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Introduction

Here we present results of our experimental workréate periodic micro-structures in
polymers by using interference lithography (IL) Hid their photo-modification by photo-
grafting [2]. Interference lithography is a powerfachnique which allows fabrication of
periodic micro-structures over a large area bynglsilaser exposure. This technique is
based on the recording of the interference pati@to a photosensitive material.
Interference lithography technique enables falinga2D and 3D periodic structures which
can be used as functional devices in many fieldstgnics (photonics crystals [3]), tissue
engineering (scaffolds for cell growth [4]), micliaidics [5], micro-optics (micro-lens
arrays [6]), sensors [7], etc.

Other technique demonstrated in this work is plgradting. Photo-grafting is a method
utilizing light activation for covalent incorporati of functional molecules to a polymer
surface or polymer matrix. It has been widely aguplas a simple and versatile method for

tailoring physical-chemical properties of variousfaces.

Relevance

At present, thanks to modern high technologiesritexest in periodic micro-structures
has significantly increased, due to their potentgbplications in various fields
(telecommunications [8], photonics, tissue engimggr micro-optics, etc.). By the
formation of periodic micro-structures suitable fowvariety of practical applications, it is
desirable that exterior dimensions of the fabridastructures should be at least on a
millimeter scale and their internal architecturegimmeters or nanometers scale) can be
easily controlled. Some technologies (direct lasdting based on photo-polymerization
(DLW) [4], 3D printing [9]) allows the fabricationf desired micro-structures with high
internal architecture control but only in a limitadea and at low fabrication speed. Other
technologies (such as solvent casting and partelgaching [10], phase separation [11] or
gas foaming [12] methods) enable quite fast foromatf micro-structures in a large area
quite quickly but with poor internal geometry camir Meanwhile, the interference

lithography is distinguished hyoth: fast fabrication of micro-structures in aglararea and
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high internal architecture control. Interferencthdgraphy technique is promising and
attractive for mass fabrication of periodic strwesl due to minimal chemical post-
processing, high productivity and does not reqakpensive and energy consuming high-
vacuum or ultraclean environments or special maBks.using this technique a rapid
manufacturing of different periodic structures suwh pillars, micro-tube or micro-lens
arrays with different periods or more complex peitomicro-structures such as photonic
crystals [13] or C-shape structures [14] is possilheap micro-lens or micro-tube arrays
are highly relevant in the modern technology fovedlepment of various integrated micro-
optical or sensors systems and by managementidfdiuigas flow at a microscopic level.
Another interesting topic for application of theripéic micro-structures is tissue
engineering. The loss or failure of an organ @uisis one of the most severe human health
problems. Tissue or organ transplantation is adstahtherapy to treat these patients, but
this is severely limited by a donor shortage. Othailable therapies to treat these patients -
surgical reconstruction (e.g. heart), drug thergpyg. insulin for a malfunctioning
pancreas), synthetic prostheses (e.g. polymericuasprostheses) and mechanical devices
(e.g. kidney dialysers) - are not limited by suppdyt they do not replace all functions of a
lost organ or tissue and often fail in the longrefissue engineering has emerged as a
promising approach to treat the loss or malfunctadna tissue or organ without the
limitations of current therapies [15]. The majoeadof tissue engineering is to create an
artificial extracellular matrix (ECM) of biocomphate and biodegradable materials and seed
on it the stem cells taken from the patient in otdeproduce a new tissue or organ, which
can be transplanted back to the patient. The oreath artificial ECM imitating the natural
extracellular matrix is a complex process that lsanmealized only by uniting knowledge of
chemistry, biology, physics, engineering and matersciences knowledge. In order to
understand the cell behavior at the microscopiellévis important to create the highly
reproducible micro-structures with easily contrbl&a internal parameters. Interference
lithography satisfies these criteria and in additidhe fabrication of periodic micro-
structures by this technique is fast. However cteation of artificial ECM close to natural

extracellular matrix it is not enough to creatdgeée-dimensional highly porous structure of



biodegradable and biocompatible material. It hagylbeen recognized the importance of
incorporating biomimetic signals within artificiahatrices [16]. In natural tissues, cells
recognize and attach to a specific amino acid semse in extracellular-matrix protein
molecules via integrins [17] which are activated bytaching ligands (molecules
transmitting biosignals). The immobilization of digds or other types of biomolecules in
any desired place of artificial ECM would enablentzolling the cell behavior. This idea
can be realized by photo-grafting technique. Plgoédting technique allows mimicking the
ECM components and studying cell behavior — suchdieesion, spreading, migration, or

differentiation — in response to the grafted molesand patterns.

The scientific tasks of this work

The main aim of this work was to develop the foioratechnique of periodic micro-
structures by interference lithography in photogemspolymeric materials, experimentally
investigate possibilities and limitations of the theadl, and to create micro-structures
suitable for practical applications.

To achieve this aim, the following tasks were perfed:

1. Estimate the limits of the geometrical propertieghe periodic micro-structures
fabricated by interference lithography, arisingnfrahe finite size of the
experimental set-up;

2. Compare the efficiency of the micro-structures if@ddron by the interference
lithography with other photo-polymerization techumeg: direct laser writing and
optical vortex writing;

3. Investigate the influence of the laser processim@meters on the shape of the
micro-structures fabricated by interference littaqay;

4. Fabricate micro-structures by interference lithpgrsain the larger area than the
area of the beams overlapping;

5. Investigate the possibilities of the micro-struesirphoto-modification by

photo-grafting technique.



Novelty and importance

For the first time, the possibility to form micrabte arrays by using interference
lithography was demonstrated and the control ofg@metrical parameters of micro-lenses
fabricated by interference lithography and manitdp the laser irradiation dose was
investigated in depth. The possibility to immolelithe newly synthesized aromatic azides
molecules in PEG matrix by photo-grafting techniquas also demonstrated and the
copper(l)-catalyzed azide—alkyne cycloaddition (@A chemical reaction by using azide
“MegaStokes dye 673" was realized, in order to stivgvcapability to combine the photo-
grafting technique with “click” chemistry.

A part of the experiments made in this work hayeagtical value, since the interference
lithography allows fast and effective fabricatioh micro-structures suitable for different

applications.

Statements to be defended

1. The shape of the micro-structures fabricated bgriatence lithography depends on the
used laser irradiation dose, laser wavelength, gghpslarization, the angle between
interfering beams and the number of the interfedagms, and their rigidity - mainly on
the used laser irradiation dose.

2. The fabrication time of micro-tube array manufaetuiby interference lithography is
lower compared to other methods based on the idtion polymerization: direct laser
writing and optical vortex writing.

3. The top of the micro-pillars fabricated by the fdagam interference lithography and
single-photon polymerization acquires the shap¢hefsphere part due to a different
local degree of the cross-linking and shrinkagéha each central and side parts of the
micro-pillars.

4. The fluoroaryl azides AFA and AFA-3 are immobilized PEG-based matrix by two-
photon absorption by using photo-grafting techniguel 800 nm wavelength of the

laser.
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Summary of doctoral thesis

Doctoral thesis contains 7 chapters.

