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Abstract

Multi-photon polymerization is a microfabrication and nanofabrication technology with a rapidly
growing field of applications. It is based on the simultaneous absorption of two or more photons
to excite a molecule to an energy state higher than the energy of the individual photons. This
phenomenon was initially seen as a scientific curiosity with limited practical applications. Due
to the advancement of ultrashort pulsed lasers, this phenomenon has been employed for stere-
olithographic methods such as 2-photon polymerization (2PP). By tightly focusing a pulsed
laser into photosensitive resin, arbitrary 3-dimensional (3D) structures with feature resolution
of a few hundred nanometers can be produced. Compared to conventional additive manufac-
turing (AM) technologies, 2PP can produce intricate geometries within the resin without the
need to deposit new material in a layer-by-layer fashion. Its unrivaled spatial resolution allows
the production of microscaffolds which are of interest for biomedical applications.

This thesis presents a comprehensive study of parameters governing 2PP and materials for
tissue engineering. To render 2PP of interest for in vivo applications requires high processing
speeds. However, the resolution of 2PP creates a major bottleneck, as the fabrication time is
significantly higher than for conventional AM methods. In addition, most photoinitiators (PIs)
used for 2PP require long exposure times to initiate polymerization, leading to slower scanning
speeds. In an initial step, a z-scan setup was developed, capable of characterizing the 2-photon
absorption (2PA) in a wide spectral range. This allowed the screening of newly synthesized
PIs and the determination of the peak absorption wavelength. Matching the wavelength used
for 2PP to the maximum 2PA absorption, significantly improved the performance of the 2PP
system and allowed to increase the writing speed. As a thorough understanding of the material
performance at higher writing speeds is essential when upscaling the fabrication process, a
closer examination of the required laser power for polymerization (Py,) for fabrication speeds
up to 100 mm s~ ! was carried out. From the results, it was concluded that for these fabrication
speeds, P, was significantly lower than predicted by the established model. It was therefore
possible, to increase the scanning speed, without exceeding the available laser power.

Recently, 2PP was proposed as a third strategy in tissue engineering to bridge two distinct
trends. This synergetic approach aims to load highly porous microscaffolds with dense cell
spheroids. Based on the principle of self assembly multiple scaffolds are able to fuse and create
tissue while the 3D-scaffolds provide initial mechanical support. Materials processable with
2PP, that exhibit these properties, are based on glass like matrices, which cannot be degraded
by the body, limiting the natural remodeling capacity of the tissue. In this work, polymers based
on biodegradable polycaprolactone (PCL) were studied to produce biocompatible scaffolds.

The versatility of 2PP for biomedical applications was demonstrated in two studies. Mi-
crocages were produced to trap neurons using standing Faraday waves. Lastly, microscaffolds
for hair implants were produced, which successfully induced the growth of human hair follicles
from human induced pluripotent stem cells (hi-PSC). The fast production of highly detailed,
biodegradable microscaffolds via 2PP showcases the tremendous potential of this technology
for tissue engineering.
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Kurzfassung

Multi-Photonen Polymerisation ermoglicht die Produktion hochauflosender dreidimensionaler
(3D) Strukturen. Sie basiert auf dem Phanomen der nichtlinearen Absorption, bei dem ein
Molekiil zwei oder mehrere Photonen simultan absorbiert. Die Energiedifferenz zum angeregten
Zustand betréigt die Summe der einzelnen Photonen. Anféanglich noch als wissenschaftliches Ku-
riosum mit limitierter Anwendung wahrgenommen, erlaubten Ultrakurzpulslaser eine Vielzahl
neuer Applikationen. Eine solche ist die 2-Photonen Polymerisation (2PP). Hierbei wird
gepulstes Laserlicht in ein photosensitives Harz fokussiert, wodurch 3D-Geometrien mit einer
Auflésung von einigen hundert Nanometern produziert werden koénnen. Verglichen mit kon-
ventionellen Additiven Fertigungstechniken besteht keine Notwendigkeit fiir eine Schicht-fiir-
Schicht Auftragung des zu verarbeitetenden Harzes. Die Auflésung von 2PP ist unerreicht
in der Additiven Fertigungstechnik und erlaubt die Produktion préziser Geriiststrukturen fir
biomedizinische Anwendungen.

Diese Doktorarbeit umfasst eine umfangreiche Studie von Parametern, die den 2PP-Prozess
beeinflussen. Fiir in vivo Anwendungen wird ein hoher Durchsatz benotigt. Hier stellt die Au-
flosung der Technologie einen moglichen Engpass dar, da die Produktionsgeschwindigkeit von
2PP um ein vielfaches hoher ist, als bei konventionellen stereolithographischen Verfahren. Des
Weiteren benotigen 2-Photonen Photoinitiatoren lange Belichtungszeiten, wodurch langsame
Scangeschwindigkeiten bedingt werden. Eine vollstiandig automatisierte Z-Scan Messandord-
nung wurde entwickelt, um die spektrale Absorption von 2-Photon-aktiven Komponenten zu
vermessen. Eine Ubereinstimmung der Wellenlinge, welche fiir 2PP verwendet wurde, mit
dem Maximum der 2-Photonen Absorption sorgte fiir eine deutliche Erhéhung der Prozessef-
fizienz. Um das Polymerisationsverhalten von Materialien bei erhohten Scangeschwindigkeiten
zu verstehen, wurde die minimal benotigte Laserleistung (P,,) fir Geschwindigkeiten von bis
zu 100 mm s~! untersucht. Die ermittelten Werte fiir Py, lagen deutlich unter den berechneten
Trends, welche auf vergleichbaren Studien basierten. Die Ergebnisse erlaubten eine deutliche
Steigerung der Fabrikationsgeschwindigkeit.

Ein weiterer Fokus wurde auf Materialien mit Potential fir Anwendungen in der regen-
erativen Medizin gelegt. Hierfiir wurden Prapolymere basierend einem biokompatiblen und
biodegradierbaren Polycaprolacton-Backbone untersucht. Das Potential von 2PP als Werkzeug
fiir neuartige Losungsansatze in der Gewebeziichtung wurde in zwei Studien veranschaulicht.
Periodisch angeordnete Mirkostrukturen wurden produziert. Diese wurden mithilfe stehender
Wellen mit neuronalen Zellen besiedelt. In der zweiten Studie wurden 2PP-Strukturen fiir
Haarimplantate produziert, die mit Keratinozyten und induzierten pluripotenten Stammzellen
beladen wurden. Nach Implantation generierten die Zellen menschliche Haarfollikel.

Die rasche Produktion von Geriiststrukturen basierend auf biodegradierbaren und biokom-
patiblen Materialien veranschaulicht das Potential von 2PP fiir biomedizinische Anwendungen.

vii
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1D, 2D, 3D  1-,2-, 3-dimensional

2PA
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2PL
2PP
4,4’-Bis

AFM
AM
AOM
CAD
DAPI
DBC
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DP
DSC
ECM
FDM
FN
FOV
fs
FTIR
GDD
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GVD
hiPSC

HMDS
hTERT
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2-photon excited fluorescence
2-photon lithography
2-photon polymerization
4,4’-Bis(diethylamino)
benzophenone

atomic force microscope
additive manufacturing
acousto-optical modulator
computer aided design
4’-6-diamidino-2-phenylindole
double bond conversion
dimethyl sulfoxide

dermal papilla

differential scanning calorimetry

extracellular matrix

fused deposition modeling
fieldnumber

field of view

femtosecond

Fourier transform infrared
group delay dispersion
green fluorescent protein
group velocity dispersion
human induced plurypotent
stem cell
hexamethyldisilazan
human telomerase reverse
transcriptase

KC
MG63
mKC
NLA
NLR
OPA
PBS
PCL
PDMS
PDT
PEG
PI
PMMA
PS
PSF
ROS
SEM
SFOV
SHG
SLA
SLM
SLS
THF
Ti:Sa
uv
WLC
WOW-2PP

keratinocyte

human osteosarcoma cell line
mouse keratinocyte
nonlinear absorption
nonlinear refraction

optical parametric amplifier
phosphate buffered saline
polycaprolactone
polydimethylsiloxane
photodynamic therapy
polyethylene glycol
photoinitiator

poly(methyl methacrylate)
photosensitizer

point spread function
reactive oxygen species
scanning electron microscopy
squared field of view

second harmonic generation
stereolithography

selective laser melting
selective laser sintering
tetrahydrofuran
titanium-doped sapphire
ultraviolet

white light continuous z-scan
widened objective

working range 2PP
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1 Introduction

1.1 State of the Art

2-photon polymerization (2PP), sometimes also referred to as multiphoton polymerization, is a
microfabrication and nanofabrication technology with a rapidly growing field of explored appli-
cations ranging from the fabrication of microlenses [1,2], photonic crystals [3,4], to microme-
chanical and microfluidic devices [5-7]. Its main advantage compared to available additive
manufacturing (AM) methods is the capability to produce complex three-dimensional (3D)
structures at unrivaled spatial resolution in the sub-micrometer range [8]. This is achieved via
2-photon absorption (2PA), a nonlinear process, which allows the highly localized deposition
of light into a photosensitive resin. There is no need to add material in a layer-by-layer fashion,
as done in conventional AM-technologies [9]. While initially limited to fabrication speeds of
a few micrometers per second, the fabrication duration vastly increased due to galvanometer
scanners [10,11]. Recently, scanning speeds up to 4ms~! using galvanometer scanners have
been reported, rendering 2PP increasingly more attractive for a wide field of research [12].
This increase in scanning speed and subsequent increase in throughput renders 2PP of interest
for biomedical applications such as tissue engineering. The resolution of 2PP allows to produce
environments at nanometer precision, for example the extracellular matrix (ECM) [13]. The
ECM is the non-cellular compartment of each tissue and it provides structural and biochem-
ical support [14,15]. Mimicking conditions that are as close to in wvivo is especially relevant
for the development of therapeutic drugs. The initial outcome of in wvitro drug testing on
two-dimensional (2D)-cell culture often decides whether the development of the drug is con-
tinued [16]. However, certain limitations of 2D-culture suggest that an alternative method
such as higher drug toxicity should be considered. Among other limitations are the lack of
cell to cell and cell to ECM signaling which occur in 3D-tissue. These signals are essential
for cell differentiation, proliferation, and other cellular functions, suggesting that growing cells
as 3D-cell cultures is more representative of the conditions in wvivo [17,18]. Therefore, 3D-
microenvironments can provide significant insight when testing the safety and efficacy of ther-
apeutic drugs [19,20]. In the case of 3D-tissue engineering via 2PP, hydrogels have emerged
as versatile materials. They act as a highly biomimetic surrounding similar to the natural
ECM [21,22]. The material parameters of hydrogels can be tuned in three dimensions to guide
cell adhesion and proliferation [23,24]. Recent progress has shown the feasibility of structuring
hydrogels in the presence of living cells. It allowed new types of cell experiments for cell-laden
hydrogels. This approach yields a uniform cell distribution and circumvents the need to seed
the scaffolds after production [25]. In addition, 2PP shows great promise to produce struc-
tures such as microscaffolds for regenerative medicine. Its high resolution allows to fabricate
scaffolds which provide mechanical support for cell spheroids upon implantation in defects such
as bone tissue [26]. The size of porous microscaffolds for these experiments was usually less
than 300 pm. To allow cell migration through the scaffold, the pores need to be a few microm-
eters in diameter, which cannot be produced using conventional stereolithography (SLA). As
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1 Introduction

