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Introduction

Direct laser writing (DLW) in transparent cross-linkable materials is currently one
of the most promising technologies used for the free-form 3D micro-structuring of
pre-polymers. The first scientific paper introducing this method appeared in 1997 [1]
and a very rapid development has been seen since. It was predetermined by such
attributes as great flexibility in the choice of processable materials, geometry and scal-
ing. The latter not only allows the creation of very small three-dimensional structures
having repeatable spatial resolution of less than 100 nm [2], but also the high-speed
production of millimeter-scale micro-structured three-dimensional objects [3,4]. The
DLW structured micro-constructs are widely used in micro-optics, photonics, micro-
fluidic chips, tissue engineering and many other areas [5—12].

Due to the extremely wide spectrum of applications, further development of this
technology has branched in many different directions — from the record achieving
improvement of resolution, relevant in areas such as photonics, to the search of new
technological solutions for the rapid fabrication of a large number of macro-sized
scaffolds still maintaining the micro-structure needed in tissue engineering. These
and other totally different applications are united in their interest in the research
of materials, however, even here their focus is different. One might need a bet-
ter understanding of the resolution-influencing effects in certain materials, another
would appreciate the discovery of a new laser-structurable material boasting of all
the required properties according to their specific needs.

Having gained a sufficient understanding about the used polymeric materials and
their properties, new areas of applications open up. At the same time, a need for
further functionalizing or the combining of the properties of several materials arises.
This is how the concept of smart materials, referring to substances which react to
external stimuli, started to emerge in the scientific community, even in the field of
DLW [13,14]. Such materials and their use open up the way for the development of
a new generation of sensors.

No matter what applications we have in mind it is important to remember that the
mere knowledge about which material has the most suitable properties for us is not
enough. We can only succeed in our goals if we manage to master the DLW technique
and understand the underlying physics, which means being able to correctly choose
the radiation parameters and structuring algorithms for specific pre-polymers. That
is the ultimate factor in determining the achievable fabrication efficiency, spatial
resolution, the properties of the acquired structures and their suitability for certain
applications.

The main aim of the work was to further the development of DLW in trans-
parent cross-linkable materials paying particular attention to the fabrication pecu-
liarities of various polymer precursors. One of the set goals was to use the obtained
knowledge for the fabrication of functional materials. A new method to tune the
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spatial resolution and aspect ratio of the fabricated elements was investigated, and
the importance of the selection of pre-polymer not only in terms of the ease of its
processing but also in terms of end-user applications was revealed. Also, a lot of
attention was focused to the possibility to extend the functionality of the materials
by combination of several pre-polymers in one structure.

Novelty

1.

The lateral spatial resolution dependence on the angle between the laser beam’s
polarization vector and sample translation direction for the structures, fabri-
cated by DLW method, was determined. A possibility to use it for tuning the
aspect ratio in the SZ2080 pre-polymer was demonstrated.

The reversible deformations of various pre-polymers in solvents were investi-
gated. The effect was used for the fabrication of the micro-sensors capable to
feel the change of the surrounding liquid or its composition.

The possibility to combine more than two pre-polymers in one structure dur-
ing separate fabrication stages was demonstrated as well as 3D structuring of
composite objects was performed. This method was used for the creation of the
solvent-sensitive bi-polymeric sensors.

Using SZ2080 pre-polymer a sufficient 3D fabrication throughput for the fabri-
cation of a large number of constructs of millimeter-scale for statistical analy-
sis was achieved. 3D micro-structured polymeric scaffolds fabricated by DLW
method were used for the tissue regeneration experiments in vivo for the first
time.

A 60 times larger 3D laser fabrication throughput of polydimethylsiloxane
(PDMS) doped with radical photo-initiator (PI) was demonstrated if compared
to other groups’ results according to our knowledge. Also, for the first time
laser structuring of pure PDMS without any additives was reported.

Practical Value

The experiments carried out during the preparation of this Thesis are valuable from
the practical point of view in several aspects:

1.

The determined dependence of the structure’s lateral spatial resolution on the
laser radiation’s polarization opened up a new way to tune the aspect ratio of
the fabricated elements by controlling the polarization direction.

The proposed method of fabricating composite structures by combining sev-
eral pre-polymers in one object during separate fabrication stages provides the
means to overcome the limitations of some of the pre-polymers. Such method
may speed up the fabrication of certain structures as well as grant them addi-
tional functionality.

The possibility to use reversible deformations occurring in polymeric structures
when they are put in different solvents to construct micro-sensors was demon-
strated.
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4.

5.

A non-disputable practical value was achieved by the optimization of fabri-
cation parameters of scaffolds for tissue engineering which was demonstrated
by successful use the fabricated constructs for the cartilage tissue regeneration
studies in vivo. The positive results prompted the further development of this
field towards clinical trials.

The throughput of the 3D laser structuring of PDMS was improved.

Statements to Defend

1.

4.

Due to the depolarization of a linearly polarized beam when focusing with a
lens of high numeric aperture (NA>1.35), the lateral spatial resolution of the
structures fabricated out of SZ2080 pre-polymer is up to 20% higher if the po-
larization vector coincides with the sample translation direction, as compared
to when the angle between them is 90°; the direction of the polarization vector
does not influence the axial resolution. The same dependence of lateral resolu-
tion on the polarization also appears in OrmoComp and PETA pre-polymers.
The highest lateral resolution in the aforementioned pre-polymers if all other
fabrication parameters are kept constant is acquired using circular polarization.
Structures of sparse polymeric mesh with lateral dimensions not exceeding
1.5 pm undergo reversible deformations (swelling or shrinking) in liquid envi-
ronment, which can be used for the fabrication of micro-manipulators, sensors
or other active objects in the micro-scale.

Direct laser writing can be used to fabricate micro-structured objects (structural
elements in the range of 10-20 um) with 3D throughput reaching 51300 um?/s
out of SZ2080 pre-polymer doped with IRG photo-initiator and 16400 pum?/s
throughput out of pure SZ2080; it is sufficient for the fabrication of scaffolds
for statistical tissue regeneration experiments in vivo.

Yb:KGW laser system (A = 515 nm, 7 = 300 fs, v = 200 kHz) can be employed to
fabricate 3D structures out of biocompatible elastomer PDMS using NA = 1.25
objective with 180 um? /s throughput; for the PDMS doped with radical photo-
initiator the throughput increases to 720 um?/s.

Approbation

Scientific articles in the periodical journals with an impact factor which
are included in the database of Institute for Scientific Information (ISI)
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(A2)
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Mater. Express, 3(10), 1674-1686, 2013.

S. Rekstyté, E. Kaziulionyte, E. Balc¢iunas, D. Kaskelyte, and M. Malin-
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Structure of the Thesis

The doctoral dissertation consists of six chapters:

In Chapter 1 the reader is introduced to the principles of the DLW, the poly-
merization process itself and its possible mechanisms.

Chapter 2 presents the overview of the experimental methods and equipment
used in the work.

Chapter 3 is devoted for the investigation of the influence that laser polarization
has on the structuring resolution of the pre-polymers.

In Chapter 4 the reversible deformations of DLW processed polymeric materials
are presented and their use for the fabrication of micro-sensors is demonstrated.
A big part of the chapter is devoted for the introduction to fabrication of the
composite structures and their possible use for micro-actuation.

Chapter 5 describes the manufacturing of the polymeric scaffolds for tissue
engineering and the arising challenges.

In Chapter 6 the structuring experiments of the PDMS using Ti:Sapphire and
Yb:KGW laser systems are presented and the mechanisms responsible for its
polymerization are discussed.
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CHAPTER L I

The Overview of the Direct Laser Writing

1.1 Principles of DLW

Direct laser writing in transparent cross-linkable materials (a shorter term — DLW
in pre-polymers — will be used further on) is based on the non-linear laser-material
interaction when laser radiation of high intensity is absorbed by the pre-polymer, and
polymerization and cross-linking reactions are initiated inside a very small volume of
the material. The process consists of four steps (see Figure 1.1): a) the preparation of
the CAD model, b) structure fabrication by illuminating the sample point-by-point in
the predefined trajectory, ¢) sample development — washing out the non-polymerized
areas and d) examination of the structure by optical or scanning electron microscopy.
A pre-polymer used in DLW generally consists of the following components: a)
a compound which forms a polymer network (monomers, oligomers, and their mix-
tures); b) a solvent; c) a light-sensitive material which is responsible for creating
the reactive particles (photo-initiator — PI — in the case of radical polymerization or
photo-acid generator in the case of cationic polymerization); d) other components,
such as quenchers, antioxidants and others [15]. The polymerization reaction is ini-
tiated by illuminating the pre-polymer with a focused light of specific wavelength.
Then the reactive species are generated in a highly localized volume of the resist
where the intensity of light is sufficient for non-linear interaction to occur. The com-
pound then undergoes a chemical reaction during which solubility of the parts which
were and were not exposed to light becomes different. For the polymerization reac-
tion to take place a very high radiation intensity — temporal and spatial overlap of
photons — is needed; thus, most often fs lasers are used, although it is also possible
to employ DLW technique by using continuous wave [16] or nanosecond [17] lasers.
DLW in pre-polymers evolved from conventional lithographic techniques which

a) creation of CAD model b) fabncatlon c) development d) characterization

Figure 1.1: Structure fabrication steps using DLW.
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CHAPTER 1. The Overview of the Direct Laser Writing

were based on linear absorption. Thus, the PIs used in DLW originated there and
usually have absorption spectra peaks in the UV or short-VIS region. Because of
this laser radiation in the VIS or near-IR region is needed since the Pls absorb such
radiation in the multi-photon manner. DLW in pre-polymers is often called two- or
multi-photon polymerization. However, such name is not entirely correct since there
is an ongoing intense scientific discussion about what mechanism is the dominant
one in the laser radiation initiated polymerization [18-23]. The possible non-linear
absorption mechanisms considered are multi-photon absorption and avalanche ion-
ization. Which of them will be dominant depends on several parameters: radiation
intensity, laser pulse duration, repetition rate and others.