Chapter 1. Literature survey
In this chapter, the basics of the interferencho@iraphy and the photo-grafting

techniques are reviewed. The interference phenoraadaphoto-polymerization principle
are discussed. Other fabrication methods of peariodgicro-structures such as direct laser
writing based on photo-polymerization, UV lithoghgp soft lithography and stereo-
lithography were reviewed. An overview of applicais of periodic structures in such fields
as photonics, micro-optics, micro-fluidics, therdeatricity and tissue engineering was also

provided.

Chapter 2. Materials and experimental techniques
Here, the experimental setups and materials usddisnwork are described and the

limits of the smallest and largest periods of pdidomicro-structures of the interference
lithography experimental setup are discussed. beretical smallest period which can be
fabricated by interference lithography is equaf békhe used laser wavelength (diffraction
limit).

In the experiments two different experimental setuere used (Fig. 1). In Fig. 1la the
interference lithography experimental setup, whodmsists of a femtosecond Yb:KGW
laser (Pharos, Light Conversion) generating ~ 25@t@ilses at 1030 nm (fundamental
harmonic) and 515 nm (second harmonic) with thalierepetition rate from 1 to 600 kHz
and the maximum average power of ~6 W (fundamemaamonic) and ~ 3 W (second
harmonic), a beam expander, a diffractive optitainent (DOE) with 1.4 deg (fundamental

harmonic) and 0.7 deg (second harmonic) separamgte between beams (Holo-Or Ltd.)
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which splits the laser beam into four identical mea diaphragm (D) which blocks
undesirable higher order diffracted beams and ®visds (L1 and L2) system, is shown.
Samples were mounted on an XY positioning systerarqech Inc.). The fabrication
routine was controlled by the SCA software pack@§eechna). The commercial hybrid
organic-inorganic Zr-containing negative photoresi§Z2080 (chemical formula
C,H15SiZrQ,) [18] (FORTH, Greece) with the photo-initiator 4bds(dimethylamino)-
benzophenone (BIS) concentration by w. t. equal0fs% (in the second harmonic
experiments) and 2% (in the fundamental harmonpeerments) was used. This material
was chosen due to its low shrinkage, mechanichllgyaand possibility to photosensitize it
optimally for the used irradiation. The theoretisalallest period of this experimental setup
Is approximately equal to the wavelength of thedulsser (~ 515 nm — second harmonic

and 1030 nm fundamental harmonic).

Diaphragm

------- 1st order diffraction
" n
Mirror Pharos" laser ravinum [
Wavelength 1030 nm
Pulse duration ~ 250 fs
Max. aver. power~6W | & | ___ |

T Telescope

0 order diffraction

. "Femtotrain" laser
maximum

Wavelength 800 nm
Pulse duration ~ 80 fs
Max. aver. power ~ 0.5W

Focal length (F,)

Lens (L1)
Aromatic azide

Microscope olecules in DMF

objective ™

Diaphragm

Lens (L2)
Photo-polymer.

7Foca1 length (Fz)
- Glass

PEG-DA pellet soaked
in solutionof aromatic
azide molecules in DMF

Light lmobilized aromatic
azide molecules

a) b)
Fig. 1. The experimental setups used in this work: ayfetence lithography setup; b) photo-grafting
setup.

In Fig. 1b the photo-grafting experimental setughiok consists of a Ti:sapphire
femtosecond laser (High Q, Femtotrain) emittingspal with the duration of 80 fs at a
73 MHz repetition rate of around 793 nm, the 20xnwscope objective (Zeiss, NA = 0.8)
focusing the laser beam into the sample, an aceymstoal modulator used for fast

switching of the laser beam and for adjusting ensity, is shown. The photo-grafting
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patterns were obtained by scanning t

(0]
focused laser beam within the sample by f N@
NJ N, 3 \N N/\
galvo-scanner (HurryScan, ScanLab). T FF @

. a) b)
CCD camera enabled online proce FF
- . . N@w -
monitoring. In photo-grafting experiment )¢ NN
three types of aromatic azides molecules w c)
used (Fig. 2). Fig. 2. Aromatic azides molecules used in the

photo-grafting experiments: a) BAC-M; b)
The samples in the photo-graftin AFA;c) AFA-3.

experiments were prepared from poly(ethylene glyd@crylate (PEGDA, average MO0,
Sigma Aldrich) and DMF mixture (ratio 50:50) witlddition of 1 wt.% of the photo-
initiator Irgacure819 (Ciba Specialty Chemicals.)nThe resulting formulation was photo-
polymerized with UV light for 5 min (Intelliray 6Q0in silicone molds (diameter 6 mm,
thickness 1 mm). The photo-polymerized materialepeiwvere soaked in DMF solution for
at least 1 week, with the solvent being exchanged oegular basis, in order to remove a
residual monomer and a photo-initiator. For laséotp-grafting, the samples were
immersed into the solution of BAC-M, AFA or AFA-B8 DMF.

Chapter 3. The shape control of the micro-structure fabricated by
interference lithography
In this chapter, the possibility to control the glaof micro-structures fabricated by

interference lithography (IL) is described. Theshaf fabricated periodic micro-structures
by IL can be controlled by changing the angle betwenterfering beams and laser
processing parameters (irradiation dose, used wagti, phase and polarization of
interfering beams).

The shape of structures fabricated by IL dependshenintensity distribution of the
interference field. By using IL it is possible tabficate only periodic structures. The period
of structures fabricated by IL depends on the argveen interfering beams and the
wavelength of used beamsi(sing).

By fabricating periodical structures besides tipeiriod, the shape of pillars and the free

space between the pillars (for example cell grovatt® also important. This space can be
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controlled by using a different laser wavelengthm@naging the laser irradiation dose (the
product of the exposure time and the average [asger).

Structures  fabricatec
using different wave-
lengths (fundamental an
second harmonics of thi

a

laser) are compared i

‘ Y ! p ! —— 9
10kV X350 50um © X350 50um

Fig. 3. The structures
Fig. 3.Micro-structures fabricated in SZ2080 by usingtte® second
harmonic (515 nm), the average laser power - 27Q i/ repetition
rate - 100 kHz, the peak pulse intensity ~ 4.3 GWff/a¢he exposure
time - 5's and BIS concentration of 0.5 % by wb}.the fundamental
have thicker pillars thar harmonic (1030 nm), the average laser power - 70Q the repetition

rate - 5 kHz, the peak pulse intensity ~ 0.22 TW/cemposure time -
by using the fundamenta 5 min and BIS concentration of 2% by w. t.. SEMagas of the

. . structures are tilted by 34 deg.
harmonic (1030 nm) (Fig. Y J

3) despite the fact that the laser irradiation WaS times larger, the pulse energy was 51

fabricated by using the se

cond harmonic (515 nm]

times higher and the concentration of the phottaitar was 4 times higher in experiments
with the fundamental harmonic compared with theosdcharmonic. The reason for this
effect is that the absorption of the used matef®@£2080 with photo-initiator 4,4'-
bis(dimethylamino)benzophenone (BIS) in a solidegtat 515 nm (second laser harmonic)
is about 20 % and at 1030 nm (fundamental harmdhi)used material is transparent. It
means that by using the fundamental and second dmics) the photo-polymerization
process is initiated by different absorption med$ras (single-photon — second harmonic,
multi-photon — fundamental harmonic).