2PP provides the required resolution, it is seen as a potential new way to produce scaffolds
used for the regeneration of bone tissue [27-29]. Another field of particular interest for 2PP
is the regeneration of hair follicles for implantation. The hair follicle is induced by dermal
papilla (DP) cells. While differentiation of human induced pluripotent stem cells (hiPSC)
into DP-like cells has been reported [30], they loose their folliculogenic properties upon growth
in culture dishes [31]. It his assumed that under these conditions cells lack contextual and
positional cues from the surrounding 3D tissue. When culturing DP cells as spheroids, they
partially regain their folliculogenic properties and the gene expression pattern characteristic of
the freshly dissociated human dermal papillae [31]. However, a major stepping stone to render
2PP of interest for these applications is the processed material. The material must provide the
mechanical support while being biodegradable at the same time. While there are many works
about biocompatible microscaffolds fabricated with 2PP, these materials are usually sol-gel
based, so the implant will not degrade over time [32-34].
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1.2 Motivation

1.2 Motivation

This thesis was written at the Institute of Materials Science and Technology, TU Wien, to
investigate materials used for 2PP such as photoinitiators (PIs) and prepolymers. 2PP is
based of radical chain polymerization. The resins used consist of one or more monomers or
prepolymers and a radical PI. Upon excitation via 2PA the PI can cleave and yield radicals.
These chemical species are highly reactive and will attack C=C double bonds, producing a new
carbon-carbon single bond and another radical species (discussed in detail in Sec.2.2.1). The
prepolymers crosslink into a dense network, which is required for solid 3D-structures. When
increasing the fabrication speed of 2PP, a thorough understanding of the processing parameters
is required to ensure reproducible results and allow upscaling for future in vivo experiments.
The scope of this thesis was

e Design of a z-scan setup to measure the nonlinear absorption properties of 2-photon active
compounds in a broad spectral range.

e Study of prepolymers based on a biodegradable and cytocompatible PCL-backbone.

e Comparative study of polymerization performance for various materials and the required

minimum laser power (Py,) for writing speeds of 100 mm s™.

e Fabrication of microscaffolds for biomedical applications.

As an initial step, a z-scan setup was developed to measure the 2PA cross section (o5, given
in GM). In most cases such z-scan experiments are confined to a limited wavelength window
due to complicated setups or cumbersome alignment for each wavelength [35,36]. With easily
tunable fs-laser sources a broad spectral range is available for 2PP structuring. Matching the
laser wavelength to the peak of the 2PA spectrum of a particular compound can result in a
few-fold increase of the PI's performance [36]. This optimization is of particular importance
when the fabrication speed is increased. Low 2PA absorption requires high exposure times,
leading to an overall longer fabrication process [37], as shown in Fig. 1.1. The 2PP setup used
for this thesis allows the change of wavelength in a range from 690 to 1040 nm [12]. With
this broad window available for structuring, the z-scan setup was required to cover the same
spectral range to efficiently characterize newly synthesized PIs. The compounds characterized
with this z-scan setup were predominantly intended for 2PP applications. As this setup studied
nonlinear absorption behavior it was also intended as a tool to characterize compounds used
for other 2PA based processes such as photodynamic therapy (PDT). In PDT chemical agents
are activated using light to specifically destroy cancerous tissue among others [38].

After the working window and effectiveness of certain PIs was determined, the next step was
the study of newly synthesized prepolymers for their 2PP-processability. The data acquired
from z-scan results helped to select an optimal wavelength range for a given PI. Prepolymers
based on the biocompatible and biodegradable polyester polycaprolactone (PCL) [40] were
studied as alternative to current sol-gel materials [41,42].

In addition to this, the performance of 2PP for fabrication speeds up to 100 mms~! was
inspected. Understanding the polymerization behavior at high scanning speed is key when up-
scaling for clinical applications is seen as the long term goal. The correlation between required
power for polymerization (P;;,) and scanning speed v must be known in order to extrapolate
polymerization behavior at faster speeds and estimate the maximum working window of a given
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1 Introduction
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Figure 1.1: Dependence of the polymerization threshold Py, from 2PA cross section and writing

speed. The 3D-area represents the minimum laser power Py, for a given writing
speed and 2PA cross section (given in GM). The red 2D-plane represents the laser
power limit. Faster writing speeds demand higher laser powers, as the individual
points are illuminated for a shorter time (Py, oc v%°). The 2PA absorption is given in
GM. As can be seen from the intersection of power limit and minimum laser power,
faster writing speeds require higher 2PA cross section. Increasing fabrication speed
from 10 to 50 mm s~! would double the required laser power, while a writing speed
of 100 mm s~! would necessitate thrice the power. On the other hand an increase in
cross section from 20 to 50 GM or 100 GM would lead to a reduction of Py, by 30 %
or 50 % respectively. Displayed data was simulated for 2PA compounds requiring a
minimum laser power of 50 mW at a writing speed of 1000 mms~! and 2PA cross
section of oo = 100 GM. A limit of 150 mW was chosen as this is the maximum
laser power for commercially available systems [39].
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1.2 Motivation

material composition. This study was motivated by the fact that P, for cube structures pro-
duced at writing speeds from 20 to 100mms~! did not correspond with the predicted trend
established by Serbin et al. (Fig.1.2) [43]. These observations were based on qualitative anal-
ysis and therefore prone to errors due to the method. A more thorough but time consuming
method to evaluate Py, is the fabrication of single lines. However, the correlation between single
lines and complex 3D systems is rarely studied. Therefore, thorough polymerization studies of
materials used for 2PP were done using fabrication speeds up to 100mms~" to correlate Py,
observed for single lines with Py, seen for fully 3D-structures. From these results the polymer-
ization rate was extracted for various materials in order to determine the efficiency of materials
for 2PP structuring [43]. Moreover, this research added to the fundamental understanding of
the performance of 2PP. Current studies of the correlation between required laser power and
the writing speed were only done in the range of 10 to 100 pm s~ [44,45].

773 Ol O Off O - | 20 HNNN Polymerization threshold
s FIUN O Of) O ol | s 2l ENENEN = Estimated Pes =T
S DO0O00E ScEEEEE P omme
ccoDEEE ScEEEEZ | |
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Writing speed [mm s] Writing speed [mm s7] Writing speed [mm s71]

Figure 1.2: Evaluation of required laser power P, for increasing fabrication speeds. For 3D-
structures there is no clearly defined power, which can be selected as Py, (left).
Therefore Py, is often times only qualitatively described by color schematics, de-
pending on the quality of the fabricated cubes (middle). Trends roughly estimated
by this method show a clear deviation from the trend predicted by established
models (right). A more thorough understanding of P, was required to accurately
describe this deviation from the model prediction.

Optimizing the PI performance, studying new materials for 2PP and establishing their poly-
merization behavior for fast fabrication speeds were prerequisites to operate the 2PP system
at peak efficiency. It allowed to produce stable scaffolds with sufficient mechanical properties
for implantation at the fastest possible scanning speeds. The versatility of 2PP was show-
cased with two different methods. Firstly the structures were produced in periodic array to
act as microcages. The microcages were then loaded with fibroblasts and neurons in sepa-
rate experiments using Faraday waves [46,47]. Secondly, biocompatible scaffolds were used for
implantation of hair DP cells to grow hair follicles [30,48].
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2 Theory

A general overview of 3D-tissue engineering, as well as selected approaches to create 3D-tissue
are presented. In particular the use of Faraday waves and hair follicle regeneration are described.
The fundamentals for AM are briefly summarized with a focus on photopolymerization and 2PP.
The applications of 2PP for tissue engineering are elaborated. The principles of ultrashort
pulse generation and tunable femtosecond (fs)-lasers are given. A particular focus is placed on
autocorrelators, which are used to determine the pulse duration of a fs-laser. The model behind
volume pixels (voxels) and the resolution limit of 2PP are outlined to illustrate Py,. Another
segment focuses on 2-photon-PDT (2P-PDT) as an alternate application field of 2PA. As
the 2PA behavior for various compounds was characterized over the course of this thesis, the
fundamentals for z-scan measurements to measure 2PA cross section (o3) are given.

2.1 Tissue Engineering

Tissue engineering aims to restore, maintain, or improve damaged tissues or whole organs [49].
In tissue engineering two main approaches can be distinguished: scaffold-based and scaffold-
free [26].

2.1.1 Scaffold-Based Tissue Engineering

The scaffold-based strategy relies on the use of biomaterials to create a temporary structure
supporting cells throughout the tissue formation. A scaffold is either a classical 3D construct
with interconnected pores, a hydrogel with cells embedded in it, or a combination of the two
approaches. The solid, porous and (ideally) biodegradable polymeric scaffolds are fabricated in
advance and seeded afterwards with cells [21]. Alternatively, the use of a decellularized ECM
is another promising trend for tissue engineering [50]. However, this scaffold-based approach
presents some challenges. Large constructs are cumbersome to seed with cells, leading to
inhomogeneous cell distribution [51]. Another big drawback of this method is the timescale to
achieve high enough cell densities for transplantation [52].

2.1.2 Scaffold-Free Tissue Engineering

Originating from the idea of self-assembly the scaffold-free approach is based on tissue spheroids.
The term spheroid is used to describe a particular case of 3D cell culture, where multiple cells
are fused to form a 3D spheroid [53,54]. Here, the capacity of cell spheroids to fuse shows
great promise, as tissues in the human body such as liver, brain, and pancreatic islets comprise
densely packed cells with a minimal ECM fraction [55]. Tissue spheroids or aggregates can
also be used as building blocks to form complex tissue architectures through tissue fusion [56].
Two methods of producing these spheroids are hanging drop and non-adhesive surfaces. While
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2 Theory

hanging drop has shown promise for spheroid fabrication [57], spheroids produced using non-
adhesive hydrogels show a more regular size and shape distribution. For this method non-
adhesive wells are used. As the cells cannot attach to the well they are forced to attach to each
other and form spheroids [58]. Cell spheroids produced from adipose mesenchymal stem cells
(MSCs) were cultured in a cylindrical mold as a possible approach for osteochondral defect
regeneration [59]. However, concerns about the mechanical stabilities of these constructs have
been voiced [26,60].