1.2 Polymerization Initiation Mechanisms

When using ultra-short laser pulses and working near the threshold of dielectric
breakdown the main polymerization initiation mechanism is direct bond breaking
and in this manner generated reactive radicals [18,24]. Mathematically it can be
expressed by the rate equations of the generation of free electrons (ionization). The
free electrons oscillate in the electromagnetic field of the laser pulse and during
electron-lattice collisions they can be accelerated to energies exceeding the ionization
potential J;. Such electrons can cause avalanche ionization, the rate (ionization
probability per second) of which is given by [25]:

2
€osc 2w Ve—ph
2 )
Ji (Vefph + w2)

(1.1)

wimp ~

here J; — the ionization potential of the material, w = 27¢/\ is the cyclic frequency of
light which has a wavelength A\, and c is the speed of light. The electron quiver energy

2 2

is £p5e = 2L where m and e ar mass and charge of the electron, respectively, and the
dmw ) ’

electric field is defined through the peak intensity as E' = (/I,/(cgon). Here gy is the
vacuum permittivity constant and n is the refractive index of the material. Assuming
that the envelope of the beam intensity distribution is Gaussian shaped, I, = %g‘w,
here T' is the transmittance of the objective lens for the used wavelength, P,, is the
average laser power (measured before the objective), v — pulse repetition rate, 7 —
pulse duration and S = 7w — area of the focal spot (wg — radius of the beam waist
at the 1/e? level). The electron-ion interaction is governed by the electron-phonon
momentum exchange rate v, ~ 6 x 1011s71[25]. The multi-photon absorption rate

is given by:

2J;

here n,, = Jie/(hw) + 1 is the number of photons required for direct absorption
(truncated to an integer).

These rates are used to calculate the free electron generation dynamics in order to
evaluate the contribution of multi-photon and avalanche ionization to the severing of
the chemical ties. The equations 1.1 and 1.2 will be used in this dissertation during
the investigation of the polymerization initiation mechanisms of PDMS pre-polymer.

3/2 [ €osc o
Winpi = W), : (1.2)

15
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1.3 Photo-Initiators: Importance, Advantages and Disad-
vantages

As mentioned previously, photo-polymerization is usually initiated by photo-initiators
which generate free radicals after excitation. In most cases they are essential for the
polymerization reaction to start or at least to make it more efficient. In order to
achieve an efficient polymerization reaction it is very important to choose the right
PIs. They must meet several requirements. Firstly, the solubility of the photo-
initiator in the pre-polymer must be taken into account. Secondly, an appropriate
light absorption spectrum is essential. Also, the two-photon absorption coefficient
(o) will determine the efficiency of the laser radiation absorption. Currently, there is
quite a large variety of photo-initiators to choose from, but most of them have been
developed for UV lithography applications, so are not optimized for DLW. Thus their
two-photon cross-sections are very small. Another very important property of the
photo-initiator is its quantum efficiency (n), which shows the PI molecule’s useful
work — how efficiently the absorbed radiation is used for the initiation of the poly-
merization reaction. The photo-initiator that has low o, but high n can be more
effective in polymerization initiation than the one with high ¢ and low n [26].

There are several areas that suffer from the disadvantages of photo-initiators. One
of them is the fabrication of optical components, since one of their main requirements
is transparency at certain wavelength range (usually in the visible and near-IR).
Polymerized micro-optical components suffer from the residues of photo-initiators
which introduce additional absorption bands [27] thus increasing the element’s optical
losses and decreasing the damage threshold.

In tissue engineering applications it is very important for the used photo-initiators
not to be cytotoxic. Problems may arise because of the non-reacted PIs and their
products which over time break free from the polymeric mesh due to degradation.
The main reason why they can be harmful is that free radicals generate reactive
oxygen which can react with lipids, proteins and lead to such disruptive events like
the destruction of cell membrane [28].

The most viable solution for these and other applications is to structure pre-
polymers without using photo-initiators. There are several ways to achieve that:

o Using monomers mixed with a derivative which does not satisfy the usual de-
finition of photo-initiator. Substituting ingredients can be nano-particles [29],
thermal-initiators [30]; also, the mixture of several acrylates [31,32] can been
used.

o Chemical addition of certain polymerization reaction triggering derivatives, such
as metal particles [33], to the monomers.

e True polymerization without photo-initiators when the reaction is initiated by
direct bond cleavage of the monomers [19,34].
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Methods

As mentioned previously, one of the DLW technology’s strengths is a wide choice of
processable materials. The first experiments on the basis of this method were car-
ried out using acrylate pre-polymers [1]. Later commercially available epoxy resins,
such as SU-8 [35] and SCR-701 [36], were employed. Further development of the
DLW technology focused more on specific applications; thus, the structuring of var-
ious bio-materials, including natural (collagen [37], chitosan [38], hyaluronic acid
(HA) [39], fibronectin [40], fibrinogen [40,41], BSA [41]), synthetic (polyethylene
glycol, polyamine acids and their derivatives [42]), and hybrid [38,43] hydrogel poly-
mer precursors, was demonstrated for applications in biomedicine. Also, in search
of the universal and modifiable materials the creation of new ones is being carried
out. Some examples of such substances would be hybrid organic-inorganic Ormo-
cers (organically modified ceramics) and Ormosils (organically modified silica) which
combine the properties of organic materials (strength, functionalization, processing
at low temperatures) with the inorganic ones (hardness, chemical and thermal stabil-
ity) [44]. Their main advantage is the ability to achieve desired chemical, optical and
mechanical properties by changing the ratio of organic and inorganic components,
thus adapting the material for a particular application.

2.1 Materials Used in the Dissertation

SZ2080 — a hybrid Ormosil type pre-polymer, consisting of 20% inorganic and 80%
organic parts. It is optically transparent in the range of 400-2700 nm, biocompatible
and distinguished by ultra-low shrinkage [27]. Tt is also very attractive for its fabri-
cation properties, since it is solid (gel-like) during the fabrication allowing to freely
choose the structuring trajectory.

OrmoComp — a hybrid Ormocer type material, particularly suitable for optical
applications due to its high transparency in the visible and near IR range up to
350 nm. OrmoComp is also attractive for biological applications because it has the
ability to attach proteins [45] and is compatible with a variety of cell lines [46].

SU-8 3025 is an epoxy pre-polymer. Contrary to other materials used in this
work it undergoes cationic polymerization. Upon irradiation cationic acids are gen-
erated in the volume and the cross-linking occurs only after heating during post-
bake [47]. As a result, the refractive index changes only very slightly during the
fabrication which complicates real-time monitoring but is useful from the fabrication
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point of view — the laser beam going through the already irradiated parts is not
deflected. Also, it is solid during fabrication like SZ2080 allowing to freely choose
the structuring trajectory.

PEG-DA-XXX are the derivatives of polyethylene glycol made suitable for
laser processing by the addition of polymerizable acrylate groups. Here XXX are
numbers indicating the average molecular mass of PEG-DA. They are biocompatible
and biodegradable materials, very attractive for bioapplications. In this work PEG-
DA-575 and PEG-DA-700 (Sigma Aldrich), which are known for their suitability to
be structured by DLW [42,43], were used. Both are liquid at room temperature, so
selection of the fabrication algorithm is complex.

Pentaerythritol triacrylate (PETA) is a trifunctional acrylate polymer precur-
sor, used mainly in the UV and electron beam curable paint, adhesive and coating
industry [48]. It has been experimentally demonstrated that PETA can be structured
using interference lithography [49] and DLW [21]. Like PEG-DA-XXX it is liquid at
room temperature.

Tris(2-acryloxyethyl) isocyanurate (SR368) — another acrylate material often
used as one of the components in pre-polymers, providing strength to the formed
structure [50,51]. It is solid at room temperature, so must be heated before laser
processing to become liquid. This leads to a disadvantage — SR368 must be processed
and developed within about an hour as later the material begins to harden and
becomes unsuitable.

Polydimethylsiloxane (PDMS) is a silicon based organic polymer known for its
elasticity [52], chemical inertness [53], thermal stability [54], gas permeability [55]. It
is also relatively cheap [56], biocompatible [57] as well as optically transparent in the
visible spectral range [58]. PDMS is widely used for the prototyping of the micro-
fluidic chips, especially for biological applications [59,60]. It is usually processed by
the means of soft lithography technique, when it is mixed with a curing agent, poured
over the negative template and cured by heating, thus creating 2.5D templates.