Micro-structures fabricated by the four-beam irgezhce with a different exposure time
by using the second harmonic (515 nm) and the sanmeage power (~ 230 mW) are shown
in Fig. 4. When the exposure time is too short €).and the irradiation dose is close to the
value where photo-polymerization process startsot@polymerization threshold), the
fabricated structures are too weak and they dosootive the development process and
collapse due to capillary forces (Fig. 4a) [19]. iBgreasing the laser irradiation dose, the

photo-modification regions (blue area in Fig. 4)ldhe polymer chain length also increase
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and the structures due to a higher cror-

linking degree become stronger and they ¢
survive the development process (Fig. 4b, 1
exposure time - 0.55s). The increased la
irradiation  dose initiates the photc
polymerization reactions over a larger are
and when photo-modified regions are clo
to each other, the radical diffusion from ot
photo-modified area to the other area sta
In this way the array of each othe
overlapping micro-pillars is fabricated (Fic
4c).

The shape of the fabricated period
structure can also be managed by chang
the phase or the polarization of interferir
beams. The theoretically calculated fou
beam interference pattern when the phase
two opposite interfering beams is shifted |
3/8r in respect to the other two beams
shown in Fig. 5a. In Fig. 5b the structu
fabricated by the interference lithograpt
technique using the two-beam phase shift

depicted. This phase difference results in L.

PAt At=t

Th-fe-- e

a)

PAt At=t,

Fig. 4. Micro-structures fabricated in SZ2080
with BIS concentration of 0.5 % by w. t. by the
four-beam interference technique with different
laser exposure times: aF0.1s; b) £0.5s; ¢)
t=1s. On the right side the cross-section  of
intensity distribution of the interference pattésn
shown. The blue regions are photo-modified
areas; the red solid line is the periodic laser
intensity distribution; Th — the threshold of the
polymerization; d - the diameter of photo-
modified area; x-— the transverse spatial
coordinate; Rt — the laser irradiation dose. The
laser processing parameters of the fabricated
structures on the right side are: 515 nm,
~ 230 mW, 100 kHz, ~ 33 GW/cnthe period of
interference pattern - 2/5m. SEM images of the
structures are tilted by 34 d

appearance of the additional intensity maxima. Waximum surrounded by four initial

maxima is weaker, but its intensity is still suiict to initiate the polymerization process.

In addition to the weak maximum (small pillar),dsnbetween all pillars are polymerized,

which makes the structure stable even when sepidirat® a substrate (free-standing).

By adding the fifth central beam (zero order) tarfadentical symmetrically located

beams, the interference intensity distribution grattbecomes three-dimensional [20]. The
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periodicity of this pattern in
all directions depends on 4
the angle between inter-§ (2)
fering beams [20]. When * 2
the angle between inter-

fering beams is smaller than -6-4-20
X, pm

10 deg, then the periodicity

in z direction is more than Fig. 5.a) Theoretically calculated interference patterrfooir beams
when the phase of two opposite beams is shifted3Myr; b)

10 times larger than in X or Fabricated periodic structure in SZ2080 with thegehshift equal to
. . . . 3/8 m. Structure was fabricated by using such laser gasiog
y directions. By increasing parameters: the wavelength - 515 nm, the averageme 165 mW,
h the repetition rate - 100 kHz, the peak pulse isitgn ~
24 GW/cni, the exposure time — 1's. SEM image of the stracisi

central beam, the modu-tilted by 34 deg.

the intensity of the fift

lation of every second interference maximum is aiseeasing (Fig. 6).

The fabricated structure:

. . —1n
in SZ2080 photo-polymer - —w
with the five-beam inter- .
ference pattern (Fig. 6) ar ®
shown in Fig. 7. The ; ;
structures were fabricater -100 50 0 50 100" 0000 S0 0 s0 100
X, Hm X, pm
with the same laser proce
a) b)

ssing parameters only th Fig. 6.a) The five-beam interference pattern in x-y plamen z=0;
b) The intensity distribution in the cross-sectiginen four beams are

thickness of the photo- identical and the fifth beam in the center (zerdeoy has 1, 2 and 7

times lower intensity than other four beams. Theiode of

polymer in this case Wa: jyerference pattern — 30m.

different: in Fig. 7a)

~ 25um and in Fig. 7b) ~ 6Qm. As can be seen from Fig. 7 in this case the 2tBlxtures
were fabricated instead of 3D because the pertydidia five-beam interference pattern in
z direction under used experimental conditions.&53nm) was larger than the thickness of
the used photo-polymer. Since every second maximithe used five-beam interference

pattern is lower, the diameter of every secondi¢abed pillar is also smaller (Fig. 7a). The
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pillars fabricated using the HOO IS e b » , » A
lower intensity in the thi- » @& & @& & & & & ‘ ‘ ‘ ;
nner photo-polymer were e @ . o e ® ¢ ‘ i ‘ J
strong enough to survive: 2: :::; tl ‘ “ l‘ 4
the development proces ) g @& T EEL ‘ l &

and they were almos ¢ @ i @onG & o o 8 1 - -

Fig. 7. Structures fabricated by the five beam interfeeepattern when
four beams are identical and the fifth beam in d¢beter (zero order)
fabricated using a highe has 7 times lower intensity than other four bearits the average laser
power of ~ 400 mW, the repetition rate - 5 kHz; pleak pulse intensity
intensity. The  pillars ~ 0.13 TWicr; the photo-initiator BIS concentration of 2 % by
. . the exposure time - 25s and the wavelength - Dd3Gat different
fabricated using a lowel thickness of photo-polymer: (a) ~ 28n, (b) ~ 60um. SEM images of
the structures are tilted by 34 deg.

twice thinner than pillars

intensity in the thicker
photo-polymer were not able to survive the develepinprocess and only pillars fabricated
using a higher intensity remained. In this case ghdod of the fabricated structure is
doubled without any intensity decrease in the beaenlapping area. In the normal way (by
changing focal lengths of lenses), the intensitthe beam overlapping area decreases four
times by increasing the period twice (by doublihg period). Therefore, the double-period
effect can be used especially in the multi-photalymerization process when high

intensities are required.

Chapter 4. Fabrication of micro-tube arrays by intaference
lithography and comparison with direct laser writing and optical
vortex writing methods

In this section, the fabrication of micro-tube ggdy using three different methods of

direct laser polymerization techniques - direcefasriting (DLW), optical vortex writing
(OVW) and interference lithography (IL) - is considd and compared.