Another promising scaffold-free approach in tissue engineering is to form densely packed-cell
constructs using Faraday waves, nonlinear standing waves, which appear on liquids enclosed by
a vibrating receptacle. Applying standing Faraday waves to cells in medium induces hydrody-
namic drag force

Fy = 6mry, (2.1)

which is defined by the dynamic viscosity 7, particle radius r» and flow velocity relative to the
particle v. This drag force drives the particles to the nodes of the standing waves where the
amplitude is zero. This approach allows a wide variety of assembly patterns based on the
wavefunction used [46,47].

The relationship between the Faraday wavelength \ and frequency f is given by

() = (5 + 25 ) v (7). 22)

with the gravitational acceleration constant g, surface tension o, liquid density p; and the layer
thickness H [61]. This approach also allows fabrication of dense cell spheroids. Within a few
seconds complex structures can be assembled. The generated 3D-assembly can be dynamically
tuned to diverse patterns by altering the wave frequency [62]. Similarly to other scaffold-free
approaches, the mechanical stability has to be studied further. Also, because of the wave
nature, Faraday waves are not able to produce arbitrary 3D-structures.

2.1.3 Third Strategy in Tissue Engineering

Recently, a third strategy in tissue engineering has emerged, which aims to combine the two
previously described approaches. Porous spherical structures of 200 pm diameter were fabri-
cated [26]. These scaffolds were then placed into non-adhesive well plates, together with the
desired cell type. As discussed, the cells are driven to form spheroids due a lack of adhe-
sion [28]. Therefore, when the cells sediment, they move through the pores of the scaffold
and form the spheroid within the 3D-structure. These base units can then be used as building
blocks for directed self-assembly strategies [63]. This approach provides the high cell density
required for tissue engineering, while also providing mechanical support due to the microscaf-
fold [27,28]. 2PP has proven as the the ideal tool to produce these small, 3D and highly porous
scaffolds. While many materials have been reported which show excellent 2PP processability
and cell-viability, such as sol-gels, they cannot be degraded by the cells [29].

2.1.4 Regeneration of Hair Follicles

A promising field for tissue engineering is the regeneration of human hair follicles. Why some
follicles undergo premature inability to regenerate themselves is unclear. There are currently
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2.2 Additive Manufacturing

—

Figure 2.1: Third strategy in tissue engineering. A porous scaffold is fabricated. The scaf-
fold is placed within a non-adhesive well plates (left). Cells are added to the well
(middle). Due to the non-adhesive walls the cells naturally form spheroids (right).
The structure serves as base unit for self-assembly approaches in tissue engineering
with high cell density, while the scaffold provides mechanical support. To fabricate
these porous scaffolds high resolution 3D-printing based on 2PP has emerged as a
promising method.

limited strategies to overcome baldness. To date, the only two FDA approved drugs available for
hair loss treatment are the dihydrotestosterone-suppressing ba-reductase inhibitor, finasteride,
and the antihypertensive potassium channel opener, minoxidil [64]. However, both options
are expensive, prone to side effects, and, most importantly do not provide adequate long-term
hair coverage [65,66]. A second option is hair transplantation, which consists of moving the
preexisting hair follicles, usually from the back or side of the scalp to front or top. However,
the number of follicles that can be harvested and implanted is limited, and the restoration is
temporary due to the progressive nature of hair loss condition [67]. Here, tissue engineering
provides the tools to regenerate hair follicles using hiPSC cells which can be differentiated
into DP-like cells. This method has already been shown in cell culture dishes. However, DP
grown under these conditions are reported to loose their foliculogenic properties, when grown in
culture dishes. It is assumed that this is due to the lack of cues from the surrounding tissue [31].
With the proposed third strategy, AM methods with high resolution such as 2PP are seen as
potential tools for this field.

2.2 Additive Manufacturing

AM describes the process of joining materials to fabricate parts from 3D-model data, as opposed
to subtractive manufacturing and formative manufacturing methods [68,69]. A physical object
is created by successive addition of material based on a virtual 3D-model. In most cases the
3D-model is separated - or sliced - into several 2D-layers which are fabricated consecutively
(Fig. 2.2). Depending on the method, the layer positioning is done by moving the building
platform in vertical (z) direction or changing the focal plane. The 3D-models for AM can be
produced by 3D-scanning or via Computer Aided Design (CAD). A widely used file format
for 3D-geometries is STL (an abbreviation of stereolithography). The term AM covers a large
field of applications. While 3D-printing is often used as an umbrella term for AM, it describes
3D-fabrication similar to inkjet systems where a printhead deposits materials drop wise. After
finishing a layer, the next is added on top. This inkjet-based method is frequently used in
tissue engineering as it allows to print multiple biomaterials, cells and biochemicals (referred
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to as bioinks) [51,70]. The resolution of inkjet based bioprinting is limited to 10-50 pm [71].
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Figure 2.2: Schematic of additive manufacturing. A virtual CAD-model is sliced into multiple
2D-areas. The 3D part is then produced in a layer by layer fashion. Figure modeled
after Gebhardt [68].

In extrusion based AM, like Fused Deposition Modeling (FDM) or Robocasting, material is
dispensed through a nozzle. This application either uses fusible thermoplasts or highly viscous
material to deposit individual strands of material layer by layer. Extrusion based 3D printing
has been applied using bioinks to create cell-laden constructs [72,73]. Advantages of extrusion
bioprinting include the ability to print bioinks (100 mPas) with very high cell densities into 3D-
scaffolds [74,75]. A drawback of this technique is the low resolution (200-1000 pm), potential
nozzle clogging and the decreased cell viability due to shear stress [74,76,77]. Laser scanning has
been employed in a wide range of AM technologies as it allows high resolution and precision for
manufacturing. Heating of powder material via laser scanning is used in selective laser melting
(SLM) and selective laser sintering (SLS). Depending on the thermal energy, the particles are
sintered or melted. After one layer is finished a new layer of powder is added. The resolution of
this process is 10 to 100 pm [78,79]. The high laser energies used for these processes (in the kW
range) allow AM of metal powders [80]. The heat caused by these high energy lasers does not
allow processing of materials for tissue engineering. Another laser based approach, known as
SLA is based on photopolymerization of liquid monomers via UV-irradiation. This process was
also the first additive system presented in 1986 [81]. The liquid monomer is linked via chemical
reactions, no heat is produced. Conventional stereolithography setups offer a resolution of 20 pm
while nonlinear stereolithography such as 2PP offers resolution in the sub-micron range [8].
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2.2 Additive Manufacturing

2.2.1 Photopolymerization

Photopolymerization describes the usage of light to induce chemical reactions in a photosensi-
tive material, commonly referred to as resin [82]. Radicals initiate cross-linking of prepolymers
which leads to cross-linking of resins, forming a solid network insoluble in common solvents.
Consequently, solvents can be used to remove unpolymerized resin after the polymerization
process. Polymerizations can be divided into step-growth and chain-growth mechanisms. This
thesis will only focus on the chain-growth mechanism, in particular the free radical polymer-
ization, as it is the base for 2PP applications [9]. During polymerization, three main types of
reactions have to be mentioned:

e Chain initiation.
e Chain propagation.
e Chain termination.

The light brought into the sample is absorbed by the initiating molecule, referred to as PI.
Upon excitation of the PI, free reactive species are created. These reactive species break apart
the C=C double bonds of the base monomer in the chain initiation phase. Often times the term
monomer is inadequate to describe the polymerization rate, as the base unit already comprises
of a polymeric structure. Therefore, the term prepolymer is often used for monomer systems
which have been reacted to an intermediate molecular mass state. The prepolymer is capable
of further polymerization by reactive groups to a high molecular weight state [83]. It then
becomes reactive due to one carbon atom requiring an additional electron (Fig. 2.3). The
molecule then reacts with a neighboring monomer, creating a chain with the radical moving
to the end of the chain. This chain-growth propagation mechanism continues until reactive
species are inactivated by termination reactions. This can be due to recombination with another
radical, reaction with a second chain which also has a radical ending [84]. Another effect is the
reaction of radicals with inhibiting molecules, referred to as quenchers, in the photosensitive
material. Quenchers can be added to the resin to inhibit radical diffusion, confining the excited
volume and increasing the resolution. Quenching can also occur due to atmospheric oxygen
confined in the resin. The effect of quenchers also significantly effects the required light dosage
for initial polymerization (Sec.2.6.2) [85].

11
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Figure 2.3: Types of reactions during radical polymerization. The PI absorbs the energy
through illumination and creates reactive species I*. Initiator radicals then re-
act with unsaturated base units (monomer or prepolymer), creating reactive base
units (A). The C=C double bond is broken apart and the monomer becomes reac-
tive. Subsequent addition of base units leads to the formation of new reactive base
units (B). This process is stopped by recombination with a radical, chain-to-chain
termination or reactive oxygen species (C).