2.2 Preparation and Development of the Samples

Usually fabrication of the structures by DLW is done inside the drop of a pre-polymer
which is spread on a cover glass. Depending on the material, some additional process-
ing, e.g. heating, may be needed before fabrication. After the laser exposure samples
are immersed in the organic solvents for 10-30 minutes and the non-polymerized parts
are rinsed leaving only a free-standing polymeric structure on the glass. The prepa-
ration and development conditions used in this work are summarized in Table 2.1.

In order to characterize the resulting object as well as for most practical appli-
cations it is necessary for the structure to be well adhered to the substrate. For
this reason, in particular when using organic pre-polymers, the glass substrates were
coated with organosilane coupling agent which forms a strong bond between organic
(pre-polymer) and inorganic (glass substrate) materials. In this work the adhesion
of the polymeric structures to the substrates was improved by immersing the cover-
glasses in the solution of MAPTMS and dichlormethane (1:80) for 24 hours and only
then using them to prepare the samples for fabrication.
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Table 2.1: The parameters of the preparation and development of pre-polymers.

Pre-polymer Preparation for fabrication Development
S72080 (+PI) 40-70-90°C (20 min each) 30 min in PEN
OrmoComp — 30 min in PEN

10 min in PGMEA?
(rinse in 2-propanol)
10 min in water
(rinse in ethanol)

SU-8 3025 95°C (10 min)

PEG-DA-XXX (+PI) -

PETA (4PI) - 15 min in 2-propanol
SR368 (+PI) 55°C (until it liquefies) 20 min in ethanol
PDMS - 30 min PEN

PDMS +PI 100°C (30 min) 30 min in PEN

2.3 Optical Setups

Laser Systems

For the experiments described in this work three different laser systems were used.
Their main differences were the employed laser source and the method which was
used for the laser beam positioning inside the pre-polymer. Radiation parameters of
all three laser systems are summarized in Table 2.2.

Yb:KGW. Most of the experiments were carried out at the Laser Research
Center in Vilnius University using the Nanophotonics laboratory’s laser system (Fig-
ure 2.1). The radiation source was femtosecond Yb:KGW laser Pharos (Light Con-
version), generating 1030 nm central wavelength and 300 fs duration pulses with the
possibility to set the repetition rate in the 1 to 200 kHz range (all experiments were
performed using 200 kHz). The beam polarization was controlled by a A/2 or \/4
wave-plates, positioned just prior the objective. The microscope system allowed real-
time monitoring of the process and consisted of a 630 nm LED, a focusing objective,
an imaging lens and a CCD camera. The fabrication was controlled by a 3DPoli
software package [61]. The positioning of the laser beam inside the pre-polymer
could be implemented in three different ways: 1) moving the sample using the linear
motion stages, 2) moving the beam using galvanometric scanners or 3) combining
stages with the scanners by using the IFV (infinite field of view) regime.

Table 2.2: Radiation parameters for the used laser systems.

No. Active element A\, nm v, Hz T, fs

1 (LT)  Yb:KGW 1030 200 x 10 300
2 (GR)  Ti:Sapphire 800 75 x 10% 20
3 (JP)  TisSapphire 800 80 x 105 100

!The pre-polymer was spin-coated on the glass substrate.
2 After fabrication a post-bake was carried out: 1 min 65° — 1 min 95°.
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Figure 2.1: The optical setup used for DLW experiments.

Ti:Sapphire (GR). Part of the experiments described in Chapter 6 were carried
out at the IESL-FORTH institute (Greece) under the supervision of Dr. M. Farsari.
The radiation source was a femtosecond Ti:Sapphire oscillator Fusion (Femtolasers)
emitting 800 nm central wavelength 20 fs duration pulses at the repetition rate
of 75 MHz. Laser beam positioning inside the sample in z and y directions was
carried out using galvanometric scanners while z axis and large-scale movement was
performed using linear displacement tables. An objective with NA = 1.4 (Zeiss) was
used for the focusing and fabrication was controlled by SAMLight (SCAPS) software
package.

Ti:Sapphire (JP). Part of the experiments described in Chapters 3 and 4 were
carried out at the Shizuoka University (Japan) under the supervision of Prof. V.
Mizeikis. The radiation source was a femtosecond Ti:Sapphire oscillator MaiTai
(Spectra Physics) emitting 800 nm central wavelength 100 fs duration pulses at the
repetition rate of 80 MHz. The sample positioning was performed by high precision
piezoelectric stages. For beam focusing a NA = 1.35 objective (Olympus) was used.
The fabrication was controlled by 3DPoli software package.

Characterization of the Polymeric Structures for the Investigation of their
Reversible Deformations

An inverted microscope type system, consisting of the xyz micrometer positioning
stages for sample movement, a LED as an illumination source, a focusing objective,
lens and a CCD camera, was used for the optical observation and characterization.
For the observation of the diffraction patterns from the periodic polymeric struc-
tures a 633 nm wavelength HeNe laser beam was focused onto the lattices and the
diffraction patterns were registered on the projection screen by a photo-camera. In
both systems the illuminating/probing beam was directed at the sample, which was
placed inside a glass vessel containing solvent, from the top so the level of a solvent
in the container would not affect the acquired results.
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Polarization Influence on the Spatial Resolution of
Polymeric Structures

Material related to this chapter was published in [A6].

The influence of laser radiation’s polarization to the femtosecond processing of various
materials has been widely studied. It can manifest in the formation of nano-ripples,
which are mostly perpendicularly oriented in respect to the electric field vector,
when surface ablation of metals [62,63], semiconductors [62,64], dielectrics [65, 66]
or polymers [67,68] is performed. The ablation threshold and the ablated hole’s
patterns are also influenced by the polarization of the beam [69].

However, scientific articles in the field of DLW in pre-polymers rarely even men-
tion the used polarization. S. Kawata group showed that when forming single voxels
using linearly polarized beam, they turn out elongated in the direction of the elec-
tric field vector, and when circular polarization is used, the voxels are symmetric in
both z and y directions [70]. However, no in depth investigation of this effect on the
fabrication of functional structures was carried out.

3.1 Theoretical Calculation

In order to understand what influence the beam polarization has on the spatial
resolution of the fabricated elements it is necessary to look into the theory of focusing,
especially if objectives with high NA are used, when the paraxial approximation is
no longer valid. The model we used® employs a vectorial Debye theory to calculate
the point spread function (PSF) of light which is being focused through a stratified
medium, in our case — immersion oil, glass substrate and pre-polymer (Figure 3.1 a).
An optical system with an optical axis z is considered. In such environment the
light crosses two interfaces — immersion oil/glass in the z = —h; plane and glass/pre-
polymer in the z = —hs. It is assumed that the layers are homogeneous and isotropic,
and their refractive indices are respectively n; (immersion oil), ns (glass) and ng (pre-
polymer). The linearly (along x direction) polarized monochromatic and coherent
electromagnetic wave is emitted from a point source at z = —oo. It falls onto the
aperture 3 (lens) which creates a converging wave front in the image space. The

3Proposed by P. Térék and P. Varga [71] and later expanded by M..J. Nasse and J.C. Woehl [72]
by the addition of the lens design parameters to be suitable for more complex optical systems such
as objectives.

21



CHAPTER 3. Polarization Influence on the Resolution of Polymeric Structures

origin of the coordinate system coincides with a corrected Gaussian focal point (the
point in which the radiation would focus if all conditions would meet the objective’s
design parameters). The electric field is determined at the point P(x,y,z) which is
near the focal point. It is assumed that the size of the aperture and its distance from
the point P are large compared to the wavelength. In such case the electric field
components can be calculated according to these equations:

E, =iK(ly+ Iy cos2¢y),
E, = iK1;sin 2¢,, (3.1)
E. =2K1I cos ¢p,

here K is a constant, ¢, — azimuth angle and the integrals Iy, I, I are expressed as:

Iy = / \/cos 0 sin 6y expliko(V — U)|(Ts + T, cos bs)
0

(3.2)
X Jo(kyrsin 01) exp(iksz cos 03)d6,
I :/amsin 61 expliko(V — U*)|T), sin O3 (3.3)
(; J1 (k17 sin 6y) exp(iksz cos 03)doy,
L= Z \/cos 0 sin 8 expliko(¥ — W*)|(T, — T, cos b3) 5.4

X Jo(kyrsin 01) exp(iksz cos 03)d0oy,

here a — angle of the aperture (NA = nysin(a)), ks = kong = 2mnsg/Ag — wave-
vector in the 3rd medium, \y — wavelength in vacuum, J,, — Bessel function of the
first type and ny, order, r — radial coordinate. y/cos(6;) is the apodization function.
Variables with an asterisk correspond to the objective’s design parameters. The
aberration function W for a three media system is ¥ = —hyny cost; + hong cos b3
and U* = —h]njcosd; is the initial aberration function, calculated for the objective’s
design (when hj = 0). Ts and T}, are transmission coefficients for s and p polarized
light respectively:
o t12s,pt235,p eXp(Z(ﬁ - ﬁ*»
P 1+ T'125,p723s,p eXp<2i<6 - 6*)) 7

where 5 = kalha — hy|cosfy and * = konb|hj|cosbs. tpnt1sp and rp,i1s, are the
Fresnel’s transmission and reflection coefficients.