Micro-tubes via DLW technique were fabricated byralpscanning (step along z axis
was 0.003um) with the laser beam of the Gaussian distributiontie photosensitive
material (Fig. 8a). The intensity, applied to thbrfcation of micro-tubes, was 0.85 TW/im
and the sample translation velocity was equal toni/s. The example of the fabricated

micro-tube array via DLW is depicted in Fig. 8b.
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Fig. 8.a) On the left — the Gaussian beam intensityitigion used by the DLW technique; on the right
— the Gaussian beam profile; b) Micro-tube arrayritated using DLW method (tilted 34 deg). Laser
pulse energy - 0.25 nJ, pulse repetition rate -2 c) on the left — optical vortex beam (topatad)
chargem = 10) intensity distribution; on the right — thertex beam profile; d) SEM image of free
standing micro-tube fabricated using the OVW metlfoited by 45 deg); e) on the left - intensity
distribution as a product of the interference afrfmlentical beams; on the right — calculated cEsion

of intensity distribution of four identical beamseérference in the interfering area; f) Micro-tudoeay
fabricated using the IL method with the laser pssgey parameters: average power ~ 300 mW,; pulse
energy - 60 pJ; repetition rate — 5 kHz; exposine t 1 min. SEM image of the structures is tilyd34
deg.

Optical vortices for fabrication of micro-tubes wegenerated by using a S-waveplate
which distorts the wavefront so that it becomedchel Light intensity at the center of

vortex is always zero and the phase is undefinbd.iftensity distribution in the generated

18



optical vortex beam with the topological charge= 10 is shown in Fig. 8c. The aspheric
lens f=6 mm was used to focus the optical vortex beamenkity distribution in the
focused optical vortex beam remains ring shaped.site of the ring dark core depends on
the topological charge. The laser pulse energyckiasen in such a way that only the inner
ring had intensity above the photo-polymerizatioreshold.

Free standing micro-tubes inside the photosensitigterial were fabricated by moving
a focal plane of the optical vortex with the tratisin velocity of 1 mm/s in z direction only.
The fabricated micro-tube is shown in Fig. 8d. Hegght of the micro-tube depended on
the scanning distance along z axis. The surfacghmess of the fabricated micro-tube was
affected by the irregularity in the OVW beam intgnsdistribution and helical wavefront.

Array of micro-tubes was fabricated via interfereniithography by recording the
intensity distribution of four beams interferend¢ag( 8e) and rotating the sample with a
fixed radius using high energy pulses (~8). The example of micro-tubes fabricated by
rotating the sample with radius of 10 um and traish velocity of 1 mm/s is shown in Fig.
8f. The diameter of fabricated micro-tubes was &0 |t should be possible to form arrays

of micro-tubes with a different diameter by chogsihe radius of rotation.

Table 1. Comparison of the fabrication time between akémethods when the height of micro-tubes is
60 um and the inner radius —3n.

Fabrication time of one sing | Fabrication time of mici-tube array
micro-tube, s containing 400 micro-tubes, s
DLW 30 ~12012 (200 mir
OVW 0.0¢€ ~ 36
IL 0.075 ~30

The comparison of the fabrication time betweentktiree fabrication methods is shown
in table 1. As seen from the table 1, the longaisti€ation time of one micro-tube with the
60 um height and the gm inner radius is for the DLW method (30 s) andetitoy the
OVW and IL methods is comparable, 0.06 s and 0)#&spectively. The OVW method
allows fabrication of one single micro-tube witle tBOum height and the @m inner radius
which is about 500 times faster than the DLW metaod 1.25 times faster than by the IL
method.

The fabrication time of one single micro-tube bg th method was estimated despite the
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fact that a micro-tube array by the IL method ibrieated by a single laser exposure. It
means that the fabrication of a micro-tube arrayth®y IL method does not take time for
sample translation while in the DLW and OVW methdds inevitable. Therefore, in the
fabrication time of the micro-tube array by DLW a@¥/W methods sample translation
time between two tubes should be estimated. Inrgétlee fabrication time of the micro-
tube array by DLW and OVW methods can be expreased

tarray=M (tubettiransiation (1)
wheret,,yis the fabrication time of the micro-tube array DyW or OVW method;M is
the size of arraytype is the fabrication time of a single micro-tube bYW or OVW
method tyansiationlS the translation time between two micro-tubes.

When the translation velocity and period betweenrostubes are 1 mm/s and gt
and the size of the array is 400, the fabricatioretof the micro-tube array by the OVW
method increases by about 40 % due to the samgoslation time. Then the IL method
becomes more efficient than other methods. In dase the fabrication of the array
containing 400 micro-tubes with the fath height and the 3um inner radius by the IL
method is 400 times faster than by DLW and 1.2efastan by the OVW method. The time
estimated for the fabrication of the Gth height and the 8m inner radius micro-tube array

containing 400 micro-tubes by different methodshewn in table 1.

Chapter 5. The fabrication of micro-lens array by nterference
lithography
Here, rapid fabrication of the micro-lens arrayibtierference lithography is presented
and the possibility of their geometrical parametentrol by changing the laser irradiation
dose, the photo-polymer thickness and the periodtensity distribution is demonstrated.
By using four-beam interference pattern and thiotpipolymer thickness (< 20m) it
is possible to fabricate micro-structures the farirwhich is similar to that of micro-lens
(Fig. 9a). The fabricated micro-lenses demonstradocusing ability and the possibility of

imaging objects (Fig. 9b). In Fig. 9b the imagdhe CPST logo pattern taken by the lenses

manufactured by IL technique is shown.
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The micro-pillars
array formed by four
beam interference li-
thography get the

form of micro-lens

due to several rea [igi4 4 P “enycuts | e e
sons: Fig. 9. a) Micro-lens array fabricated by interferencedghaphy technique.
Process parameters: laser wavelength — 515 nm,agevetaser power
1) the micro-pi- ~530 mW, repetition rate — 10 kHz, exposure timé min. The distance

. between micro-lenses - 9Bn. SEM image of the structure is tilted by 34
llars begin to Qrow geq.: b) Image of the CPST logo pattern taken bydhses shown in a).

from the bottom despite the fact that the polymleains are formed within the whole
volume of the light affected photo-polymer (Fig.e)0The observed experimental results
allows us to make an assumption that the polymameshunattached to the substrate are
washed out by the development process;

2) the photo-po-

Monomer

lymerization rate of Photo-initiator
Photo-polymer—yp

A Micro-lens

e Pd -
g

Short-chain
polymers
Oligomers

the polymer chains

a
attached to the Four-beam interference )
intensity distribution =%

substrate is higher ir

the higher intensity Lightaffeaedarea“

b) Pol hai
. . ymer chain

area Rp ~\/_|) [21]_ Radicals generation E : formation
It means that the ) d) TR dicals diffusic

central part of micro- Fig. 10. The principle of micro-lens formation process hytéchnique: a)
illar i . f sample before laser processing; b) the sampleiatiad by interference
prlar 1s growing 1as-: fe|q: c) the initiation of radicals generation; gdlymer chain formation and
ter than the side part rad_lcgls dlffusm_n; e) polymer chain gfowth; f) futnte_d micro-structure and
their inner state; g) micro-lens formation duehte shrinkage of material and

and will grow taller; = the gravity impact.

3) the central part of the micro-pillars is strongeart the side parts due to four-beam
interference intensity distribution. In the centgart of micro-pillars where a higher
intensity was used the longer polymer chains werméd. In the side parts of the micro-

pillars where a lower intensity was used the shqrtdymer chains were formed (Fig. 10f).
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Longer polymer chains can get tangled up in ealsranore than shorter polymer chains. It
means that they “stick” together better and forgr@ater number of chemical bonds with
each other (have a higher cross-linking degreehigher degree of cross-linking in the
central part than in the sides parts of the midlaspdetermines the higher rigidity of the
central part of the micro-pillar [19]. For this sem the side parts of the micro-pillar due to
the gravity slump more than the central part;

4) After the development process micro-pillars starshrink, the stronger part (central)
of the micro-pillars shrinks less than weaker gside) [22].