2.3 2-Photon Lithography

2PL is similar to conventional SLA methods. Using a light source, photons are locally brought
into a photosensitive resin. Optical scanning systems control the exposed area, producing
custom layers. Repeating this process for multiple layers allows the fabrication of arbitrary 3D-
geometries. In conventional SLA new material needs to be applied onto the building area after
a single layer has been exposed to the light source. During this process the building platform
is moved away from the vat, which contains the liquid resin. A new film of resin is applied and
the building platform is placed in the desired layer height. During this step the shear forces
need to be kept in mind when the building platform is removed from the vat [86]. In 2-photon
lithography this procedure between two layers is no longer required due to the nonlinear nature
of the process (discussed in detail in Sec. 2.4) as the absorption process takes place only in the
focal volume of the laser, [87]. The excitation of the molecules requires a threshold photon
dosage. Until this threshold is reached the resin does not react with the laser light and is
transparent to the used wavelength. This eliminates the need for layer-by-layer deposition of
new material and is also the reason why 2PL is often referred to as "true 3D-printing" as the
structure can be arbitrarily built. Additionally, 2PP doesn’t require temporary supports when
free standing 3D structures are produced in highly viscous resins [9]. Positioning the laser beam
can be done by various methods. Most 2PP systems include three linear actuators to move the
sample position in x-, y- and z-direction (Fig. 2.4). Linear motors or piezoelectric actuators can
be used. While piezoelectric actuators offer precision positioning in the nm-range, their travel
range is limited to a few hundred micrometer. Linear motors provide high speed (> 1cms™),
acceleration and travel range of a few centimeters [9]. Alternatively, galvanometer based laser
scanners can be used, which allow positioning of the laser beam in x- and y-direction by two
movable mirrors. They are significantly faster than actuators but are limited to the field of
view (FOV) of the setup. Furthermore, the scanning speed is linked inversely proportional to
the objective magnification [10,11]. Another drawback of galvanometer scanners is the loss
of intensity for larger scanning angles, limiting the effective FOV which can be used for 2PP.
This can be compensated by a scan-tube lens system [12,88]. Usually, a combination of both
technologies is used where the galvanometer scanner is scans the available FOV. Afterwards, the
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2.3 2-Photon Lithography

linear motor moves the sample to the next position. Adding multiple FOVs allows to fabricate
structures in the range of centimeters without compromising the precision of the process [89-91].
The structuring height of 2PP is usually limited by the refractive index of a given material due
to focal spot distortions and the working distance of the objective (discussed in detail in Sec.
3.2.3). These limitations can be overcome by methods such as widened objective working range
2PP (WOW-2PP). In WOW-2PP, a glass slide is placed between the objective and the liquid
material. This configuration allows to produce structures higher than the field of view but is
only applicable for liquid materials [92].

z
t solidified resin
building platform Lo ’
liquid resin - 9P liquid resin
l \ B A 4
.E;‘ glass cover slip
‘ ]

glass vat

solidified resin

moveable stage to t moveable
fabricate multiple objective

structures

L

scanner X,y

Figure 2.4: Comparison between conventional stereolithography (left) and 2-photon lithogra-
phy (right). In stereolithography the building platform is moved in z-direction after
each layer is finished and a new layer of unpolymerized material is applied. Due to
nonlinear absorption this layer-by-layer fabrication is not required in 2PL and 3D
structures can be fabricated directly within the resin. A combination of galvoscan-
ner and movable stage allows to produce multiple objects within a sample.

2.3.1 Photoinitiators

A PI describes a light sensitive molecule able to create reactive species upon excitation. While
there is a vast field of applications for Pls, this thesis focused in particular on PIs which form
free radical species used for chain polymerization (Sec. 2.2.1). They can be categorized in
two types (Norrish Type I and Type II) depending on the mechanism with which they produce
radicals. Pls of Type I cleave upon irradiation and form two reactive radicals. This cleavage is
an unimolecular process, as the radicals are formed by a single molecule. The covalent bond is
cleaved homolytically (the electrons of the cleaved covalent bond are divided equally between
the products), creating two radicals. Type II photoiniators require a co-initiator molecule. The
PI abstracts a hydrogen from a hydrogen donor (generally an amine or alcohol). In the case
of amines, amino radicals then initiate polymerization. Two free radicals are formed during
this process [93]. Type I initiators show excellent cytocompatibility, which is necessary for
cell encapsulation experiments in 3D-hydrogels for biomedical applications. Typical Pls for
UV encapsulation are Iragcure 2959 [94], VA-086 [95] and Li-TPO-L [21]. Due to the small
conjugated m-systems of these initiators they exhibit very low 2PA cross section (09) and require
long irradiation times to cleave the covalent bonds, limiting the fabrication speed of the 2PP
method [37]. Therefore, most 2PA Pls are of Type II. Commercial 2-photon PIs such as 4,4’-Bis
(4,4-Bis(diethylamino)benzophenone) are available and offer good performance for structuring
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2 Theory

sol-gels [32]. Cross conjugated electronic m-systems with donor (D) and acceptor (A) groups
(D—m—A—m—D) such as M2CMK have shown excellent two-photon performance [96].
However, for 2PP applications based on live cell encapsulation in hydrogels these initiators can
not be used as they are cytotoxic and not soluble in water [13].

Specialized water-soluble initiators such as P2CK have been developed with significantly
larger o9, which have been used for fabrication of 3D-hydrogel structures [97,98]. However,
these compounds exhibit significant cytotoxity even in the absence of irradiation above certain
concentrations. When irradiated these Pls can cause significant photodamage to cells and it is
assumed that this damage results from reactive oxygen species (ROS) such as singlet oxygen
(*O3) [99]. Recently a water soluble initiator was developed by Dobos and Tromayer, which
allows 2PP structuring in the presence of living cells. Here, a cleavable water-soluble aryl
diazosulfonate photoinitiator, referred to as DAS, was used to encapsulate ASC/TERT1 cells
with 2PP [25].

P2CK DAS

Figure 2.5: Photoinitiators (PIs) used for 2PP applications. 4,4’-Bis is a commercially available
PT and used for sol-gel materials [32]. M2CMK has shown excellent two-photon per-
formance. Both 4,4’-Bis and M2CMK are cytotoxic [96]. The water soluble P2CK
and DAS were developed to cross-link hydrogels. Upon irradiation P2CK induced
cell death, due to the creation of radical oxygen species [25,97,98]. DAS shows
promise for live encapsulation of cells as it is cytocompatible even after irradia-
tion [25].

2.3.2 Prepolymers

For 2PP applications a wide range of processable prepolymers is available, depending on the
application. Organo-soluble materials can be used for fabrication of structures such as photonic
crystals or microlenses [1-4]. For 2PP structuring in the presence of living cells the materials
need to be water soluble and biocompatible [13,98].
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2.3 2-Photon Lithography

Triacrylates

Triacrylate based systems such as ETA and TTA are highly reactive and have shown good
processability under 2PP conditions [100,101]. A solution of ETA and TTA (50:50 by weight)
yields stiff but brittle structures due to the short chain acrylates used as base monomers. 2PP
produced structures of ETA:TTA exhibit a reduced Young’s modulus ranging from 1200 to
2650 MPa, depending on the laser power and used PI [102].

Sol-Gels

Sol-gels have emerged as versatile photosensitive materials. The sol-gel allows incorporation
of optically active organic molecules into a glassy matrix to form doped gels [103]. These
materials are easy to synthesize [104], have shown high mechanical strength and low shrinkage
after development, rendering them as reliable materials for high precision 2PP [32]. The
materials have also been shown to be biocompatible, although due to the glassy matrix they
are not biodegradable [105]. Due to their rigidity sol-gels allow large stable structures without
the need for support overhangs. However, it should be kept in mind that this also limits the
height of the produced structure due to the working distance of the objective. An approach like
WOW-2PP, which allows for structures many times higher than the actual objective working
distance by dipping the objective into the liquid resin is not applicable for sol-gel constructs [92].
The exact reduced Young’s modulus of the material has yet to be determined as the samples
crack upon nanoindentation [12].

Hydrogels

Hydrogels are cross-linked 3D-networks of hydrophilic polymers, extensively swollen with water.
These materials are important to fabricate scaffolds, which are able to mimic roles of the ECM.
They provide essential cues for cell adhesion and proliferation, while still allowing the diffusion
of nutrients, metabolites and growth factors [106,107]. Nature-based materials provide certain
advantages for cell adhesion and proliferation. Gelatin, derived from collagen provides all these
requirements [108]. Methacrylamide modified gelatin, also known as GelMOD belongs to the
group of nature based hydrogels. It is produced by partial hydrolysis of collagen extracted
from skin, bone, or connective tissue of animals. Since a major part of the ECM is composed of
collagen, gelatin or GelMOD are capable of mimicking the natural cell environment. GelMOD
has a low cytotoxicity and in cell culture medium, the cells can be in contact with the monomer
for a prolonged time. Furthermore, the stability and tunablility of mechanical properties, as
well as biodegradability renders GelMod of interest for tissue engineering [23]. Introducing nor-
bornene groups (Gel-NB) allows for the use of a thiol-ene photo-click reaction, thereby further
increasing the reactivity and leading to improved processability [109]. Recently a new material
has been developed by Houben et al. where a semi-crystalline backbone is connected with
flexible acrylate spacers. This prepolymer was synthesized using a polyethylene glycol (PEG)
backbone, resulting in a water soluble material which could cross-link under UV-conditions
without the addition of PT [42].
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2.3.3 Measurement of Material Properties

As structures produced with 2PP exhibit dimensions in the micron range, it is not possible to
apply conventional material testing such as tensile testing. These methods require sample di-
mensions in the millimeter range. Therefore, producing probes using 2PP within a manageable
time frame would only be possible by compromising the resolution of the technology [101,110].
Comparing data obtained from UV-polymerized bulk material with 2PP produced geometries,
showed discrepancies in material performance such as stiffness [111]. These are assumed to be
caused by the different illumination processes. Bulk polymer is formed by UV flooding illumi-
nation, whereas 2PP structures are produced voxel-by-voxel. This makes a direct correlation
between bulk polymerization and 2PP difficult [101,110] One way to determine the stiffness
of 2PP produced scaffolds is atomic force microscopy (AFM). The forces between material
surface and tip are measured via a cantilever. Thereby, a detector recognizes deflected signal
due to movement of the cantilever [111]. Due to the sensitivity of the method, hydrogels can
be measured with AFM [112]. The high spatial resolution (fractions of a nanometer) and a
measurement area of a few micrometers logically decrease the throughput of AFM [113-115].
Alternatively, the reduced Young’s modulus of 2PP structures can be measured via nanoinden-
tation, which provides sufficiently high resolution for micrometer large structures while offering
a faster measurement procedure [116]. For nanoindentation, a hard tip with known mate-
rial properties is pressed into the sample. As the tip is moved into the sample, the force on
the tip increases until it reaches a predefined value. The indentation process is then stopped
and the tip remains in the material for a given time. Afterwards, the tip is removed and the
area of residual indentation in the sample is measured to calculate the hardness [117]. From
these data, the reduced Young’s modulus is calculated, which can be correlated to the Young’s
modulus if the Poisson’s ratio for both nanoindenter tip and sample material, as well as the
Young’s modulus of the tip are known [118]. Several material properties of polymers are a
direct consequence of the double bond conversion (DBC). Generally speaking, DBC is the
ratio of unreacted prepolymers to prepolymers, which have already been cross-linked, forming
the polymer. Therefore, the DBC is often correlated to material properties [110]. Methods to
measure the DBC include differential scanning calorimetry (DSC), Fourier transform infrared
(FTIR) and Raman spectroscopy [119,120]. While DSC is the industry standard for evalu-
ating DBC, it is not suited for 2PP structures because the part weight needed is higher than
parts produced via 2PP. While FTIR can be used, poor spatial resolution and distinct sample
preparation are some of the drawbacks of this technique. Raman spectroscopy has emerged as
an optimal tool to characterize 2PP microstructures [110,121] It allows for in situ and nonde-
structive monitoring of specific bond vibrations with excellent spectral resolution and minimum
sample preparation. It relies on inelastic scattering of light to collect information about the
vibrational modes of molecules [110]. This can be done by relating the signal of C=0 to C=C
moieties. The higher the DBC, the lower the signal of unreacted C=C moieties. To allow
comparison, the C=0 signal is used to normalize the data. Comparing the integrated signal
areas of the unpolymerized reference (Ac—op and Ac—¢) with the polymerized sample (Ay_p,
and Ap_.), yields the DBC [121]