(3.5)

Results Figure 3.1 b)-d) shows the results of intensity distribution calculations for
S72080 pre-polymer when the beam (A = 1030 nm) is focused by a NA = 1.4 objective
(performed using Matlab software package). Focusing of the circularly polarized beam
shows a symmetrical intensity distribution (Figure 3.1 d) but for linearly polarized
light it is elongated in the direction of the electric field vector (Figure 3.1 ¢) which
can be explained by the appearance of £, and E, components (Figure 3.1 b), latter of
which has the biggest influence to the loss of symmetry in the intensity distribution
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immersion
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0.0060 _ 0.16

.wavefront

Figure 3.1: a) Focusing of the laser beam through a three-layer media. b)-d) Results
of the theoretical modeling of the intensity distribution (SZ2080, A = 1030, NA = 1.4,
scale is in micrometers): b) separate components of the electric field and ¢) their sum
when the focused beam is linearly polarized and d) when it is circularly polarized.

since its maximum value reaches up to 16% of the |F,|?> component. The ratios
between intensity distribution profiles” FWHM values in x and y axes for different pre-
polymers are given in Table 3.1. It should be noted that for circularly polarized light
the FWHM value is always intermediate compared to the linear polarizations’ values.
It should not be expected for the ratios of fabricated lines’” widths to exactly match
the ones calculated theoretically as only a single point is considered when modeling,
while an overlap of pulses should be taken in real-life. For correct interpretation of
the line formation’s dynamics an integrated intensity distribution along the sample
translation direction should be considered. If the sample is translated along the
electric field vector, an integrated intensity profile has higher peak power but is
narrower than in the perpendicular direction. Analysis of these profiles shows that
there is a point of intersection so a radiation intensity value, at which the sample
regardless of its translation direction would be formed of the same width, should
exist. Also, the ratio of the line widths should depend on the radiation intensity.

Table 3.1: Theoretical calculation results for various pre-polymers.

FWHM, FWHM,
FWHM, FWHMqp,

NA X, nm Pre-polymer n Zf, Hm

1.35 800 SZ2080 1.504 -0.840 1.34 1.17
1030 SZ2080 1.504 -0.941 1.38 1.19
S7.2080 1.504 -0.890 1.31 1.16

1.4 OrmoComp 1.518 -0.650 1.35 1.17
) 515 PEG-DA-575 1.467 -1.170 1.28 1.14
PETA 1.483 -0.990 1.24 1.12

23



CHAPTER 3. Polarization Influence on the Resolution of Polymeric Structures

3.2 Experimental Investigation

Structures, consisting of lines, suspended between two rigid walls (see Figure 3.2 a)
and formed by changing the angle o between the polarization vector and sample
translation direction (v = 100 pm/s), were fabricated. The investigation was con-
ducted using two laser systems. Using Yb:KGW (7 = 300 fs, v = 200 kHz, NA = 1.4)
the pre-polymers studied were: SZ2080 without PI and doped with 1% of IRG, Or-
moComp, PEG-DA-575+1% IRG, PETA+1% IRG for A = 515 nm and SZ2080+1%
BIS for A = 1030 nm. Using Ti:Sapphire (JP) (A = 800 nm, 7 = 100 fs, » = 80 MHz,
NA = 1.35) the pre-polymer was SZ2080+1% BIS. The results are shown in Fig-
ure 3.2 b)-h).

Results

It was empirically found that the width of the suspended lines fabricated out of
SZ2080, OrmoComp and PETA pre-polymers is greatest when the angle between the
electric field vector and the sample translation direction is a = 90° and smallest
when o = 0°. This is consistent with theoretical simulations. The experiments were
performed by using average laser power corresponding to the fabrication window’s
middle value. The investigation of SZ2080 pre-polymer using Ti:Sapphire laser sys-
tem has shown the maximum difference between width of the lines reaching 20% (the
average was 19%); using Yb:KGW system A = 1030 nm with BIS PI — 22% (average
—22%), A = 515 nm with IRG PI — 18% (average — 14%), A = 515 nm without PI
—~ 17% (average — 16%). Investigation of the OrmoComp pre-polymer showed a 5%
maximum difference (average — 5%), and PETA with IRG PI — 7% (average — 7%).
Furthermore, for all the investigated pre-polymers, lines fabricated using the same
laser radiation parameters but circular polarization were the thinnest. In addition,
after investigation of the lines’ axial dimensions in SZ2080 it was discovered that the
axial resolution does not depend on the angle . In the case of circularly polarized
light — also a higher resolution is achieved. Two conclusions can be made: 1) the
polarization vector’s direction only affects the lateral resolution of the lines and thus
by changing the polarization direction it is possible to tune the structure’s aspect
ratio; 2) smaller lateral and axial diameters acquired using circularly polarized light
can be attributed to the possibly different multi-photon absorption cross-sections for
linearly and circularly polarized light.

For the PEG-DA-575 pre-polymer no clear dependence of the line’s width on the
angle o was observed which might be due to the material’s high shrinkage, which
overshadows the effect. This polymer precursor demonstrated a different sensitivity
to the polarization, i.e. a change of the fabrication window (or rather the damage
threshold value). Although the polymerization threshold is the same for circularly
and linearly polarized light (P, = 0.08 mW) the damage threshold changes: for
linearly polarized light when o = 0° it is 0.90 mW, when a = 90° it decreases to
0.24 mW and in the case of circularly polarized light it occupies the middle value —
0.58 mW.

To demonstrate the practical importance of the findings, some photonic crystals
were fabricated out of SZ2080 pre-polymer. In one case, the polarization direction of
the laser beam formed a 0° angle with one of the crystal’s axis (thus a 90° angle with
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Figure 3.2: a) SEM image of a structure used for the experiments. White arrows indi-
cate the polarization direction. b)-h) The dependence of the suspended lines’ lateral
and axial diameters on the angle between the electric field vector of linearly polarized
beam and the sample translation direction in various pre-polymers (approximated
by a sin(x) function). The error bars show the standard deviation.

another, the line width difference in respect to each other due to polarization was
8%) and in the second case it was rotated by 45°. The diffraction pattern obtained
by focusing a HeNe laser beam on the first crystal was asymmetric while the second
one’s diffraction pattern was identical in both directions.

3.3 Conclusions

It was found that 3D suspended lines fabricated in SZ2080, OrmoComp and PETA
have the smallest lateral dimensions when the angle o = 0° and largest when a = 90°.
This is consistent with theoretical modeling results obtained using the vectorial Debye
theory. In PEG-DA-575 pre-polymer such dependence was not noticed, however the
influence to the damage threshold was found. Also, it was discovered that line’s
axial resolution (at least in SZ2080) does not depend on the angle « thus polarization
control may be used for dynamic tuning of the aspect ratio of the structured elements.
The use of circular polarization results in the smallest lateral (for all investigated pre-
polymers) and axial (at least for SZ2080) dimensions.
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Reversible Deformations of the Polymeric
Structures

Material related to this chapter was published in [A3, AT-A9] and presented at [C1-
C7, C11, C12] conferences.

Although structures of almost any architecture may be created using the DLW in pre-
polymers technique, the final product often does not completely mimic the computer
model. Shape distortions of the polymeric structures arise as the material shrinks
during post-development drying [73]. Although it can be used to achieve better
resolution [74,75], for most applications the shrinkage of the material is undesirable
especially when structures show uneven distortions depending on the distance from
the substrate to which they are attached. Photo-resists may also exhibit considerable
swelling when they are immersed in solvents [74,76]. However, this effect is less
noticed and thus seldom discussed as the development process is rarely observed
in situ and the occurring post-development shrinking while drying overshadows the
swelling. If these particular polymer deformations could be utilized to our advantage,
a possibility for smart material applications would open up. For quite awhile an idea
of such smart materials has perked a lively interest in the scientist community. There
have been demonstrations of various structures which are able to change their shape
as a response to outer stimulus [77-79], yet most of the work in this area has been
done in the macroscopic scale. However, a whole new range of applications become
possible if we consider using DLW for the creation of such structures and consequently
going to the micro-scale. There have been some reports on the DLW fabricated
constructs and the use of their deformations in the solvents: a gradient structuring
of a hydrogel was employed in order to achieve manipulation of a micro-sphere [80],
a methacrylate based polymer was used for the fabrication of a solvent responsive
micro-machine [81]. However, an in-depth study of the deformations arising in the
more widely used polymers in DLW based micro-structuring has yet to be reported.

4.1 Material Investigation

The deformations which originate in 3D polymeric micro-structures fabricated out
of various materials (OrmoComp, SZ2080, PEG-DA-575 and PETA, the latter three
doped with 1% IRG) while they have not yet been dried out were investigated.
Yb:KGW laser system was used (7 = 300 fs, v = 200 kHz, NA = 1.4). The fabri-
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cated structures were resolution bridges consisting of two rigid non-deformable walls
attached to the glass substrate separated by the distance of 20 um which acted
as a support for thin lines written using 100 um/s sample translation velocity and
changing the average laser power over the whole fabrication window (Figure 4.1 a).
Thus, thin (<1.5 um) lines of varying diameter were acquired. After the fabrication
the samples were developed in respective developers and then immersed in different
solvents — PEN, ethanol, acetone, 1- and 2-propanol or water.