All the above mentioned reasons determine thatap@f the micro-pillars fabricated by
IL technique forms part of the sphere (Fig. 10d)e Tnicro-lenses fabrication by IL was
observed only in the case of the linear absorptiomon-linear absorption experiments the
fabricated micro-pillars had sharp sides and tf@im was not similar to the shape of the
micro-lenses.

The fabricated micro-lenses were characterizedsnygua scanning electron microscope
(SEM) “JEOL JSM-6490LV”, the surface profiler “Delld¢ 150+”, an atomic force
microscope (AFM) “Veeco Dimension Edge” and an agdti microscope “Nikon
Eclipse LV100”. These devices allow the determmratiof the geometrical parameters
(height, diameter and radius) of the fabricatedrmlenses, the evaluation of their surface
roughness and the demonstration of the imagingilpbsss. The measured surface
roughness of fabricated micro-lenses is ~ 4 nns, liéss thari/10 wheni > 400 nm. This
value of the surface roughness is comparable Wwihsurface quality of the micro-lenses
fabricated by other methods [23].

The example of micro-lenses fabricated with a défife laser irradiation dose is shown in
Fig. 11. The micro-lenses depicted in Fig. 11 wateicated by using the same exposure
time (30 s) and a different average laser powet7G-mW, ~ 630 mW and ~ 930 mW). All
micro-lenses depicted in SEM pictures were formredhe center of the interference area
(where the intensity is highest).

As seen from Fig. 11 the micro-lenses shape camd®ged by manipulating the laser

irradiation dose during the lenses fabrication pssc
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Fig. 11 Micro-lenses fabricated by interference lithognaply using the same exposure time (30 s) and
different laser average power: a) ~470 mW, b) 6 @3 and c) ~ 930 mW. The distance between
micro-lenses is ~ 6(Am. Laser processing parameters are: wavelength5-nBi repetition rate -
100 kHz. SEM images of the structures are tilte@éyeg.

The alteration of the

micro-lenses diameter ove
the interference area b
changing the laser irradi

ation dose is shown in Fig

i — 20—
12. In x axis the number o 3o o 6 1o 20 B R SR
micro-lenses fabricated b Micro-lens number Micro-lens number
' a) b)

a single laser exposure i Fig. 12The alteration of micro-lenses diameter over therfarence
area: a) using different laser exposure times: (laxk squares), 15 s
presented. The numbers fC (yeq circles), 30 s (blue triangles) and the samerame laser power
(~ 630 mW); b) using different average laser powdi® mW (black
squares), 630 mW (red circles), 930 mW (blue tiesigand the same

such order: the micro-len: laser exposure time (30 s).

fabricated in the center of the interference amgangmber 0. To the left from this micro-

micro-lenses were given it

lens, the numbers of micro-lenses were decreasimgta the right — increasing. Such

numeration allows comparing the diameters of mlerses fabricated by a single laser
exposure and a different laser irradiation dosebse the count of micro-lenses fabricated
by a different laser irradiation dose is different.

As seen from Fig. 12, the diameter of fabricatedrailenses by a single laser exposure
depends on both laser irradiation dose paramdterdaser exposure and the average laser
power. It is also seen that the diameters of mienses fabricated by a single laser exposure
are not equal. The diameter of micro-lenses incérger of the interference area is larger
than on the side of the area because the envefapeensity distribution during the micro-

lenses fabrication process in the interference isr&aussian (Fig. 8e).
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In Fig. 12a it is shown that the diameters of mienoses fabricated with exposure times
of 15s and 30 s are almost equal (the differemasmore than 5 %). In this way the
diameters of micro-lenses are saturated becaupbatib-initiators in the light affected area
are activated and used in photo-polymerization ggeclt means that no more new radicals
are generated even if the light is still irradigtithe sample. The diameter of micro-lenses
can still slightly increased by using higher-enepgyses (Fig. 12b) but it can not be larger
than the period of interference intensity distribnt

The diameter of micro-lenses fabricated by interee lithography depends on the
density of radicals generated during the laser sxyo The density of radicalsgenerated
by femtosecond laser pulses in a single photonrpbsno case by analogy with two-photon

absorption [3] can be calculated by solving a sewplte equation:

P _y_ 2
ot (po p)alN (2)

where p - is the density of radicals,- is time, p, - is the primary initiator particle density,
o, - Is the effective single-photon cross-sectiontfe generation of radical$y - is the

photon flux.

In eq. (2) the diffusion of the generated radicatsl their loss due to reactions with
oxygen or others radicals are not taken into acdcoun

The absorbed power into a volume unit can be writte

dl
a dz
whereq — is the absorbed irradiation into a volume un#,is the laser intensitg,— is the
longitudinal coordinatey — is the linear absorption coefficient.
In the linear absorption case it is possible ta@wake the intensity of the transmitted

light through the sample as eq. (3) with boundargdition 1 (z=0)=1,, has a solution,

known as the Beer-Lambert law:

1(z) =1, (4)
herel,-o— is the value of the intensity of the incidemadiation.

For low absorbing material’ ~1- 5,5 << 1, then eq. (4) can be rewritten:
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1(2)=1, 6~ 1, 4(1-a2) ()
The transmission spectrum at 515 nm wavelengtlo(gebarmonic of the used laser) of

the material SZ2080 (used in the micro-lens falinod is about 80 % when the thickness

of the sample - 1mm. It means that the -coefficiait the materials absorp-

tiona =-1/zInT= 2.2 cm*. Since in micro-lens formation experiments thekhéess of the

sample was ~ 20m or ez~ 0.0044 << 1, then it was possible to use eq.l{(3heans that
the power absorbed into the volume unit does watdhte in all the thickness of the sample
and depends only on the transverse coordinate:
a(x) = a 1(x) (6)
It is logical to assume that the energy densifyraportional to the absorbed photon flow
multiplied by the effective single-photon crossts®cfor the generation of radicals:
qoco;N (7)

Then, by using (6) and (7) equations, radical ghogg. (2) can be rewritten as follows:

op(X
P a1y~ p() 19 ®)
This differential equation has a solution, whichsai#es the density of radicals
generated at some moment of the laser irradiation:
p(X) = p, [1— exp(-al kY, frept)] 9)
herer, — is the laser pulse duratidp,— is the laser repetition rates is the exposure time.