DBC = [1 - Ac=c/Ac-0 (2.3)
AC:C/AC:O> ‘ .
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2.4 Nonlinear Absorption

2PA was first postulated by Maria Goeppert-Mayer in 1931. Two or more photons combine
to bridge an energy gap too large for the individual photons. In theory, a photon excites the
molecule to a short-lived (fs-long) state. The molecule can reach the excited state if a second
photon is absorbed within this short lifetime [122]. The probability for 2PA is given by the
2PA cross section oy in Goeppert-Mayer units defined as

1GM = 10~ cm*s photon ™ 'molecule™". (2.4)

Because of the technical limitations to create the necessary photon flux it took until 1961
to be proven by Kaiser and Garrett, who observed 2PA using a solid state laser [123]. As
2PA requires high photon densities, the invention of pulsed lasers with a pulse duration in
the fs-range was key (discussed in detail in Sec. 2.5). Because of the nonlinear behavior, the
highest probability for excitation is confined to a small volume at the laser focus where in the
linear case the absorption takes place along the entire light path (Fig. 2.6) as described by
the Beer-Lambert law. After excitation (be it linear or nonlinear) the molecule can release
the energy via emission of a photon (fluorescence), which can be used for high resolution two-
photon microscopy [124,125]. Alternatively, the molecule can change from the excited state
S1 to the triplet state 7} via intersystem crossing [29]. In this state, the excited molecule can
initiate reactive species, such as radicals produced from PIs (Sec. 2.2.1), which is the basis
of SLA. The reactive species can alternatively be used to damage cell tissue, which has found
application in PDT (Sec. 2.7) applications, where cell death is locally induced in cancer cells.

The n-photon absorption rate k, is given by

e = M : /OT:R () dt, (2.5)

where I(t) denotes the intensity, o, the n-photon cross-section, R the repetition rate, and
Ephot = % the energy of a photon with a wavelength of A [126]. For 7 << R™! the integral can
be approximated by

Un

n, . ]av "
kn=g <R7‘)n_1 ( Ep};) (2.6)

Here, I,,4, denotes the time-averaged intensity. This time averaged expression is usually used as
most energy detectors are too slow to follow (). From this it can be seen that the peak intensity
Iy is approximately R - 7 times larger than the average intensity ,,, [126]. The constant
g™ is the time-zero n-order temporal coherence, which depends on the pulse shape [127].
The dependence of pulse duration and repetition rate by the order of n — 1 shows that pulse
duration does not impact the absorption rate for linear absorption and only affects 2PA and
higher ordered absorption phenomena. For the 2PA case Eq. 2.6 simplifies to

] 2
knz(”-a"-(‘”’g). 2.7
g Rt Ephot ( )
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linear nonlinear Jablonsky diagram
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Figure 2.6: Linear and nonlinear absorption principle. In the linear case photons of energy h,,
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are absorbed along the focused Gaussian beam in accordance with the Beer-Lambert
law (left). Nonlinear absorption requires high local photon density within a short
time window of a few fs. Therefore, the absorption probability rapidly decrease
away from the focus of the laser beam (middle). In the Jablonsky diagram (right)
the linear and 2-photon cases are further illustrated. The required energy to excite
a molecule can be absorbed by a single photon of E,;, = hﬁ or simultaneous
absorption of two photons of half the energy E,,o = hﬁ. From the excited state,
the molecule can emit a photon (fluorescence) or relax via intersystem crossing into
the triplet state T}. In this excited state the molecule can generate radicals which

can be used for lithography-based applications.
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2.5 Generation of Ultrashort Pulses

Depending on the pulse shape and the order of the absorption the factor ¢(™ is defined, which
can be calculated by solving using the respective intensity distribution. For a Gaussian pulse
shape the 2PA rate is given by [126]

02 [av 2
k auss — 0.66 - < g ) 2.8
26 Rt Ephat ( )

with the relation between average and peak intensity [128]

I

Ip =094 2% 2.9
: 2 (2.9)

For a sech? shape the 2PA rate is

02 Iav 2
Koseans = 0.59 - ( g ) 2.10
Zisech? Rt Ephot ( )
with [128]
Iy = 0.88 . L (2.11)
0 — . R T . .

From these equations it is evident that nonlinear processes such as 2PA requires short pulse
durations to generate sufficiently high peak intensities [126].

2.5 Generation of Ultrashort Pulses

Because of the short lifetime span of the virtual state 2PP requires ultrashort laser pulses.
These pulses are defined with a pulse duration 7 of 1 ps or less. For a given average laser
power, the intensity (and therefore the photon density) is higher by six orders of magnitude
for a system with repetition rate of 80 MHz and pulse duration 7 of 100fs (described in detail
in Sec. 2.6.1). Because of average laser powers of a few hundred mW [39], there is almost no
heating of the sample during the process when comparing 2PP to high energy processes such
as SLM and SLS, where average laser powers of a few hundred Ws are used [79]. For such
short durations, optical shutters or Q-switching can no longer be used. The most common
method to generate these pulses is mode locking [129]. This can be done actively by periodic
modulation of the laser losses at the same frequency as the pulse repetition rate. This is usually
achieved by the use of acousto-optic modulators (AOMs). Passive modelocking is done by the
use of saturable absorber, as their modulation frequency is higher than that of an electronic
modulator. These components introduce a fixed phase-relation for the individual cavity modes.
This phase-relation leads to constructive interference within a limited time-window, creating
ultrashort pulses (Fig. 2.7, left) A third method of mode locking, is regenerative mode locking,
which, similarly to the active case, uses an AOM to periodically modulate the losses [130]. In
the active case this is done via radiofrequency signal generated by a stable crystal oscillator at
a fixed frequency. For regenerative mode locking, the modulation frequency is derived directly
from the laser cavity itself. This is done to allow changes in the laser cavity. For active
modelocking the radiofrequency signal needs to be closely matched to the cavity length, as the
modulation frequency must match one round-trip time of the laser. A mismatch will cause
relaxation oscillations. As the frequency is derived directly from the laser cavity, changes in
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the laser cavity can be adjusted. This is especially important, since the cavity length has to be
adjusted to compensate group velocity dispersion (GVD) [131].
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Figure 2.7: Mode locking principle (left). If all modes within a laser cavity have a fixed phase
relation, constructive interference only happens in a short time window creating ul-
trashort laser pulses. Four prism sequence for a tunable laser (right). This sequence
is required to compensate GVD caused within the laser cavity. An adjustable slit
is added to this sequence to allow narrow tuning windows for ultrashort pulses.

2.5.1 Tunable Lasers

Tunable lasers are lasers with adjustable output wavelength. While tunable lasers are usually
operated under continuous wave conditions, it is also possible to realize tunable fs-lasers. The
gain-bandwidth of the laser is determined by the atomic or molecular energy levels of the gain
medium. Atomic gas lasers tend to have relatively narrow bandwidth. Molecular dye and solid
state systems exhibit broader bandwidth. Doping the laser gain medium with transition metal
ions allows for a broad gain bandwidth [132]. A commonly used example is the titanium (Ti**
doped sapphire (Ti:Sa), which offers tuning ranges from 650-1100 nm. However, due to the
longer lengths of material (compared to tunable dye-lasers) the GV within the cavity needs to
be compensated (see also Sec. 2.5.2). Tuning of the laser is done by an adjustable slit placed
between two prisms which separate the spectral components (Fig. 2.7, right) [131,133].

2.5.2 Dispersion Compensation

Dispersion is a phenomenon describing the dependence of the phase velocity by the frequency
of the traveling electromagnetic wave. Dispersion caused by optical components, also called
chromatic dispersion, is an undesired effect as it affects the pulse duration. As the 2PA rate
is inversely proportional to 7, a pulse broadening can severely limit 2PP applications. This
effect can be counteracted by increasing the average laser power P and with it I,,,. However
as Iy oc 771, the required laser powers would quickly exceed the limit of available laser systems.
Decreasing the scanning speed increases the processing time. Therefore, compensating pulse
broadening is essential for the effective performance of 2PL setups. In general, dispersion de-
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2.5 Generation of Ultrashort Pulses

scribes a change in the phase velocity vp, of a traveling wave within an material with refractive
index n, which depends on the wavelength. The phase velocity is given by

c w
= —=— 2.12
Uph n L’ ( )

with the speed of light ¢, the wavenumber k and the angular frequency w. It describes the
velocity at which the phase of a frequency component of the electromagnetic wave propagates.
The group velocity of a wave

dw

Vg = %

gives the rate at which the amplitude propagates and therefore information is transported [128].
The differential dw can be described by

(2.13)

V-A:—-A:céw:%
27 A (2.14)
do  2mc o d N1
d\ A2 dw  2mc d\
27T

Using Eq. 2.12 to express the wavenumber as k£ = =T* leads to

2
e CEH ! 219

Therefore, the velocity vg in a homogeneous medium is given by

dw c Uph
= — = = . 2.16

To now describe the effect of a dispersive medium on the duration of the optical pulse,
the GVD is given by the second derivate of the wavenumber by the angular frequency [134].
Continuing the approach from Eq. 2.14 gives

d /1 d*k X dPn
GVD = dw(m) Cdw? 27c? <d)\2>' (2.17)

While the first order derivative (% = i) represents the overall delay of the pulse, the GVD

describes the change in pulse shape. For most optical dispersive systems such as optical glass
the GVD is positive

d*k

dw?
meaning that longer wavelengths are traveling faster in the dispersive medium than the shorter
wavelengths. Due to the bandwidth of fs-laser pulses the pulse is broadened, which is called a
positive chirp (Fig. 2.8, top). Multiplying the GVD with the length of the respective dispersive
element leads to the group delay dispersion (GDD) given in fs~2. As 2PP requires high
photon densities, such a chirped pulse can drastically affect the system performance [135].
For dispersion compensation, negative GVD is added to the pulse before the optical elements.
This can be done for specific wavelengths using mirrors, which apply negative chirp to the

> 0, (2.18)
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beam during reflection [136]. Alternatively, a two-prism construction can be used (Fig. 2.8,
bottom). Here, the wavelength dependent angle of refraction leads to a runtime difference for
the individual wavelengths. The position of the prisms can be changed by a motor to increase
or reduce the negative GVD [137].