The experiments showed that all of the used materials tend to swell in PEN, ace-
tone and alcohols (only the degree of swelling differs), but the bended lines straighten
up as soon as the structures are placed in water, with the exception of PEG-DA-575
which will be discussed separately. As an example we shall address what occurs in
structures fabricated out of SZ2080 as shown in Figure 4.1 b), top row (the same
picture can be used as a guide to what occurs in OrmoComp and PETA). During
the sample’s development in PEN the fabricated straight lines bend as soon as the
non-polymerized material is washed away. Substitution of PEN with ethanol leaves
the lines bent. However, when the structure is immersed into the water, the lines
straighten up. Subsequent rinsing in 1-propanol, 2-propanol or acetone bend the
lines again. Such behavior (bending and straightening) repeats itself for at least
nine cycles. Also, it has been noticed that the structures remain sensitive to the
surrounding medium after keeping the samples dry for extended periods of time (up
to 3 weeks in ambient conditions) and then immersing them to the same solvents.

Structures fabricated out of PEG-DA-575 demonstrated slightly different behav-
ior, because it is known to be a hydrogel type material which can efficiently absorb
water. Consequently, PEG-DA-575’s lines remain bent even when immersed in the
water (see Figure 4.1 b), bottom row). The fact that some polymeric materials behave
differently in the same solvents open up more possibilities for practical applications.

Also, no influence of the line’s diameter to their behavior was noticed suggesting
their sensitivity to the surrounding solvents at least as long as their lateral diameter
does not exceed 1.5 pum.
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Figure 4.1: a) A CAD model of a resolution bridge and b) optical microscope images
of SZ2080 and PEG-DA-575 structures in various solvents; dashed rectangle indicates
different behavior.
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4.2 Micromechanical Sensors

As a demonstration of the polymeric structure’s sensing abilities a model of a simple
micro-mechanofluidic element, which has the ability to rotate as a result of poly-
mer’s deformations, was created and then fabricated out of SZ2080. It consisted of a
mechanically rigid and non-deformable lever (fabrication parameters: P,, = 7 mW,
I, = 0.050 TW/cm?, v = 50 um/s) connected to the medium sensitive rods (lat-
eral diameter <1 um, formed by 1-3 parallel scans set 0.3 um apart, fabrication
parameters: P, = 89 mW, I, = 0.058-0.065 TW/cm? v = 50 pum/s) which were
anchored to the substrate (see Figure 4.2 a). The rods were designed to rotate the
lever by swelling or shrinking. Structures were fabricated using the Ti:Sapphire (JP)
(A =800 nm, 7 = 100 fs, v = 80 MHz, NA = 1.35) laser system.

The designed rotating structure has two advantages over the resolution bridges:
1) it is suitable for observing not only the swelling of the polymer but also its pos-
sible shrinking; 2) a degree of swelling/shrinking is more easily determined as it is
converted into the angle of rotation, which is more obvious and easy to measure.

When the structure is placed in some kind of solvent, the rods may expand (in
ethanol, Figure 4.2 b) or contract (in water, Figure 4.2 d), thus moving the lever.
If the liquid is a mixture of several solvents, then depending on its volume percent
(v/v%) composition the lever may occupy an intermediate position (Figure 4.2 c).
Also, the experiments showed that development in PEN gave rise to the strongest
rotation of the lever and subsequent immersion in ethanol reduces the rotation, how-
ever, the swelling is still clearly observed. When the structure is placed in water, the
rods shrink, thus pulling the lever to the opposite direction. After investigating the
rotation angles for the structures with rods fabricated using different radiation power
and of different lengths (20-30 pm) it was noticed that both of these parameters influ-
ence the degree of rotation. The longer the rods — the higher absolute deformations
are achieved resulting in wider rotation angle, however too long rods may fall on
the substrate and stick thus rendering the structure obsolete. Mechanical strength
of the rods is also very important as very thin rods may not give out enough force
to push the rigid lever. Although a rod formed by a single laser scan may deform
more, it tends to bend and not push the lever during swelling, while a rod formed
using 3 parallel scans is more strong mechanically and does not bend so easily. If
lower laser intensity for fabrication is used, the achieved degree of cross-linking is
also lower, thus the rods tend to deform more. A decrease in swelling was observed
during subsequent solvent substitution.

Freely rotating b)

lever
Deformable rods
(above substrate)

—10 um

Anchor points

Ethanol

Water

Figure 4.2: A freely rotating lever fabricated out of SZ2080 and capable of determining
the composition of the solvent: a) SEM image and b)-d) optical microscope images
of the actuator in action. Dashed lines show the modeled structure orientation.
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4.3 Diffractive-Optical Sensors

For further study, a structure consisting of a diffractive optical element (DOE) — 3D
cubic lattice (fabricated above the substrate) — and a cage used for its encapsula-
tion so the lattice would not go adrift (see Figure 4.3 a) were fabricated. Such object
could detect both the shrinking and the swelling of the material. SZ2080 pre-polymer
and Yb:KGW laser system were used (7 = 300 fs, v = 200 kHz, NA = 1.4). The
DOEs were 70-72 um wide, with a period of 3—6 um and had three layers in z direc-
tion. The fabrication parameters were Py, = 22-50 uW (I, = 0.12-0.26 TW/cm?),
v = 100 pm/s.

Diffraction of the HeNe beam from the DOE was measured in various solvents.
The dependence of the relative change of the lattice period on the fabrication power is
shown in Figure 4.3 b). The maximum deformation is observed when minimum laser
power is used — in the working range (the range of power values using which the DOEs
survive in all solvents) an overall 24% change in the period of the lattice is reached
(—12% in water and up to +12% in PEN). By increasing the power and consequently
the degree of cross-linking the deformations lessen and at 38 uW (I, = 0.20 TW /cm?)
become saturated at —1% for shrinkage and 2-3% for swelling. The same trend
was observed for 4-6 pm period lattices. It was also noticed that higher degree of
deformations is observed in the DOEs of larger period which might be due to the
fact that they have less overlapping areas (line intersections) in which the degree of
cross-linking is higher.

Although the presented results were acquired using the polarization control (the
electric vector was always at a 0° angle with one of the lattice’s axis), and a variation
of line width’s was observed, no clear dependence of the diffraction angle on the
diameter of the line was noticed. Thus, we think that the degree of cross-linking and
not the dimensions of the structure have the biggest influence to the deformations.

Also, Figure 4.3 c) shows the repeatability of the deformations in the DOEs over
10 cycles of the solvent change. It can be seen that the swelling after the first few
cycles decreases visibly until it stabilizes at a constant value. However, in terms of
material shrinkage the results are quite different as it fluctuates around the same
value and does not visibly decrease even after 10 cycles. It can be concluded that
even though very high deformations are only noticeable in the first few cycles of the
solvent change, they do not disappear completely, thus they do not become obsolete.
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Figure 4.3: a) SEM image of the DOE and the dependence of the relative change in
the period of the DOE b) on the laser power and ¢) the solvent change cycle number.
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4.4 Composite Material Sensors

Principles of the Composite Material Structuring

From the practical point of view, more functionality of 3D polymeric structures could
be achieved by combining two materials in one structure, however, not by directly
mixing them, but by adding them in separate stages: fabricating a rough geometry
out of one pre-polymer, developing it and then pouring over another polymer precur-
sor and polymerizing additional elements. The first steps in combining two materials
using DLW have already been taken — composite polymer scaffolds with distinct
protein-binding properties were fabricated [45], and fibronectin protein at specific
sites to the BSA scaffold has been added [82]. Both demonstrations were meant for
biomedical applications, however, this technique may also have some advantages in
areas such as micro-sensors.

The structures presented in this section were fabricated using Yb:KGW laser
system (7 = 300 fs, v = 200 kHz, NA = 0.65-1.4). Figure 4.4 demonstrates the
versatility of the fabrication of multi-component structures. Firstly, as many as
four different materials may be used, as each stage of the material preparation (e.g.
heating) and development does not seem to damage the already fabricated parts
(Figure 4.4 a). Also, the possibility to use the first material as a support structure
for the second one is seen in Figure 4.4 b) where rigid SZ2080 walls support PDMS
lines which would otherwise collapse. 3D structuring directly onto the first material
without touching the substrate is also possible as shown in Figure 4.4 ¢). Finally,
even if used materials do not stick to each other or if moving parts are needed, the
structuring of completely separate objects loosely interconnected with each other can
be used (Figure 4.4 d).

Fabrication of the Sensor

A structure operating similarly to a bimetallic strip (bending due to material’s dif-
ferent response to environment) was designed (see Figure 4.5). It consisted of a rigid
wall with thin rods sticking out and was fabricated out of mechanically strong SZ2080
(fabrication parameters: P, = 0.1 mW, I, = 0.53 TW/cm?, v = 100 um/s). After
photo-structuring was performed, the sample was developed in PEN, PEG-DA-575
was poured over the structure and a layer of the hydrogel was polymerized to the
side of the SZ2080 rods (fabrication parameters: P, = 0.15 mW, I, = 0.79 TW /cm?,
v = 50 pm/s).

575

OrmoComp

SU-8

$72080

Figure 4.4: SEM images of multi-component structures. Color coding: SZ2080 —
gray, SU-8 — yellow, OrmoComp — green, PEG-DA-XXX — blue, PDMS — red, SR368
— purple.
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) as fabrlcated ,

PEGDA- 57&\/322‘)&

b) in water

Figure 4.5: A composite structure’s CAD model and optical microscope images a) as
fabricated (after the addition of PEG-DA-575 layer, before development) and b) in
water. In the CAD model SZ2080 is colored gray and PEG-DA-575 — blue. ¢) SEM
image of the structure (for clarity the PEG-DA-575 is colored blue).