The photon flux modulated in the space in a folarbénterference case can be written:

| (x)=1,cos (%xj (10)

herel(x) - is intensity distribution function in a four-e interference case,- is the peak

intensity of the interference maximum; is the transverse coordinate, - is the period of
the interference intensity modulation.
By inserting eq. (10) into eq. (9), the fluctuatioh radicals density initiated by four

beam interference at the some montaftthe laser irradiation can be expressed as:
X) = p,| 1-exg —al, cod LXJT f i (11)
p(X) Po{ F{ 0 [\/EA P pﬂ
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Since the resin is polymerized as soon as thecpariensity of radicalp exceeds a
certain minimum concentration (threshold valyg), hence it is possible to make an
assumption that the diameter of micro-lens fabeidaby interference lithography)(is
equal to an area where the density of radicalseslcéhe threshold of the polymerization

(p(X)=py,) and can be expressed as:

d= 224 arcco (ET (12)

whereC = 1 In( Po J
an frep Po~ P

Eq. (12) theoretically

describes the dependenc
of the diameter of micro-
lenses fabricated by four
beam interference litho-

graphy on the peak inten

sity of the interference 0,1 02 03 04 05 0,0 0,1 02 03 04 05
_ I, GW/em® [, GW/cm
maximum and the lase
a) b)
exposure time. Fig. 13. The dependence of the micro-lens diameter (a) aighh(b)

. | on the peak interference maximum intensity by usiifferent laser
The theoretically calcu exposure times: 10s (black), 15s (red), 30 sefbluheoretically

lated dependence of th calculated (lines) and measured (poil
micro-lens diameter by eq. (12) on the peak interfee maximum intensity with different
exposure times fits to the experimentally measunenlo-lens diameters values (Fig. 13a).
The laser irradiation dose influences not onlydfaneter of fabricated micro-lenses but
the height as well. The alteration of the microskes height over the interference area by
changing the laser irradiation dose is shown in g The numeration of the micro-lenses
in Fig. 14 is the same as in Fig. 12.
As seen from Fig. 14, the height of micro-lenseshm central part of the interference
area is higher than in the side part of the interfee area (due to higher intensity in the

central part). The height of fabricated micro-lense increasing by increasing the laser
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exposure time (Fig. 14a’

‘ 22
18 1 ] ]
or the average laser pc e 3 %g
wer (Fig. 14b). ] ‘ 16:
(Fig ) | : 14 £ 14]
When the laser irra- = '21 f 121
101 1
diation dose is high (in N 2'

6 T T T r T 4 T T T T T
our case the exposur 20 -0 0 10 20 20 -10 0 10 20
time of 30s and the Mlcm-‘er;S number ero-lex;)s)number
a

average laser power @ Fig. 14. The alteration of micro-lenses height over therifi@rence area:

630 MW or 930 mW), a_) using different Iaser_exposure times: 10 s lsguares), 15s (red
circles), 30s (blue triangles) and the same aeeréaper power

the height of micro- (~630mW); b) using different average laser powe®0 mW (black
squares), 630 mW (red circles), 930 mW (blue tilesigand the same
lenses reaches the sat laser exposure time (30 s).

ration in the central part of the interference afidee saturation of the micro-lenses height is
determined by the photo-polymer thickness, thecedddiffusion and the polymerization
rate.

The dependence of the micro-lens height on the p#akference maximum intensity

with different exposure times is shown in Fig. 133 seen from Fig. 13b, the height of
micro-lenses is proportional to the square of thakpintensity kf ~ \/E). It is means that

the growth of micro-lenses determines the polyna¢ion rate R,) because it is also
proportional to the square of the peak intensift:[2
Kk

R = \/Z”_K\/@a[ A lzy /[2(/?0) )2]

wherek, - is the rate constant for chain reaction propgagak; - is the rate constant for

(13)

chain reaction termination® - is the quantum yield for radical generation,,i.the
probability that an excited photo-initiator will\g rise to a radicalg - is the single photon
cross section of the initiatorA] - is the concentration of the photo-initiatgre - is the
photon energyl - is the light intensityy, - is the pulse duratior, - is the laser repetition
rate.

Since the micro-lens array in the experiments vaasi¢dated by a single laser exposure

and in the same sample, so it means that only areameter describing the polymerization
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rate was varying during the fabrication procedse-geak pulse intensity of the interference

maximum. Hence, it is possible to make the assumgpthat the height of micro-lenses
fabricated by interference lithography is propartibto the polymerization rat&(~ \/E ).

One of the most important parameter of micro-lensea radius of curvature. This
parameter can be controlled by manipulating therlasadiation dose. The alteration of the
micro-lenses radius of curvature over the interfeesarea by changing the laser irradiation
dose is shown in Fig. 15.

As seen from Fig. 15,

100 — . : : : 120
when the laser exposur 1 1007
. . 801
time is shorter (10 s ol E g0

=1
15s) and the averag g o2 40]
laser power is lower 23'
. : o—— ]
(~ 470 mW), the radius 20 -10 0 10 20 20 -10 0 10 20
) Micro-lens number Micro-lens number

of curvature is betweer ) b)

20pum and 3Qum and it Fig. 15. The alteration of micro-lenses radius of curvatorer the

. . interference area: a) using different laser exmodimes: 10 s (black
is almost equal in all the squares), 15s (red circles), 30 s (blue triangtes) the same average
. laser power (~630 mW); b) using different averdgser powers:

interference area. Whel 470 mW (black squares), 630 mW (red circles), 930 (blue triangles)

the laser exposure tim( and the same laser exposure time (30 s).

is 30 s and the average laser power ~ 630 mW @09V, the radius of curvature of
micro-lens is increasing 5 times in the central pathe interference area. This increase is
related to the saturation of the height of the pyiens.

The shape of micro-lenses can also be controlleddiyg a different thickness of the
photo-polymer. The geometrical parameters of fabeid micro-lenses in the different
photo-polymer thickness are presented in Fig. 16.séen from Fig. 16 the diameters of
fabricated micro-lenses are equal and only thehteigre different and they depend on the
thickness of the photo-polymer. The curvature afdius is larger for the micro-lenses
fabricated in the thinner layer of the photo-polyme

Another opportunity to manage the geometrical patamns of micro-lenses during the

fabrication process by interference lithographtoisise a different period of the interference
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intensity distribution.
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Fig. 16. The alteration of micro-lenses height (a), diaméby and radius of curvature (c) over the
interference area when micro-lenses were fabridayetie single laser exposure in photo-polymerraye
with two different thicknessegblack squares ~ 2m, red circles ~ 20m) and with the same laser
irradiation dose (930 mW and 30 s).

Chapter 6. The fabrication of scaffolds by interfeence lithography

In this chapter, the scaffolds fabricated from dited poly(ethylene glycol) (PEG-
DA-258) over a large area by interference lithogsafechnique are presented. The example
of fabricated scaffold by IL is shown in Fig. 17a.

A rabbit myogenic
stem cells suspension we
prepared and seeded on
each prepared PEG-DA
258 scaffold. The PEG. "t%+

DA scaffolds fabricated 0w X : p A e

by interference lithogra- Fig. 17.a) Stitched area of micro-structures fabricateinflPEG-DA-

258 by IL with the exposure time of 15s and theerage laser

phy showed good cyto: power ~ 540 mW (peak pulse intensity ~ 13 GWicrtaser dose

o | ~8.1J); b) SEM images of structures fabricatexmfrPEG-DA-258
compatibility for rabbit with rabbit myogenic stem cells grown for four days

myogenic stem cells. It was observed that adubitahuscle-derived myogenic stem cells
grew onto PEG-DA scaffolds (Fig. 17b). They wernaehed to the pillars and formed cell-
cell interactions. It demonstrates that the faleidastructures have potential to be an
interconnection channel network for cell-to-celieiractions, flow transport of nutrients and

metabolic waste as well as vascular capillary iogh. Apart from the fundamental
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requirements of an adequate pore size, surfacgeharughness, hydrophobicity, etc., pore
interconnectivity also plays a key role in the sealiteraction with scaffolds. Insufficient
interconnectivity in biodegradable hydrophobic pogrs has been shown as a limiting

factor in cell colonization and new tissue formatjg@4].

