucleic acid counterstain
stain (Thermo fisher scientific H1399) (blue fluorescence when bound to dsDNA) was added before
imaging. Cell imaging was performed using the Operetta fluorescence microscopy system (IMBB-
FORTH).
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4.3. Method and Results

4.3.1. The effect of topography on cells outgrowth

Experiments were conducted in order to show that laser fabricated structures can control critical
cellular phenotypes, such as their directionality, cell-cell and matrix-cell interactions, either in
coagulation or singularity. In case of implants, thick PCS can be used in complex shapes to observe
cell-cell interaction. Also thin PCS were used to study different in vitro biological aspects Figure
4.3.1-1.

Implants

15kV X27 500pm

20kV X50  500pm UoC o X80 500um

In vitro devices

Figure 4.3.1-1: Different complex shapes according to the needs of the application. In case of implants

thick PCS can be used. Also thin PCS in device can be used to study different in vitro biological aspects

Initially, laser microfabrication was utilized to fabricate lines on the surface of PCS and study their
effect on cell directivity and outgrowth. Lines fabricated mainly to thin PCS Figure 4.3.1-2 in order
to observe the directivity of C2C12 cells. Differentiated C2C12 cells in concentration of 5000-6000
cells per well were seeded to thin PCS in the device as single cells in 100 ul C2C12 differentiation
medium. Right after the C2C12 culture on Day 2, differentiated NSC34 cells (8000 cells per well,
100ul) were seeded in the same scaffold and the medium was switched to NSC34 differentiation
medium supplemented with ITS. Cells were co-cultured approximately for 4 days to one week,
depending on the experiment.
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(B)

Figure 4.3.1-2: Thin PCS device: effect of angle of lines, width and distance between lines on cell’s

directivity and outgrowth

After 4 days of C2C12 cell culture, it was observed that cells were oriented around the structures
following the direction of the features fabricated on PCS. C2C12 cells follow the microfabricated lines
along their direction Figure 4.3.1-3. The important observation of cells in this experiment was also

the fact that they liked the environment on these structures and they stay alive during the procedure.
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Figure 4.3.1-3: Effect of lines on cell directivity. After 4 days of C2C12 cell culture, it was observed
that cells follow the microfabricated lines along their direction

Not only lines were fabricated but by constructing suitable wells and channels, we try to check the
placement of cells inside the wells and the interaction between cells of the same or different type cells
in co-culture Figure 4.3.1-4. We estimate that by changing the distance of the wells or even their size
and shape, cell behavior changes. We placed targeted differentiated C2C12 spheres (5000 cells per
sphere) and differentiated NSC34 spheres (8000 cells per sphere) into specific microfabricated wells
of diameter 200 to 800 um range. An amount of 10ul of total solution (cells and C2C12 dif. Medium)
was targeted seeded into wells and channels.

Figure 4.3.1-4: suitable wells and channels on thick PCS can be fabricate to check the placement of

cells inside the wells and the interaction between cells of the same or different type cells in co-culture.
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4.4. Discussion

Using the control of microfabrication we can take advantage of control cell directivity and
interaction between different cell types. We can use this technology with porous collagen scaffolds
and make structures for injures like optical nerve injury or spinal cord injury. Also making structures
inside the material such as tunnel we can fabricate a system that may help in angiogenesis. One of the
main features of vascular network is the delivery of all cells in tissue with sufficient nutrients.
According the literature all cells in a tissue lie within 200um from a vasculature. This is considered a
general limit of diffusion of oxygen and nutrients into a vascular. In the case of PCS, the material is
porosity and at the same time we can fabricate it in the micro scale of the order of 200 less and more
[51]. To minimize vascular pressure, it is required that the vascular network be organized in the form
of a tree where the larger pieces will be branched into smaller ones. An example of a vascular
organization structure illustrate in Figure 4.3.1-1. OCT angiography in high-resolution images shows
the outer retinal vasculature. This image with CAD program fabricated on the top of the surface of thin
PCS. Endothelial cells will seed in the future. In order for the vascular implant to be easily associated
with the vascular system of the patient, the vascular structures should have a diameter of up to 100 in
accordance with the literature. Studies have shown that 20um channel can positively support

endothelial cells and succeed in making lateral vascular [52].
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Figure 4.3.1-1: Example for a future angiogenesis model. (A) OCT angiography in high-resolution

images shows the outer retinal vasculature. (B) This image with CAD program fabricated on the top
of the surface of thin PCS.
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Chapter 5: Conclusions and Future Work