2.5.3 Autocorrelation

An autocorrelator is the most common instrument to measure ultrashort optical pulses. A
pulsed laser beam is split into two beams of equal intensity. Using an adjustable mirror a
runtime difference of A, is introduced along one beam path. This change in runtime results
in a phase change of 7 = %. The two beams are then recombined in a nonlinear crystal
for second harmonic generation (SHG). The frequency doubled signal of the crystal depends
on the pulse overlap. By recording the output system over the runtime difference, the pulse
duration can be extracted. There are two types of autocorrelator systems. The interferometric
autocorrelator recombines the two beams in a collinear fashion. This method exhibits a constant
background signal due to the two beams and the second harmonic generation SHG-crystal signal
being emitted in the same direction. For background-free autocorrelation the two beams are
displaced by retro prisms and then recombined using a focusing lens with the SHG crystal
placed positioned at the focal length of the lens. With this setting (visualized in Fig. 2.9)
the background signal can be cut off by a pinhole, allowing only the SHG signal to reach the
recording photo diode. The recorded autocorrelator signal over runtime difference At represents
the time integration over two convoluted functions. Therefore, one needs to take the pulse shape
to calculate the pulse duration 7 from the FWHM of the autocorrelator curve 74-. This relation
isT = % - Tac for Gaussian-shaped pulses and 7 &~ 0.648 - 74¢ for hyperbolic secant-shaped

pulses [138,139].

2.5.4 Laser Intensity Measurement

The ultrafast nature of pulsed laser makes direct measurement of the time dependent intensity
distribution 1(¢) a technically challenging task (as discussed in Sec. 2.4). Because of this ()
is usually given by the peak intensity

2-F

Iy = 5 -
TWwg

(2.19)

The relationship between Iy and the average intensity /,,, was shown in Eq. 2.9. F, has to
be calculated indirectly by measuring the energy of a single pulse £, and the pulse duration
7. Usually, the average output power P is measured by methods such as powermeters and E,
is calculated using the pulse repetition rate R [128]. The pulse duration is determined via
autocorrelator. For a Gaussian beam profile, Py and I turn to

P =2 In(2) E, _s. In(2) Pmn,
T T T U-T (2.20)
[_2P0_ 11’1(2) Pout
7 qw? T T TwiR-T
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Figure 2.8: Dispersion compensation (top). Due to the bandwidth of a laser pulse, optical
elements induce positive GVD, which leads to a broadening of the pulse. This effect
can be compensated by introducing negative GVD before the optical elements so
that the pulse duration is minimized after the optical components. This can be done
by introducing a longer runtime for higher wavelengths. As these wavelengths later
travel faster through the dispersive optics, this runtime is precompensated by two
prisms (bottom). Using a motorized prism allows more flexibility when adjusting
the runtime difference.
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laser beam

___________

A
- moveable
= mirror for runtime
—_ difference
v

fixed mirror A M lens

pinhole

Figure 2.9: Autocorrelator principle. The incoming laser beam is split in two beams of equal
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intensity. A movable mirror allows to add a runtime difference to one beam before
both are recombined into a SHG crystal using a lens. The frequency doubled output
signal is recorded by a photodiode. Correlating the signal strength and and runtime
difference allows to calculate the pulse duration 7.
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2.6 Volume Pixel

In 2PP the polymerization is confined to a limited voxel. This volume is determined by optical
considerations, as well as chemical ones. First, the number of photons required to initiate 2PA-
processes is determined by the intensity distribution of a focused Gaussian beam. Secondly, the
density of radicals p produced by fs-laser pulses has to reach a threshold concentration. This
section focuses on the various processes affecting the dimensions of the voxel by first introducing
the general theory of a focused Gaussian beam (Sec. 2.6.1). This model is then modified to
consider the case of nonlinear absorption (Sec. 2.6.2). Lastly, the chemical considerations
governing the polymerization threshold are discussed (Sec. 2.6.3).

2.6.1 Focused Gaussian Beam

When focusing a laser with a lens the waist wy at the focal plane is given by the geometries of
the lens [128§]

4N f
T D’
where \ is the laser wavelength, f the focal length of the lens and D the diameter of the lens.
This equation assumes that the beam is of the same size as the lens diameter D. For smaller
beams the diameter of the incoming collimated beam has to be used. Therefore, a larger beam
leads to a smaller beam waist wy and a higher photon density. Because of this relation, beam
expanders are used in optical setups to enlarge the beam before focusing, in order to gain higher
energy density at the focal point.

The width of the beam w(z) for any position along the z-axis can be described by the following
relation

2 - wp (2.21)

2 \2

w(z) =wy - (/14 (g> : (2.22)

where z is the distance along the z-axis, wy the beam waist and zp the Rayleigh length [140].

The Rayleigh length is the distance zg from the center, where the area of the beam has doubled
(or alternatively w(zr) = v/2 - wy as shown in Fig. 2.10) [128].

e 'A"‘JO (2.23)

Eq. 2.22 and 2.23 describe an ideal Gaussian beam. The discrepancy between measured zg ,eq
to the ideal Gaussian zp jgeq; is known as M? or beam quality factor and calculated by

z A

2 R,real

M= = = ZR,real * 3 (224)
ZR,ideal T Wy

Knowing, zr, A and wy the beam can be fully described. For larger distances from the focus
w(z) increases linearly, which gives the total divergence angle

O=2.0~2. 2 (2.25)
TTWo

As this angle is inversely proportional to wg, a smaller beam shows a larger divergence behavior.
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Because of this relation, beam expanders are also used in optical setups where the laser beam
needs to travel longer distances. In these systems a beam expander increases the beam size in
order to reduce the beam divergence angle. That way, a better collimation is upheld for longer
optical paths [128].

LT ZR ideal S T '/‘ .l
e < > Seal

Real Gaussian ~  ===-==---- Ideal Gaussian

Figure 2.10: Width w(z) of a focused beam (solid line) and the ideal focused Gaussian beam
(dashed line) along the z-axis. The Rayleigh length zp is defined as the distance
from the waist wo where the width has increased to /2 - wy. As the real Gaussian
diverges faster, zp req is smaller than the ideal 2zg geqr. © is the total divergence
angle, which can be used to approximate the beam in the far field.

The previously discussed beam waist wy is defined by a 2D-Gaussian distribution

1(7,§) = I - exp ( . ; . (”” - “”0)2) exp ( _ ;(y - y°)2>, (2.26)

Oy oy

which describes the local intensity distribution of the beam at any position 2z along the axis.
The waist is then defined as the radial distance where the intensity drops to I - e72. This can
easily be extracted from Eq. 2.26 which was simplified to

I(2.y) = Iy - exp ( _ ; . (2)2> exp ( - ;(3)2), (2.27)

by the use of coordinate translation (r = & — xg, y = § — yo). To extract the radial position w,
of the waist, the requirement is

_ R A I T L e
I(wz,y)—Io-exp—2-exp<—2(ay))—Io-e 2l et (2.28)
After canceling, this simplifies to

exp ( — 2) = exp ( — ;(C%)Q), (2.29)
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From this derives the relation between o, and w,

Wy =2 0. (2.31)
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The same approach can be used for w,

Wy =2 Ogy- (2.32)

An alternative description for the beam shape is the full width at half maximum (FWHM),
where the characteristic point is the distance from the distribution’s peak to the point where
the intensity has dropped to half its maximum value:

) = 5o (= 5(£)°).

Oy

. ef%(a)z =1y 67%(5)2 . 67%(%)27 (2.33)

_ ;Zz‘)) —In (;) =In(27!) =-In(2).

Therefore, the full width at half maximum is defined as

FWHM, =2 -2;=2-4/2-In(2) - 0,. (2.34)

This is also valid for FWHM,. A radially symmetric Gaussian distribution is assumed (w, =
wy = wo and FWHM, = FWHMy) for a non astigmatic laser beam.

2.6.2 Writing Resolution

The shape of the focused beam determines the minimum line spacing in lateral and vertical
direction required for 2PP processing. For linear absorption the point spread function (PSF)
can be approximated by a Gaussian distribution (Sec. 2.6.1)

272 r?

]1p:IOexp<—w(2)> :IOGXP<—M)« (2.35)

The beam waist wy for given wavelength A and numerical aperture of an objective (NA) can be

calculated by expressing the variance as [141]

0.255 - A
NA

From this definition the relationship for the beam radius wy, 1p defined by e? (Sec. 2.6.1) is
derived as

(2.36)

12

o

045-A

Wey 1P 2-0= NA (237)
To describe the PSF for the nonlinear case the PSF is squared
4 2
2, = Zexp ( - 7;) (2.38)
Wwo

Eq. 2.38 shows, that for a given wavelength A\ 2PA can achieve a /2 higher resolution than
linear absorption without taking chemical processes into account (Fig. 2.11).
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Figure 2.11: Intensity distributions for linear and nonlinear absorption. As 2PA is a nonlinear
process its probability scales with the squared intensity I? (normalized to the linear
maximum [y for better comparison). Therefore, 2PA allows offers an increase in
resolution of v/2.

For the 2-photon case this waist is reduced by v/2. An in-depth analysis and calculation of
the 2-photon voxel dimensions was done by Zipfel et al. [142], based on numerical calculations
done by Richards and Wolf [143]. The calculated voxels were used for multiphoton microscopy
calculation, but they also apply for the 2PP-voxel. For a given NA and A the lateral voxel
radius can be estimated by Eq. 2.39.

0.320-\
05200 NA 0.7

Way,2PP = (2.39)

ot NA > 0.7

The horizontal voxel radius also depends on the refractive index n and is given by

0.532 - /\( 1 )

Wz oPp =
V2 n —y/n? — NA?

All estimates were calculated by using e~!, therefore the added /2 in the respective denomi-
nators. The volume of the voxel can be approximated by using the model by Zipfel et al. and
written as

(2.40)

3, Wiyapp Wapp (2.41)
0.68

The ellipsoid volume is modified by 0.68 to take the wings of the PSF far from the focus into

account [142].

VVoa:el,?PP =T

2.6.3 Threshold Intensity

In addition to these optical considerations, chemical processes need to be taken into account
when defining the voxel dimensions. The density of radicals p produced by fs-laser pulses
determines the degree of polymerized material. This distribution is given by the rate equation
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2.6 Volume Pixel

9,

a—;’ = (po — p)oaN>. (2.42)
It is defined by the primary initiator particle density p, the photon flux N(r,¢,2)) and the
2PA cross section oy (Sec. 2.4) [43]. At the focal plane (z = 0) the light distribution can be

approximated by the Gaussian distribution

—2r?
N(r,t) = No(t) - exp > ). (2.43)
0
The photon flux is assumed constant over time (Ny(t) = Np). Solving Eq. 2.42 returns
PP exp ( - O_QNQt). (2.44)

£0

Polymerization of the resin occurs when the density of radicals p exceeds a certain minimum
concentration, referred to as threshold concentration py,. The voxel diameter d is defined as
the region where this condition is met (p > py,) [144].