Various approaches to the composite structure’s fabrication were tested — from the
addition of PEG-DA-575’s layer only at the center part of the rod, to its full coverage,
and the best results were acquired with the latter. The fabricated structure in action
is shown in Figure 4.5 a)-b). It consists of four rods fabricated out of SZ2080, three of
which have a hydrogel layer attached on one side (the fourth rod is used as a reference
to compare how the structure’s behavior depends on its composition). During the
addition of the PEG-DA-575 layer the laser beam is being scanned along the rod
and the growth of polymeric mesh results in a slight movement of the thin structure.
Thus, a slight bending is observed just after the fabrication (see Figure 4.5 a) optical
microscope image). After development in water the PEG-DA-575 layer swells, while
S72080 shrinks. This results in a large bend towards the reference rod (Figure 4.5
b). The same behavior repeats itself during the subsequent solvent change cycles.
Also, a dependence of the degree of bending on the solvent was noticed — the rods
showed a smaller bending when immersed in ethanol as compared to water. SEM
images of the structure show that the rods are mechanically stable, do not sag with
the addition of another material and straighten up after drying (see Figure 4.5 ¢). It
should be taken in account that direct contact between the separate polymeric parts
(e.g. two rods) should be avoided, as it may result in them sticking together and
becoming obsolete.

4.5 Conclusions

Our observations show that the degree of deformations, occurring when DLW fab-
ricated structures are placed in various solvents, can be controlled by changing the
surrounding liquid medium or its composition. Such micro-structures are distin-
guished by their momentarily response to the environmental changes, deformations
have repeatable nature (for at least 10 liquid change cycles) and are not restricted
to the non-dried-out samples. This makes them applicable as environmental sensors,
mechanical actuators in micro-fluidic templates, tunable DOE elements and in other
areas. The functionality of such sensors may be expanded by using multi-component
structures.
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The Fabrication of Scaffolds for Tissue Engineering

Material related to this chapter was published in [A4, A5] and presented at [C8]
conference.

Since the ancient times a possibility to regrow a tissue, body part or even to create
a whole human body out of nothing has peaked people’s imagination. So it is not
surprising that the ideas from myths and fairy tales began to move into reality
creating the science of tissue engineering, which is now being increasingly used to
help people return to normal life after an accident. The term tissue engineering was
mentioned for the first time in 1984 [83], while its definition can be found in the
article by R. Langer and J. Vacanti in the journal Science [84]:

tissue engineering is an interdisciplinary field that applies the principles of
engineering and the life sciences toward the development of biological substi-
tutes that restore, maintain, or improve tissue function.

The first steps towards tissue engineering were made hundreds years BC in two
different directions. The engineers crafted simple prosthetics used after losing a limb,
while the medics developed the skin grafting procedures. For tissue engineering, how-
ever, both these fields had to be combined. In order to understand how engineering
of the tissue is performed we must understand what constitutes a tissue. There are
two main components: the cells and the extracellular matrix (ECM) — the secretion
product of the cells that is in dynamic equilibrium with them. It follows that the best
scaffold for artificial tissue would be the ECM or a structure which replicates it, how-
ever, due to its complex architecture it is not a trivial task to make such construct,
thus, it is usually settled for structures which meet the following demands [85]:

« the architecture ensures sufficient porosity for the growth of new tissue, material

transport and vascularization;

« the materials are biologically compatible (non-toxic) with the grown cells;

o the mechanical properties of the materials used for the scaffold match tissue’s

native properties.

DLW is a promising technology for the scaffold fabrication due to its wide range
of processable materials, tunable resolution over a wide range, full control over the
architecture and even the possibility to work in the environment of live tissue [86].
Synthetic polymers are often used for the scaffold fabrication since natural ones
usually lack the required mechanical stability. If there is a requirement that the
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scaffold should degrade in time and leave only the newly formed tissue, biodegradable
materials should be used. If the main goal is a study of the scaffold geometry’s
influence on the cell behavior, then non degrading ones can be used. This includes
already widely used for DLW Ormocer’s, Ormosil’s, epoxies and acrylates some of
which have been studied and found to be biocompatible [3,46,87,88|.

Although the scaffolds fabricated using DLW have been quite extensively studied
for tissue engineering applications [51,89,90] in vitro, their in vivo capabilities have
not yet been reported.

5.1 Experimental Methods

The chosen material was SZ2080 pre-polymer known to be biocompatible [3] and also
suitable for structuring without the use of photo-initiators [19]. The latter property
allows to perform the PI's toxicity studies when the non-degradable 3D constructs
are used for tissue regeneration. The objective used was NA = 0.8 (Zeiss) and the
IFV regime was employed. The sample was prepared by 2-3 consequent heatings on
the hot-plate to achieve the height of pre-polymer drop larger than 200 pm while its
area had to be ~1.5x 1.5 cm?. This was needed due to the height of scaffolds (around
200 um) and their lateral size (several mm, at least 10 scaffolds were fabricated on
the same substrate). The development of the samples was also longer than usual —
scaffolds were left in the developer for an hour, then moved to a clean one and left
for several hours. The procedure was repeated at least two more times with a couple
of hours time span in between the solvent change.

Since the scaffolds were fabricated for the eventual use in in vivo experiments,
they were not stuck to the glass substrate, thus, for the ease of handling during the
sample characterization, one scaffold was always fabricated on the substrate.

5.2 Optimization of the Fabrication Parameters

For statistical investigation a high number of scaffolds is needed; thus, the optimiza-
tion of fabrication parameters is critical. The aim of this task is to find the set of
fabrication parameters (such as lateral and axial hatching distances dzy and dz, sam-
ple translation velocity v, average laser power P,,) that ensures high-quality struc-
tures (without visible deformations) and high throughput (calculated as polymerized
volume in time V,,/t). Three main factors influence the achievable throughput.
Material properties. The main problem arises if the pre-polymer is liquid
during fabrication as it moves due to inertia. This limitation can be overcome by
using the galvanometric scanners and not linear stages for the fabrication. Also, each
pre-polymer has its "suitability" for the DLW processing — some are easily structured,
have wide fabrication windows and others are much more difficult to use.
Hardware and software limitations. Hardware limitations can manifest
themselves by the limited fabrication area (for piezoelectric stages and galvanomet-
ric scanners), velocity (for piezoelectric stages), shutter closing delay or high inertia
(in the case of linear motion stages such as Aerotech). The latter manifests by the
separation of lines formed by parallel scans, their curvature; however, in some cases
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i
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h
) i

Figure 5.1: CAD models and SEM images of the fabricated scaffolds of the a) wood-
pile, b) hexagonal and c) rectangular types.
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they can be overcome by the use of IFV regime. Software limitations arise if large
(mm-cm scale) scaffolds having complex geometry are fabricated as the computer
resources needed for the code generation may not be sufficient.

Geometry of the scaffold. The more complex it is, the lower beam scanning
velocity must be used even when using [F'V regime. This means that the throughput
of a simple rectangular scaffold will always be higher than that of a hexagonal.

5.3 Fabricated Scaffolds

Woodpile type scaffold consisted of 10 um wide and 15 um high logs arranged in
50 um period (Figure 5.1 a). Each layer was at 90° angle in respect to the preceding
layer. Every second layer was shifted by half a period. In z direction the scaffold
consisted of seventeen layers.

Hexagonal type scaffold was composed of hexagonal cells pervious in all direc-
tions (Figure 5.1 b). The apothem of a hexagon was 50 um, the side hole hight was
45-55 um and width 51 um. Each layer of such cells was shifted in one direction in
respect of the previous layer. The rod’s height and width was tuned in the range
10-15 pm. In z direction each scaffold consisted of three layers.

Rectangular type scaffolds were made up of rectangular cells which, in the case
of hexagonal, were pervious in all directions (Figure 5.1 ¢). The width and height
of the rods was 15 pm, the upper pore size was 105x105 um?, and the side pore —
105x45 um?. Each layer of the cells was shifted in both (z and y) directions by half
a period. In z direction each scaffold consisted of three layers.

Although the first experiments were performed using woodpile and hexagonal
type scaffolds (their size was up to 2.1x2.1x0.21 um?) only the latter showed promis-
ing results after initial tests with cells, so the woodpile type was dismissed.

As the DLW method is especially suitable to fabricate scaffolds with controlled
architecture hexagonal and rectangular type scaffolds with similar parameters were
fabricated for the evaluation of the geometry’s influence to cells. Since it is not
possible to make all parameters the same, the following were chosen:

o area of the top pore orifice (as seen through the whole scaffold) ~ 2090 um?;

« top pore size (of one cell) d,, ~ 100 pm;

 porosity >85%;

« the lowest pore size (in any direction) of the side pore hg, ~ 45 um;

« equal width and height of the rods (hy = dp = dj, = 15 pum).

The optimal parameters for these scaffolds using SZ2080+1% IRG were as follows.

Table 5.1: The parameters for some of the fabricated scaffolds.

Porosity, Size, Fabrication = Throughput,
Scaffold type % pm? duration, min. um? /s
Hexagonal 87 1581 x1525%195 37 27500
Rectangular 89 1515x1515%195 16 51300
Rectangular™ithout P1 89 1515x1515%x195 50 16400
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Figure 5.2: Hexagonal type scaffolds seeded with chondrocytes incubated for a) 3, b)
7 and c¢) 14 days. Scale bar — 200 pm.