In our study it has messmmmesnmas
", e’ s ¢ o YIS R e
been observed that th s
proliferation of the rabbit g
-

myogenic stem cells de

pends on the period of th
fabricated PEG-DA-258

500 um 500 um

scaffold. From Fig. 18 it Fig. 18. SEM images of scaffolds fabricated from PEG-DA-2&ith

was observed that th rabbit myogenic stem cells grown for two days: ajiqgd 30um; b)
period 90um.

larger number of stem

cells was on the scaffolds with a smaller perioldede results can be explained so that the
space between the pillars of scaffolds with a sengleriod is smaller than the cells size
(from 20um to 60um) and it allows the cells to attach the pillarstloé scaffolds more

easily.

Chapter 7. Photo-modification of the polymeric structures by photo-
grafting technique

Here, novel fluoroaryl azides photo-grafting compdsi (AFA and AFA-3) were
synthesized and their processing windows and spasalutions of immobilization on a
PEG-based matrix were compared with the commeyceailable azide BAC-M. The
ability of the immobilized AFA-3 molecule to joiryd-functionalized molecules containing
“clickable” azide moieties via CUAAC “click” chematreaction was also demonstrated.

Chemical reactions of an immobilization proces®&\BA and AFA-3 molecules on PEG
based matrix by photo-grafting process are showfign19a and Fig. 22a. These chemical
reactions are analogous to the chemical reactibB&G-M photo-grafting process on PEG

based matrix (Fig. 19b). As seen from these chdmeazctions, the focused laser beam
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induces photolysis of

¢

o)
the azides which cause R F oo S ot

. - NSF WO LN: 'NQN@N: i '(}'NH'Q"N-@-N

the dissociation of the Pee o FF

3 AFA imobilized on
N—N bond fl‘0m the O} PEG-based matrix
excited singlet state 2

%
followed by the genera- o o oo § AP
- - o T g Y
tion of nitrogen and ™~ Ny N SN Ng PEG o o

S BAC-M imobilized on
. . BAC-M o ! :
highly reactive elec- y  PRGDasedmatix

b)
tron-deficient nitrene Fig. 19.Photolysis of aryl azides (AFA (a) and BAC-M (bpllbwed by
species. The short-live( insertion reactions within the PEG sample.
nitrene intermediate is directly immobilized on tREG network by insertion into a C-H
bond. This single-step process is universal, sihds applicable to a wide variety of
matrices containing C—H or N—H bonds.

The grafted patterns were produced by a set otadjdine scans at a distance of (it
with a different average laser power (50 mW - 350/ ,istep 50 mW) and scanning velocity
(5 mm/s — 555 mm/s, step 50 mm/s). In the vertioadction a step of im (total 7 slices)
was used. After the grafting procedure, the samptee placed in DMF in order to remove
the residual BAC-M, AFA or AFA-3 molecules. Rapidabloration of the pellet indicated
the successful removal of possible residuals frovm ¢ample. The fluorescence of the
patterned samples was analyzed by laser scanniogpsoopy (LSM700 ZEN software,
Carl-Zeiss) at the excitation wavelength of 555 nm.

The results of the experiments of the processingdews of the aromatic azides
immobilization are shown in Fig. 20. As seen froig. 20, the immobilization processing
window of AFA is broader than that of AFA-3 or BA@- It means that the AFA molecule
can be photo-grafted on PEG-based matrix with setowtensity and at a higher writing
speed. The reason for it is that AFA has the highbsorption at the 800 nm wavelength.
The photo-grafting process for AFA and AFA-3 mollesuis initiated via two-photon
absorption and for BAC-M - via three-photon absomt However, the observed

fluorescence intensities of grafted patterns of BGit high laser intensities and a low
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scanning speed are higher than those of AFA wehidientical parameters. This difference
can be explained by the photo-grafting productBAC-M, which contain the ketocyanine
chromophore with strong fluorescence [25]. It sdodde noted that the levels of
immobilization can be spatially controlled by simg@lltering the irradiation exposure time
or laser intensity during the photo-patterning pss; as demonstrated in Fig. 20. Such
controlled 3D spatial gradients cannot be generaégdonventional photo-lithographic
methods. The ability to produce biochemical andni@ohanical gradients in 3D is

important to numerous biotechnology applicatiorgy.[2

5 105 205 305 405 505v, mm/s

Fig. 20. An array of multi-photon grafted patterns produe¢dhe different scanning speed and average
laser power: a) AFA, b) AFA-3 and c) BAC-M. The kchar is 50Qum.

The achievable resolution fo AFA AFA-3
AFA, AFA-3 and BAC-M pa-

tterns produced with fixed graf

BAC-M

ting parameters (the averac

u
%)
(=]

laser power of 350 mW an

Intensity, a. u.

laser scanning speed of 5 mm/ e

X, Hm

and molar concentration o 2

azides molecules (14 mmol/L Fig. 21. Comparison of achievable resolution; the distance
) between lines is: (a, b) 48n for AFA, AFA-3 and (c) 4.5um
was also compared (Fig. 21).  for BAC-M. The scale bar is pm.

was evaluated that the width of single lines preduby using the above mentioned laser
power and scanning parameters was arounduéhSor BAC-M and around 4.fm and
3.6um for AFA and AFA-3, respectively. The resolvalyiliof lines is confirmed by the
corresponding fluorescence intensity distributiéh.a smaller distance the separate lines
could not be distinguished. BAC-M shows a betteatigi resolution than AFA or AFA-3.
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Since the immobilization of the BAC-M molecule peecs via 3PA process and of AFA
and AFA-3 via 2PA process, the initial activationlune is expected to be smaller for
BAC-M.

Here, a strategy tc

i { {
li i ¥ § ¢ ¢
realize spatio-tempora "=-@1‘@~'—: 2hv q Hc (g . o
'3 v —— N-{ }ﬁ. 77\
control of the CUAAC ' B ¢ 2 g P WO e
AFA3
. . q ]
reaction in 3D was ) \
PEG matrix soaked in - Immobilization of
also reported (Flg 22) 0.5% AFA-3 solution Remove residual AFA-3 azide with fluorophores

The fluoroaryl azide

e ®

PREPARATION GRAFTING ANALYSIS CLICK REACTION

with alkyne functio-

nality was initially Fig. 22.a) Two-photon absorption induced decomposition sultsequent
) . ) insertion of AFA-3 into a PEG matrix, followed by8&AC “click” reaction
immobilized precisely for post-modification; (b) schematic representatiminthe 2PA grafting

within the PEG-matrix procedure and post-maodification.

via photo-grafting. The covalently attached alkynieties served as anchors and
subsequently reacted with functionalized molecal@staining azide moieties via CuAAC
“click” reaction.