Po— Pih _ exp(—02t~N2)
Po (2.45)

In (Po;{f%) = —09t- N?=1n (Po iopth) = oot - N?

Substitution of Eq. 2.43 into Eq. 2.45, with

£o
Chat = In 2.46
' <Po - Pth) ( )
yields
—2r2\\ 2 Crat —2r?
Cmat = O'Qt . (NO exXp ( 7’8 )> = 0'2N02t = exXp ( wg )
Crnat —2r? 1 o9 N2t 22
1 _ ~ 1 <0>: 2.47
t ( 02N§t> 22N\ o) T W (2.47)
d Wo 1 <O’2Ngt)
= - = —- n .
: 2 2 Cmat

For a fs-laser, the pulse duration 7 and repetition rate v need to be taken under consideration
in addition to the exposure time t (t = n -7 with n = v - t) [144]. Therefore, the lateral voxel
diameter (d =2 -r) is given by

N2
d=wq- \/ln (‘7207WL>‘ (2.48)
Cmat

The horizontal voxel length [ is obtained by substituting an axial Gaussian distribution
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N(z) = 2.49
&= (249)
R
into Eq. 2.45. Solving for [ = 2 - z yields
N2 >
U(P,t) = 225 - J ("QCU”TL) Y (2.50)
mat

The number density of photons Ny depends on the laser system used for the 2PP experiments.
It is described as the number of photons per area

NﬂznphOt: 1 ) E _ [0
wiT  wiTm hwp  hwr’

(2.51)

with the single photon energy E,,, = fwy, and the laser intensity /. Inserting the I, for pulsed
lasers (Eq. 2.20), the number density of photons is given by

187 P

No S
wem  vThwy

(2.52)

For a given wavelength most parameters can be assumed constant such as the photon energy
hwr,, pulse duration 77, repetition rate v, Rayleigh length zg, beam diameter wy and 2PA cross
section gy. Therefore, these parameters in Eq. 2.48 and 2.50 can be summed up as optical
constant Cy,y » as shown in Eq. 2.53,

UgNgnTL B o9V - t- TL ) (187 ) P )2 _ P2 ot % (253)

Cmat B Cmat W% m v Thw L Cmat
Using this expression the voxel diameter and voxel length for a given wavelength can be written
as functions depending on the laser power P and the exposure time t as

2.4,
d(P,t) = o - \/m <Pé(’:p“> (2.54)

2. 4. 1
I(Pt) = 225 - J (Pécp“) Y (2.55)
mat

rom Eq. 2.54 and 2.55 it can be seen that the lateral resolution increases significantly with
higher intensities (Fig. 2.12).
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Figure 2.12: Polymerization threshold (left). In addition to a v/2 increase in resolution, the
voxel diameter is determined by a threshold intensity I;j.s (black line). At Ijpes
sufficient radicals are created to form non-reversible polymers. Comparison be-
tween voxel diameter and length (right). The lateral diameter increases signifi-
cantly faster for higher laser powers.

2.6.4 Polymerization Threshold

The polymerization threshold is given by a hypothetical zero-sized voxel

VVomel<Pthres> t) = d(Pthresa t) : Z(F)thresv t)2 =0

P2 -t Oopt,)\
= d(Pipres, t) =0 = wy - \/ln (W)
Coptr (2.56)
eozlzpt%res't.ﬁzt
Cma / ~
Pthres - L. t—1 = V C-t1.

Cvopt A

The material parameter C,,,; is assumed to be constant for a fixed PI-concentration and mate-
rial. As mentioned the optical parameters C,, \ are assumed constant for a given setup and a
selected wavelength. Under these assumptions the threshold power Py, is inversely proportional
to the square root of the exposure time ¢ or proportional to the square root of the writing speed
v

Pipres = C - V=1 o /0. (2.57)

This relation also holds true for the voxel length
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P2os b Coprn
lP’res,t:O:ZZ \/( thres o 2—1
( h ) f C1manf )
Copt )\ 2
1= (PtQhres - C{pt,)\) ’ (258)
mat
Cmat 1
P, res — t=1oc vz
th CVopt,)\

For experimental evaluation of Py, it is evidently not possible to observe voxel of size zero.
Instead the voxel diameters for varying power settings are fitted to Eq. 2.55 to interpolate
Py,. Alternatively, a minimum diameter size can be selected as the scaling of Py, o v2 also
applies for a non-vanishing diameter d,,;,. This correlation between writing speed and laser
power has been previously reported by various sources for writing speeds in the range of 10 to
100 pms™! [43-45].
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Figure 2.13: Effect of inhibiting molecules such as oxygen on the polymerization threshold. Two
voxels are produced at subdiffraction distance of each other. While the individual
intensity is below the required threshold intensity I;;..s (or threshold power Py,),
the overlap and subsequent depletion of inhibiting molecules at the interstice allows
polymerization when exposing the adjacent voxel.

In addition to these geometric considerations, quenching molecules which inhibit the formed
radicals affect the resolution and P,,. While quenchers can be added to the resin atmospheric
oxygen also acts as a quencher. The inhibiting oxygen needs to be consumed before poly-
merization starts [145]. Quenching directly competes with photopolymerization and is usually
considered detrimental to the process, but adding a quencher can be used to increase the feature
resolution of single lines [85]. Another effect, which can be observed in most system based on
radical polymerization is the formation of features below the threshold intensity, when writing
two adjacent lines at sub-diffraction distance. In this case, the quencher in the interstice of the
two voxels is consumed. In case of sub-diffraction distance between two lines, the oxygen in
the interstice is totally consumed and can not act as a quencher. Therefore, the threshold in
polymerization is reduced compared to the case of a single line (Fig. 2.13, right) [146]. This
effect is also observed during 2PP of 3D-structures such as cubes, where the required P, is
significantly lower than in the single line case.
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2.7 Photodynamic Therapy

2.7 Photodynamic Therapy

PDT is a light activated treatment method for cancer and other diseases. It utilizes light-
sensitive drugs or photosensitzers (PS), which can be preferably localized in malignant tissues.
Compared with traditional therapies such as surgery, radiotherapy, and chemotherapy, PDT has
advantages like minimal invasion, and localized (non-thermal) killing of tumor tissue [147]. As
a first step the inert PS have to be introduced in the organism. Afterwards they are exposed
to light of a specific wavelength, that can be absorbed by the PSs and excite them, which
generates cytotoxic species following two further processes. Type I reactions can produce free
radicals or superoxide ions resulting from hydrogen or electron transfer and Type II refers to
interactions between oxygen and the excited PSs to initiate formation of highly reactive singlet
oxygen ('0y). While both types occur simultaneously, cell death is predominantly induced
by type Type II processes [148]. PDT still faces several problems. The preparation of PS for
parenteral use is challenging and cell and tissue damage are depending on the precise localization
of the PSs, because of the limited diffusion distance of the generated cytotoxic species in the
tissue (~ 20nm). Furthermore, PDT is limited by the possibility to focus the light source
and its penetration depth in the tissue, which is defined by the laser wavelength. Currently
approved PDT sensitizers absorb in the visible spectral region up to 700 nm, so the penetration
into the tissue is limited by the wavelength to a few millimeters. Potential applications of
this technologies are among others cardiovascular diseases, arterosclerosis, endometriosis or
carcinoma in situs and ostesarcoma [149,150]. PDT was FDA first approved for photofrin
(porfimer sodium) in 1993 [151] and in 2016 using a laser source of 630 nm [152].

Photodynamic therapy 2-photon-photodynamic therapy O
(PDT) (2P-PDT) a. NH; 000 Na'
A/ A OO
- - G NH3 Na+‘O I O I (6]
) )
S —~ Cisplatin Eosin Y
<) ) > &S
)

H v ol o
— |

@ Healthy cells &> Cancer cells R
Porphine

Figure 2.14: PDT principle (left). Conventional PDT uses UV-light sources to activate photo-
sensitive substances which cause cell death. 2P-PDT is localized to the laser focus
due to nonlinear absorption. Chemical compounds for cancer-treatment (right).
Cisplatin is a commonly used agent for chemotherapy [153] , eosin-y is mostly used
as acidic red stain for cytoplasm [154] but has also found applications in 2PP [155].
Porphine is a porphyrin derivative which have been reported to exhibit high 2PA
cross section oy [156].

2P-PDT shows promise in increasing the light penetration due to the near-infrared nature of
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the process (Fig. 2.14). Its principle is nearly the same, but the PS can only absorb the light if
they are located in the focus of the exposure laser due to the fact, that a high photon density
is necessary for 2PA. The small excitation volume of 2PA promises enhancement of the spatial
resolution and therefore less damaging of to healthy tissue around the cancer. A major issue
for two-photon application is the poor solubility in of 2PA active sensitizers and low oy (below
50 GM) [157].

In cancer treatment cisplatin is commonly used chemotherapeutic agent. It cross-links with
the purine bases on the DNA, which disturbs the DNA repair mechanisms and damages it. Cell
death thereby induced in both cancer cells and other cell types. Due to the faster proliferation
of cancer cells, this cell type is attacked more frequently than healthy cell types with lower
proliferation rate [153]. PS are the main component for PDT. Eosin-y is mostly used as an
acidic red stain for cytoplasm [154] but has also been used for 2PP at 1040 nm [155]. Porphine
is an achiral porphyrin derivative dye, its large molecules have been previously reported to
exhibit high o9 [156,158]. The chemical structures of these materials are shown in Fig. 2.14.

2.8 Z-Scan

The z-scan technique has become a standard method to characterize higher order nonlin-
earities such as 2PA cross section of PIs [159], which have found broad applications in 3D-
nanolithography such as 2PP and PDT [38]. There is an increasing need to characterize the
2PA spectra of newly synthesized Pls for biomedical applications. On the one hand, when
such z-scan measurements are performed at the wavelength later used for 2PP, the obtained
results might be sufficient for comparison of the expected practical performance of different
PIs. On the other hand, the true potential of a certain PI design stays unrevealed, if its com-
plete nonlinear absorption spectrum is not characterized. Matching the laser wavelength to
the peak of the 2PA spectrum of a particular compound can result in a few fold increase of
the PI's performance. Most z-scan setups are based on optical parametric amplifiers (OPA)
operating at a single wavelength and are not practical for characterization of 2PA spectra of
a PI. 2-photon excited fluorescence (TPEF) is also popular for spectral measurements [160].
However, this technology is limited to compounds with fluorescent behavior and extracting
absolute values depends on the reference standard or requires a complex setup [161]. White
light continuum z-scan (WLC) is able to determine absolute cross section values but also re-
quires a complicated optical path [36,162]. Pulsed fs-lasers offer an alternative approach to the
amplified systems, however the high repetition rate tends to cause thermal effects, which have
to be eliminated [163].