For both (hexagonal and rectangular) types the same hatching distance dzy = 0.5 pm
and dz = 7.5 pm and same beam scanning velocity for the vertical rods — vy = 6 mm/s
— was used. The beam scanning velocity for the horizontal rods was v, = 15 mm/s
and 10 mm/s for the rectangular and hexagonal scaffolds, respectively. Also, rect-
angular type scaffolds were fabricated out of SZ2080 without photo-initiator. The
achieved throughput was lower than for the doped pre-polymer due to the difference
in the spatial resolution achievable in both cases. The optimal parameters were:
dzy = 0.4 pm, dz, = 4.5 um, dz, = 7 um, vy = 5 mm/s, v, = 8 mm/s. The typical
sizes and throughputs of the fabricated scaffolds are summarized in Table 5.1.

5.4 In Vitro and In Vivo Experimental Results

In collaboration with the Lithuanian University of Health Sciences the fabricated
scaffolds were used for the pre-clinical tests of cartilage regeneration. The isolated
rabbit allogenic chondrocytes seeded on the hexagon shaped scaffolds showed pene-
tration to the interior, their distribution in the inside pores increased steadily over
14 day period. Immunohistochemical study also showed the formation of ECM. The
scaffolds were implanted into the rabbits’ knee defects and during the observations
after 1, 3 and 6 months no unusual inflammation was noticed. Also, better results
in cartilage regeneration were achieved using the DLW fabricated constructs than
commercial collagen membranes.

5.5 Conclusions

Limiting factors for rapid large scale fabrication of scaffolds for tissue engineering
were discussed. Using the SZ2080 pre-polymer doped with IRG photo-initiator, con-
structs reaching up to 2.1x2.1x0.21 mm? in size for cartilage regeneration were fabri-
cated. The fabrication of hexagonal type constructs reached 27500 um? /s, through-
put while for the rectangular type — 51300 um?®/s. Also, pure SZ2080 was used
for rectangular type scaffold fabrication reaching 3D throughput of 16400 wm?/s.
The in vitro experiments of cell growth in hexagonal type scaffolds demonstrated
positive results, and first in vivo investigation of DLW structured scaffolds showed
that such constructs regenerate the cartilage tissue better than commercial collagen
membranes.
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The 3D Structuring of Polydimethylsiloxane

Material related to this chapter was published in [Al, A2, A8] and presented at [CS3,
C4, C7, C9, C10] conferences.

S72080 pre-polymer, which is suitable for various tough tissue (bone, cartilage) regen-
eration experiments due to its mechanical properties, was used for the fabrication of
scaffolds described in the previous chapter. However, for soft tissues (muscles, blood
vessels) it is too rigid and other materials, such as polydimethylsiloxane (PDMS),
should be considered. It is attractive not only for its biocompatibility, but also for
the possibility to tune its elastic modulus from a few kPa up to several MPa [91] —
the range which is suitable for most of the soft tissues [92]. There have been some re-
ports on 3D laser structuring of PDMS using photo-initiators [93-95] and fabrication
of a suspended line using a curing agent [30]. However, the achieved 3D structur-
ing throughput (=~ 12 um?/s) is too small for practical use, especially if large-scale
structures, such as scaffolds, are needed.

In this chapter a study on the laser structuring of the pure PDMS and doped with
various Pls will be presented. For the experiments a commercial elastomeric PDMS
kit Sylgard 184 (Dow Corning) was used. The pre-polymer was doped with various
photo-initiators in the following way: the PI's were dissolved in tetrahydrofuran
(THF), then added to the PDMS and left stirring for an hour in the closed bottle.
Afterwards the bottle’s cap was taken off and the mixture left to stir for another 12
hours for the THF to evaporate. Since it did not evaporate completely even after
such time, the samples were heated for 30 min at ~ 100°C before laser structuring.

The experiments were carried out using Ti:Sapphire (GR) (A = 800 nm, 7 = 20 fs,
v =75 MHz, NA = 1.4 (Zeiss)) and Yb:KGW (A = 515 nm, 7 = 300 fs, v = 200 kHz,
NA = 1.25 (Olympus)) laser systems. Fabrication throughput within the bounds of
this investigation is defined as the polymerized volume over time unit calculated
as dryxdzxwv where the variables dxy, dz and v are those, with which structures
corresponding to the model without visible defects are acquired.

6.1 Structuring Using Ti:Sapphire Laser System

The study was performed in four stages:
1. Investigation of the Pls’ suitability for laser structuring of PDMS. 12 different
photo-initiators were used to prepare PDMS mixtures with 0.5% PI (see Table 6.1).
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CHAPTER 6. The 3D Structuring of Polydimethylsiloxane

P,,, mW
0.60 0.62 0.64 0.66 0.68 0.70

vee

15kV  X2,500 10pm

18kV  X2,500 10pm 16kV  X2,300 10pm

Figure 6.1: 3D structures fabricated out of PDMS+1% ISO using Ti:Sapphire laser
system by employing a)-b) increasing power algorithm and c)-d) double scanning

algorithm. 3D structures’ array fabricated using Yb:KGW laser system out of e)
pure PDMS and f) PDMS+0.5% ISO (scale bar — 200 pum).

The samples were exposed to P, = 53 mW ([, = 4.35 TW /cm?) laser radiation hop-
ing to observe polymerization by scanning the beam inside pre-polymer (v<10 pm/s).

2. The PIs’ solubility tests in PDMS. Pls, which supported polymerization in
PDMS (ISO, TPO, TPO-L, IRG, BISM and THIO) were mixed in larger quanti-
ties. Thus, a 1% doping of PDMS using ISO, TPO and TPO-L photo-initiators was
achieved without visually observing changes to the mixture’s homogeneity.

3. Fabrication of 2D gratings. The mixtures with maximum doping were used for
2D grating fabrication. The structures fabricated out of PDMS doped with THIO,
IRG and ISO photo-initiators survived the development process. ISO PI was chosen
for further experiments since the used velocities at the same fabrication parameters
were achieved higher than for other Pls (thus, the throughput was also higher).

4. Fabrication of 3D structures. PDMS doped with 1% ISO was used for the
fabrication of woodpile type structures. Since the PDMS is liquid, the structuring was
performed starting from the substrate so the distant layers were fabricated by a laser
beam defocused by passing through the already polymerized areas. Two methods
were used to solve this: 1) higher laser power was used to fabricate the more distant
layers (see Figure 6.1 a)-b), fabrication parameters: dzy = 0.2 um, dz = 0.5 pm,
v = 150 pm/s, the used average laser power for the first-second, third-fourth and
fifth layers respectively were P, = 62-64-67 mW (I, = 5.09-5.25-5.50 TW /cm?),
the achieved 3D structuring throughput — 20 um?®/s) or 2) the distant layers scanned
twice (see Figure 6.1 c¢)-d), fabrication parameters: dry = 0.2 pm, dz = 0.5 pm,
v = 150 um/s, all layers fabricated using P,, = 64 mW (I, = 5.25 TW /cm?) and for
the last two additional scanning using 55 mW (I, = 4.51 TW /cm?) was performed,
3D structuring throughput — 15 um?/s). Better results (lower shrinkage of the distant
layers) were acquired using the latter method.
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6.2 Structuring Using Yb:KGW Laser System

The experiments were performed using three different types of samples — pure PDMS,
doped with 0.5% ISO, which demonstrated the best results using Ti:Sapphire system,
and doped with 0.2% THIO, which has a two-photon absorption band for 515 nm.
The arrays of the same structure — gate, consisting of two vertical rods and a hori-
zontal one on the top, — were fabricated with dry = 0.3 pum and dz = 0.4 um. Arrays
fabricated using pure (e) and doped with 0.5% PDMS (f) are shown in Figure 6.1.
The rectangles mark structures of good quality (not caved in or exploded). It is clear
that the fabrication window of doped PDMS is much broader.

It was noticed that the manner in which the laser beam’s position inside the
sample is changed has a significant influence on the quality of the structures and on
the 3D fabrication throughput. When fabricating using only linear motion stages,
grainy, uneven surface is observed if high fabrication velocities (>1 mm/s) are used
due to the inertia of liquid PDMS. In order to fabricate structures well corresponding
to the CAD model, IFV regime must be used. Also, slow beam scanning velocity
(=100 pm/s) should be used in order to achieve a high degree of cross-linking and
acquire a structure having well-defined and not rounded corners. If linear stages
are used for fabrication structures of good quality are acquired with sample trans-
lation velocities up to 1.0 mm/s (P, = 0.68 mW, I, = 1.63 TW /cm? 3D fab-
rication throughput — 120 um?/s) for PDMS doped with 0.2% THIO; 1.5 mm/s
(Pow = 0.5 mW, I, = 1.20 TW/cm?, 3D fabrication throughput — 180 um3/s) for
PDMS doped with 0.5% ISO; 1.0 mm/s (P, = 0.7 mW, I, = 1.68 TW/cm?, 3D
fabrication throughput 120 um?/s) for pure PDMS. If the IFV regime is used, the
throughputs increase to 180 um?/s for pure PDMS and doped with 0.2% THIO
(v = 1.5 mm/s) and 720 um?/s (v = 6 mm/s) for PDMS doped with 0.5% ISO.