5.1. Conclusions

This thesis belongs to the broad framework of bioengineering, the field that combines engineering,
biology and physics to develop advanced methods that can promote both basic research and biomedical
applications. In order to overcome the limitations of PCS fabrication via lyophilisation, a new process
has been developed in this work, which can result in PCS of more complex shape and structure. This
is achieved by using an ultrafast pulsed laser to remove material. In particular, fs laser was used
because it has been shown that they can cut materials with high precision causing less thermal stress.
Specifically, this thesis developed a new PCS microfabrication method using fs laser. It can provide a
new biomaterial platform that will enable new cell culture devices, new implants and new tools for
basic research cell studies. Based on simple Gaussian beam theory, it was estimated that the optical
parameters influence the size of the ablated volume, assuming that the cut takes place in the volume
where the light intensity exceeds a limit characteristic of the material. And | > Ith. Theoretical models
of radial and axonal resolution show that cutting in the axial direction depends greatly on both optical
and intensity of light. As laser mean power increases, the volume that is removed increases as the cut
takes place more deeply away from the PCS surface. Conversely, the radial dimension of the cutting
volume does not depend so significantly on our optics or power. Initially, the PCS were used to
estimate the minimum intensity of the laser and noticed that for 1 mW power there is no ablation.
Instead, ablation was observed for a power of 3 mW. Based on this measurement it was estimated that
the light intensity threshold that causes cutting is just below 0.5 mW / um?. We also found that a
prerequisite for the PCS system is to precede an initial cut which flattens its surface, which is initially
curved. Experiments of radial resolution show that as the power of the laser increases from 10 to 40
mW, the diameter of the cutting increases from 10 to 17 um. These results are consistent with the
analytical model estimates that the radius of cutting in the radial direction depends, but not drastically,
on the power of the laser. About the process effect (movement speed of the stage) during processing,
show that did not significantly affect the radial dimension of the cut. It was observed that initially as
the plane focusing the laser approaches and enters the material, the depth of the volume removed
increases proportionally. However, after a region the cutting depth stabilizes. Finally, when Laser
focuses on a given depth range within the material, the ablated volume is located in the inner part of
the PCS. There is no cut in the surface just inside and tunnels form. In most experiments laser power

was chosen at mW. To estimate the axial cutting radius, it was considered that the point at which
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saturation region appear, the depth of the removed volume equals approximately 2 axial cutting beams.
Thus, for 40 mW laser power, the axial cutting radius was estimated as 295 + 17 um. The same
experiment was repeated for laser power 10, 20 and 30 mW and the corresponding axial cutting radius
was evaluated as 235 £ 19 um, 153 + 25 um and 60 + 18 pm respectively. Experimental results show
that the square of the axial cutting beam is well described as a linear function of the power of the laser,
in accordance with the simple mathematical model of a Gaussian beam. It was also estimated that the
minimum laser power for cutting is slightly above 1 mW, in agreement with experimental findings.
Finally, complex shapes according to the needs of the application can be fabricate with very good
accuracy on the top of the surface and inside as well of the scaffold. In the final part of this thesis some
simple biological experiments demonstrated that laser microfabricated structures on PCS can control
critical cellular phenotypes, such as cell directionality, cell-cell and matrix-cell interactions, either in
co-culture or singularity. Initially, creating line microstructures on the surface of PCS, it was observed
that after 4 days of C2C12 muscle cell culture, the cells are oriented around the structures following
the direction of the structures. An important observation is also the fact that our cells are impinging on
these structures. By constructing suitable wells and channels, and specifically deep wells that can
connected to each other by channels, we can check the placement of cells in topography and the
interaction between cells of the same or different kind in co-culture. By changing the distance of the

wells or even their size and shape, the behavior of the cells changes. Spheres cells can be used also.

5.2.  Future Work

Future work can focus on optimizing the code that controls laser ablation. Biological experiments
have to accomplish in order to study better the effect of microfabricated structures on cell directivity.
Better mathematical model could be helpful in better explaining how optical parameters control PCS
ablation and the limits of this manufacturing process. One idea is to consider light absorption and
scattering by the PCS.

The developed technology for PCS laser microfabrication can provides structures inside PCS such
as tunnel to break down an integrated system that may help in angiogenesis. Laser PCS
microfabrication can construct complex structures both on the surface and on the inside of the material.
In particular, internal structures such as tunnel can be used to create vascular systems, allowing the
creation of pre-vascular implants adapted to the patient, a major challenge in regenerative medicineWe

have to overcome a lot but one step once.
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