Due to the distinct characters ("’
the CUAAC “click” reactions, various
functionalized molecules with azid
moiety could be conjugated onto tt
formed “clickable” patterns contai

ning alkyne functionalities produce

by photo-grafting. Azide MegaStoke Fig. 23.Laser scanning microscopy (LSM) images of the

dye 673 was selected as a moc 3D photo-grafted patterns: a) before “click” reanti
(Mexc= 488 nm); b) after “click” reactionify.= 555 nm).
precursor for the “click” reaction Scale bar: 100m.

because the strong fluorescence emission of thesdpeated at a long wavelength of 673
nm, at which the fluorescence of the “clickablettpens produced by photo-grafting could
not be observed. Therefore, an excellent diffea¢iom of the fluorescent patterns before
(Fig. 23a) and after “click” reaction could be amred. The bright red fluorescence of the
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pattern (Fig. 23b) indicates the successful 3D-siecific immobilization of the azide-
fluorophores via CUAAC “click” reaction.

The developed 3D site-specific functionalizationtimoel is simple and versatile; it has
potential applications in micro-array based proteoanalysis, studies of cell-surface

interactions, sensing applications, and drug sangen

Conclusions

1. The geometrical parameters and rigidity of the opistructures fabricated by
interference lithography can be controlled by mal@png the laser irradiation dose, the
wavelength, the phase and the number of the imbegfebeams. The micro-pillars
fabricated by interference lithography are strorigehe central part than in the side part
of the interference zone as the intensity distrdsutiuring the fabrication process in the
interference area is Gaussian. The micro-pillatsridated in the side part of the
interference area often collapse due to smalladitygand resultant capillary forces
acting during the development process.

2. The periodic micro-structures fabricated by a ®rigker exposure can be extended over
a larger area than the interference zone by setptlie appropriate laser processing
parameters and the overlapping step between ireexfe zones.

3. The fabrication rate of the micro-tubes array i® thighest for the interference
lithography compared to the others lithography meghes based on multi-photon
polymerization: direct laser writing and opticalriex writing since the micro-tubes
array is fabricated by the single laser exposutberinterference lithography case.

4. The fabrication of micro-tubes by direct laser gt technique demonstrates the best
guality and reproducibility compared with interfece lithography and optical vortex
writing methods but the fabrication rate in thiseas the lowest.

5. The top of the micro-pillars fabricated by the fdaram interference lithography and the
single-photon polymerization takes the shape ofpdn® of the sphere due to a different
local degree of the cross-linking and shrinkagéhan each central and side parts of the

micro-pillars. Such micro-pillars (micro-lenses)ncperform the objects imaging and
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their surface roughness satisfies the requiremeintbe surface quality of the optical
elements.

. The fabrication of micro-lenses by interferenclhdgraphy is a flexible approach which
allows the possibility to control the geometricadrgmeters (diameter, height and
curvature of radius) of the micro-lenses during filerication process by changing the
laser irradiation dose, the photo-polymer thicknessl the period of intensity
distribution.

. PEG-DA-258 scaffolds fabricated by interferencehddraphy supporting rabbit
myogenic stem cells growth. SEM images of pillaustures with myogenic cells after 4
days of culture revealed that the cells had atthdbethe PEG-DA-258 surfaces and
penetrated into the interior of the scaffold. Farthore, fabricated PEG-DA258
demonstrates low or no cytotoxicity and good cytopatibility. It is possible to control
the proliferation of cells on fabricated PEG-DA-258affolds by manipulating the
periodicity of scaffolds. The rabbit myogenic steslls were growing better on the
scaffolds whose period is close to the size otthigvated cells.

. Comparison of the AFA, AFA-3 and BAC-M has demoatsd that the intensity
required to induce multi-photon absorption in AFSAai lower than for AFA or BAC-M.
As a consequence, the AFA exhibits the largest ggsing window and supports a
higher writing speed in photo-grafting process. ldoar, due to the three-photon
interaction nature, the volume in which BAC-M mal&zs are excited can be more
confined. This is the advantage of BAC-M over ARAdaAFA-3 since it leads to higher
patterning resolution in multi-photon photo-gradtimhe evaluated width of single lines
produced by using the average laser power of 380 the scanning speed of 5 mm/s
and 20x microscope objective (NA=0.8) is around grb for BAC-M and around
4.1um and 3.6um for AFA and AFA-3, respectively.

. By using the AFA-3 molecule it is possible to realithe 3D CuAAC ,click” reaction
via combination of arylazide photochemistry and {plmton grafting. 3D CuAAC
“click” reaction was confirmed by the localized gogation of the azide-fluorophores

(characterized by a strong fluorescence emissidgheatvavelength of 673 nm) onto the
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“clickable” covalently attached alkyne moieties.eThresented strategy to realize 3D
alkyne—azide cycloaddition with a highly spatioterg control is simple and versatile,
which reveals great potential applications in miarcay based proteome analysis,

biosensors, cell patterning, and drug screening.
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Santrauka

Disertacijos tikslas buvo sukurti metp@eriodiniy dariniy formavimui interferenciés
litografijos hkudu, polimerizuojant fotojautrias medziagas, ekspentiSkai iStirti Sio
metodo galimybes ir ribojimus bei suformuoti mikaochius, tinkamus praktiniams
taikymams.

Eksperiment metu buvo pademonstruota, kad interferegginitografijos metodu
formuojamy mikrodariniy forma priklauso nuo: lazers apSvitos dazs, bangos ilgio,
fazés, kampo tarp interferuojéim pluost ir pluost, skatiaus, o y tvirtumas labiausiai
priklauso nuo lazerigs apSvitos das.

Siame darbe taip pat parodyta, kad naudojant aremtires litografijos metod viena
lazerine ekspozicija galima formuoti mikrovamzdeah mikroleSiy masyvus bei karkasus iS
biosuderinamos ir biosuskaidomos PEG-DA-258 mea&ag

Be polimeriny dariniy formavimo, Siame darbe pademonstruota ifofomodifikavimo
galimyhke, naudojant fotgkiepijimo (angl. photo-grafting) technologij o taip pat
realizuojant variu katalizuojamos azido alkino @étijos (CuAAC) chemia reakcip
parodyta fotgskiepijimo technologijos ir ,klik® chemijos apjungio galimyle. Toks
paprastas ir universalusudas atveria naujas galimybes biojutiklkarime ir audini
inZinerijoje, nes molekuli imobilizavimas polimero matricoje vyksta trinagt erdwéje ir
tiksliai norimoje vietoje, o trimaterdvire gradientie kontrok yra labai svarbi daugyie
biotechnologijos taikym.

Dalis darbe atliki eksperiment turi praktire verk, kadangi interferencés litografijos
metodas leidzia greitai ir efektyviai suformuotikmadarinius (mikro¢Siy, mikrovamzdel,
karkasy), tinkamusjvairioms sritims (mikrooptikai, mikrékiams ar audim inzinerijai) bei

juos modifikuoti (fotaskiepijimas).
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