6.3 Polymerization Initiation Mechanisms in PDMS

Modeling of the free electron generation dynamics (Figure 6.2, calculated according
to the equations in Section 1.2)* showed that in the case of Ti:Sapphire laser system
the main source for the free electron generation in both doped and pure PDMS is

Table 6.2: The rates of multi-photon and avalanche ionization in PDMS.

)\, ]p , wmpi 5 wimp;
nm Pl TW /cm? Th 1010571 x 1010 !

515 - 1.6 3 0.004 299

SO, THIO 12 2 2.65 374

- 4 0.019 2263

800 150 tHIO % 3 5.74 3772

“Note that the presented graphs are qualitative and only demonstrate how specific ionization
rate values influence the free electron generation for the pulses of different duration; they are not
suitable for quantitive assessment.
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Figure 6.2: The calculated free electron generation dynamics due to multi-photon
and avalanche ionization (np; and ngny,) in PDMS. a) For Ti:Sapphire laser system,
when I, = 5.2 TW/cm?; pure PDMS in the inset. b) For Yb:KGW laser system when
I, = 1.2 TW/cm? (polymerization, solid lines) and I, = 1.6 TW /cm? (breakdown,
dashed lines); pure PDMS in the inset, I, = 1.6 TW /cm? (polymerization).

multi-photon absorption (Figure 6.2 a), although the rate of avalanche ionization
is much higher (see Table 6.2, wjpy >> Wpy). For the pure PDMS the 4-photon
absorption is not efficient and, although the free electron generation rate for the
avalanche ionization is five orders higher than that for the multi-photon ionization,
due to the short pulse the avalanche does not switch on, and there are not enough
radicals to initiate the polymerization. However, doping with Pls creates a more
efficient and controllable source of free electrons in the form of 3-photon absorption
which is sufficient for the polymerization to commence. On the other hand, a slightly
different situation is in the case of Yb:KGW laser system. At the typical fabrication
intensities (~1.2 TW/cm?, Figure 6.2 b), solid lines) the dominant free electron
generation mechanism is multi-photon ionization, which is quite efficient in both
doped and pure PDMS. However, at the breakdown intensities of the doped PDMS
(=1.6 TW/cm?, Figure 6.2 b), dashed lines) avalanche ionization becomes dominant
and results in micro-explosions during fabrication.

In both cases doping of the PDMS with Pls increases the effectiveness of multi-
photon absorption making polymerization more efficient using the Ybh:KGW and
possible with Ti:Sapphire laser system.

6.4 Conclusions

3D structuring of PDMS doped with ISO photo-initiator can be performed using
Ti:Sapphire laser system with a throughput of 20 um?3/s. Using Yb:KGW laser
system the highest throughput was reached for PDMS doped with the same PI and
was 720 um?/s when IFV regime was used; it is 60 times larger as compared to the
other groups’ results. Also, for the first time laser structuring of pure PDMS without
any additives was reported. The performed theoretical calculations show that multi-
photon absorption is the dominant mechanism in breaking the chemical bonds in all
cases of successful laser fabrication.
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Conclusions

. The width of the suspended lines fabricated out of SZ2080, OrmoComp and
PETA pre-polymers using linearly polarized light is the biggest when the an-
gle between the polarization vector and the sample translation direction is
a = 90° and smallest when o = 0°. This is consistent with the results of
theoretical simulation of the focusing using high numerical aperture (NA>1.35)
objective, performed by employing vectorial Debye theory, according to which
the intensity distribution is elongated along the polarization direction. The ex-
perimental investigation of the aforementioned pre-polymers showed that the
difference between the thinnest and the widest lines can reach up to 20%.

. The lines fabricated out of SZ2080, OrmoComp and PETA using circularly po-
larized light have smaller lateral dimensions than the lines formed using linearly
polarized light. The investigation of the axial resolution in SZ2080 pre-polymer
showed that is also higher which might be attributed to smaller multi-photon
absorption cross-section of the materials for the circular polarization.

. It was experimentally shown that the direction of the linearly polarized light’s
electric field vector does not influence the axial resolution of the lines. Thus
control of the polarization direction makes it possible to dynamically tune the
aspect ratio of the fabricated structures.

. Structures fabricated by DLW in pre-polymers undergo reversible deformations
(swelling and shrinking) when placed in liquid environment. These tendencies
are valid at least as long as the lateral dimensions of the polymeric lines do not
exceed 1.5 pm. Based on this property sensors and micro-manipulators were
demonstrated which stayed sensitive to the environment after several liquid
exchange cycles.

. The DLW in pre-polymers method can be used to fabricate composite structures
out of up to four different pre-polymers without any observable influence to the
final structure’s quality. An addition of the second material is possible in a
freely chosen position in all three dimensions. Combination of the composite
material fabrication with reversible deformations of polymeric elements enables
to take advantage of the different properties of the two materials in formation
of bi-polymeric sensors.

. Pure SZ2080 and doped with 1% IRG photo-initiator is suitable for the fab-
rication of high number micro-structured scaffolds for statistical cell growth
experiments. Up to 2.1x2.1x0.21 mm?® volume scaffolds of hexagonal and
rectangular type can be fabricated with the throughput of 27500 um?/s and
51300 um? /s respectively out of doped SZ2080. A throughput of 16400 um3 /s
can be achieved for the rectangular type scaffold out of pure SZ2080. In wvivo
experiments show that the hexagonal type scaffolds are suitable for the regener-
ation of articular cartilage and demonstrate better results than commonly used
collagen membranes.
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Conclusions

7. 3D structuring of the biocompatible elastomer PDMS doped with ISO photo-
initiator is possible using Ti:Sapphire laser system with throughput of 20 um? /s
and using Yb:KGW laser system — 720 um?/s. 3D structuring of pure PDMS
using Yb:KGW laser system can be achieved with throughput of 180 um?/s.
Better results achieved using photo-sensitized PDMS can be explained by the
fact that doping with PI creates a controllable generation of free electrons due
to multi-photon absorption as was shown by theoretical calculations.
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Santrauka

TIESIOGINIO LAZERINIO RASYMO FEMTOSEKUNDINIAIS SVIESOS
IMPULSAIS SKAIDRIOSE TINKLINAMOSE MEDZIAGOSE METODU
VYSTYMAS IR TAIKYMAI

Tiesioginis lazerinis rasymas skaidriose tinklinamose medziagose, pagristas netie-
sine Sviesos bei medziagos sgveika, yra vienas placiausiai naudojamy polimeriniy
mikrodariniy formavimo budy, uztikrinantis auksta erdvine raiska, pasizymintis placiu
apdirbamy medziagy spektru, geometrijos parinkimo laisvumu bei mastelio derin-
imu plac¢iame intervale. Sios bei kitos savybés nulémé, kad TLR metodu suformuoti
dariniai rado pritaikymus paciose jvairiausios sferose, tarp jy fotonikoje, mikroop-
tikoje, jutikliy gamyboje, medicinoje bei kitose.

Siame disertaciniame darbe yra pristatomi eksperimentiniai tyrimai, pastiimé-
jantys TLR metody vystyma dar arciau realiy praktiniy taikymy. Atliekant tyrimus
buvo kreipiamas ypatingas démesys skirtingy polimery pirmtaky formavimo ypatu-
mams. Nustatyta juy erdvines formavimo raiskos priklausomybé nuo naudojamo laze-
rio pluosto poliarizacijos bei parodyta galimybé §j parametra panaudoti dinaminiam
dariniy aukscio ir plocio santykio derinimui. IStirtos polimeriniy dariniy, suformuoty
TLR metodu, grjztamosios deformacijos juos patalpinus jvairiose skystose terpése.
Sis efektas panaudotas aplinkai jautriy mikrojutikliy kiirimui. Be to, pristatoma gal-
imybé gaminti polimerinius darinius i$ keliy polimery pirmtaky, prijungiamy skirt-
ingy formavimy metu, sudaro galimybe praplésti galutiniy dariniy funkcionaluma.
Tai buvo pademonstruota §j metodg pritaikius bipolimerinio jutiklio formavimui.

Taip pat daug démesio skirta audiniy inzinerijos taikymy sriciai. Parodytas
TLR metodo tinkamumas polimeriniy karkasy, skirty audiniy regeneracijos tyri-
mams n vivo, gamybai. Parodyta, kad optimizavus formavimo parametrus SZ2080
polimero pirmtake galima pasiekti trimacio formavimo nasumus, pakankamus didelio
kiekio milimetry eilés mikrostrukturizuoty konstrukty gamybai. Su tokiais karkasais
atlikti in wvitro ir in wvivo tyrimai parodé jy tinkamumg audiniy inzinerijos taiky-
mams (gauti geresni rezultatai regeneruojant kremzlés audinj nei su jprastai naudo-
jamomis komercinémis kolageninémis membranomis), tad planuojami tolimesni dar-
bai Sioje srityje. Tam pradéti formuoti karkasai is nefotojautrinto polimero pirmtako,
skirti iSsiaiskinti fotoiniciatoriaus jtaka lasteliy augimui; taip pat yra modifikuojama
karkaso geometrija, pory formos jtakos nustatymui. Be to, atlikti lazerinio trimaciy
dariniy formavimo i$ medicininiams taikymams itin patrauklaus PDMS elastomero
tyrimai leido pagerinti jo apdirbimo nasuma 60 karty bei priartino Sio polimero pirm-
tako panaudojimg realiems taikymams.
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