The z-scan was introduced in 1990 [164] and has been widely employed due to its relatively
simple setup [165]. A thin sample (sample length L smaller than the Rayleigh length zg) is
moved in and out of a focused laser beam (see Fig. 2.15) along an axis (usually called the z-axis,
hence the name of the technique). Ideally, the laser focus is at the center of the translation
stage. A photo diode at the end of the stage collects the transmitted light. The discussed
open aperture setup records changes in transmission, which can then be used to extract the
2PA behavior. Adding an aperture before the measurement diode allows measurement of the
nonlinear refractive index of a material (dashed line in Fig.2.15) as it registers the change in
the divergence of the beam.
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2.8 Z-Scan

Figure 2.15: Z-scan principle. A thin sample is moved in and out of the focused laser beam.

The drop in transmission (solid line) determines the 2PA cross section. The drop
depends on a multitude of systemic parameters, which need to be known in advance
of the scan. This setup can be modified by adding an aperture (dashed squares

before diode) to measure the nonlinear refractive index (dashed line).
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2 Theory

To theoretically describe the z-scan, the effects of nonlinear self-action - nonlinear refraction
(NLR) and nonlinear absorption (NLA) - need to be observed. Assuming nearly monochro-
matic laser light passing through the sample, the nonlinear self-action causes loss in transmission
(AT).

The polarization is given by

Pt) = [ @@= t)B@)d + [ [ XDt - ) B E(t)dndtz+

0o oo oo (2.59)

+/ / / XO(t = ty,t — to, t — t3) E(t1) E(to) E(ts)dtydtsdts + ...
where X(") describes the n-th order response or susceptibility function [166]. The polarization
is dependent on the electric field

|E(t)] = Re {E(t) - e/tN} (2.60)

which varies slowly over time. For a single frequency input the field can be approximated in the
external self-action limit [166]. For this to be applicable, the sample length L needs to be thin
compared to the Rayleigh length zz. In addition, the intensities have to show an integrated
phase shift of less than 7. This allows us to write the polarization as

P(t) = eoxE(t) =€ lxm +x® |E(2t)|2] - E(t). (2.61)

The external self action limit later allows a separation of the wave equation into an equation
describing the phase ® and intensity /. For readability the time dependence was omitted in
the following equations (£ = E(t), P = P(t)). The wave equation

*E  1d°E _  d°P

a2 @dar Mae
is approximated by keeping only susceptibilities up to the 3™ order. Additionally, the slowly
varying envelope approximation [167] is used where the complex amplitude of the field E(r,t)
varies slowly with r and ¢. Thus, the higher ordered derivatives

(2.62)

0*E or 0’E )

— k- — d |— TS 2.63
8k2<<| ak| ™ e | S 1Y o (2.63)
are ignored. Applying these approximations leads to the wave equation
dE  1dFE
@, (2.64)

dz " cdt  '2ec

A coordinate transformation applied to the system of the traveling wave (1 =t — £, 2/ = 2)
and with the substitution of the polarization (eq. 2.61) gives

dE w w |E|?

P =i (1) @=L E. 2.65

dz’ 120 ZZC E[X X 2 ( )
Writing the electric field as E = Ej - €'® then allows splitting the equation into a real and an
imaginary part:
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655,0 = _220 [Im {X(l)} + Im {X(S)} Ej] By | (2.66)
&= lRe{Xm} +Re (x”) bﬂ ' (2.67)

Since I oc E? it can be seen that y® causes phase shifts d® depending on the intensity.
Rewriting eq. 2.66 and 2.67 in terms of intensity (considering only the nonlinear induced phase
changes) leads to [166]

dl w w

- __ 1) _ . 3.2

T Srun Im {X } I e Im {X } I (2.68)

@ B
and

ddb w 1
= _ 7 I Gl.r 2.69
dz ¢ 2n2ce m {X } ’ (2.69)

with the linear refractive index n, the linear absorption coefficient a and the two photon
absorption coefficient 3. For 2-photon applications the 3' order nonlinearity is being observed
which is a complex quantity

X =i+ xi” (2.70)
and can be written as [164]

n2eyc?
Xg) — Qngeocy , ng) = Owo - . (2.71)

A Gaussian beam is used (TEMgg) to describe the electrical field’s transmission:

2

Wo r ikr? \ s ”
E(z,rt) = Ey(t) - (2] - exp <_w(z) — 2R(z)> e i), (2.72)

where R(z) is the wavefront, Fy(t) the amplitude of the electric field, k = 27” the propagation
vector and e "®(*!) describes the radially symmetric phase shifts [168]. The beam waist w(z)

along the z-axis is given by
2
w(z) = woy/1+ 2—2 (2.73)
“R

with the Rayleigh length zg, (Sec.2.6.1). Since changes in the refractive index An affect the
phase shift the eq. 2.69 is the following

dAd = “Anl = 2; -Anl . (2.74)

dz! c

Changes in I (eq. 2.68) are due to the linear (o) and nonlinear () absorption coefficients

dl
i —al — BI. (2.75)

37



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

2 Theory

It is important to note that while z denotes the position along the beam path 2’ describes the
propagation depth. With the description of the Gaussian beam (Eq. 2.72) these two relations
can be solved for the intensity (I.) at the exit of the sample

e—aL
I(z,rt)=1(z,rt) ————— 2.76
) = Int) - s (2.76)
and the phase shift
kry
AD(z,rt) = 5 In[1 + q(z,r,t)], (2.77)
with )
q(z,r,t) =6 -1(z,rt) L L0 (2.78)
s 1y s Ty eff CL)(Z)Z )
The effective sample length
1 — e—QaL
Lejy = ——— 2.79
i - (2.79)

takes the linear absorption into account to describe the sample length without the effects of
linear absorption. Combining eq. 2.76 and 2.77 gives the complex field at the exit surface of
the sample:

E.=E(z,rt)-e = (1+q(z,rt) "/ (2.80)

To describe the electric field E, at the aperture (the aperture will later vanish for the open
aperture z-scan) Huygens principle and a Hankel transformation of zero order can be applied.
An alternative approach, used by Sheik-Bahae et al. [164], is the Gaussian decomposition. Here,
the complex electric field after exiting the sample is decomposed into a summation of Gaussian
beams. The individual beams are propagated towards the aperture, where they are resummed to
E,. The resulting expression contains both refractive and absorptive transmittances which are
coupled by a factor % For open aperture z-scans the transmittance is insensitive towards beam
distortions and therefore simplifies to a function depending solely on the nonlinear absorption.

The transmitted power P(z,t) can therefore be obtained by integrating Eq. 2.80 over r
without the inclusion of the free-space propagation process. This results in the transmitted

power [169]

P(z,t) = Pi(t)e " G0 (2.81)

with
d(e.0) = 5 10) Loy 5 252

and
P = Smu2 It 2.83
z'—§7Twoo()- (2.83)

Integrating Eq. 2.81 over time gives the normalized energy transmittance
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2.8 Z-Scan

T(z) = \/qu(z,()) /_O:O In(1 4 q(z,0)e " )dr. (2.84)

For the open aperture case, the change in transmission [165] for a given sample position z is
described by

1

T&) = (=0

/ In 1+ go(2,0) - e <] - de (2.85)

with

q(2,0) = qo -
(2,0 =q- —F—
)

1+
o :6~Io(w0,P) “Lesy

(2.86)

% \’—‘E

The effective cuvette length L.sy = (1 — e‘O‘L> /a is defined by the cuvette length L and linear
absorption coefficient .. For the z-scan, this factor is assumed to be constant if the linear
absorption range does not overlap with the spectral range used in the z-scan measurements.
The intensity of a temporally stable focused Gaussian beam

In(2) P

T TwoRT

Io(wo, P) = 4- (2.87)

depends on the laser power P, beam radius wy, repetition rate R, and pulse duration 7. Knowing
all parameters enables extraction of the 2PA cross section

hv - 3

2.88
Na (2.88)

09 —

with the photon energy hv, concentration of solution p, the Avogadro number N4 and the 2PA
absorption coefficient 5. If |go| < 1 we can use the geometric series to write Eq. 2.85 as a
discrete sum for numerical calculations [164]

i (2.20)

m=0 m+ 1)

While R is constant over the entire laser spectrum there are four parameters which change
significantly with the individual wavelengths (7, zg, wy, and P). Therefore, it is paramount to
have a library containing the spectral data of these fitting parameters. As o5 is an indirectly
measured parameter, uncertainty of the laser beam parameters leads to error propagation (ex-
emplified in Tab. 2.1 for a 2PA compound with o5 of 150 GM) which can significantly distort
the measurement and the reported cross section. Therefore, it is paramount to have a library
containing the spectral data of these fitting parameters to reduce this source of errors.
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Table 2.1: Uncertainties in the setup parameters can significantly affect the calculated 2PA
cross section (o3) by up to 30 %. Change in oy calculated by taking reference data
for a 2PA absorbing compound with oo = 150 GM and Eq. 2.86. A beam diameter
of 24 pm, pulse duration of 70 fs and average laser power of 500 mW were used.

Parameter Pulse Duration Laser Power Beam Waist
Fluctuation +7fs / +14% +£50mW / £10% +2pum / +10%
A(a) 7% 20% 14 %

2.8.1 Thermal Lensing

- When exposing a sample to a high-powered laser beam, heating of the sample can cause thermal
effects which affect the measured data [170,171]. The absorbed light heats up the sample and
the resulting temperature gradient causes a local variation in the sample density. This in turn
changes the refractive index and leads to a lens-like behavior of the sample. The heating persists
over a characteristic thermal time

4D
after which the sample returns to thermal equilibrium [172]. This coefficient depends on the
beam waist wg and the thermal diffusion coefficient D typically in the range of (1073 to 6 -
0~3cm?s™1) for liquids. For lasers with a repetition rate higher than 0.1 kHz the time between
exposure is shorter than ¢, causing cumulative heating [170]. To counteract these effects a beam
chopper is required to allow the sample to return to equilibrium after being exposed to the laser
source [172].

(2.90)
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3 Materials and Methods

The z-scan setup, which was designed and assembled over the course of this thesis is described
in detail. The measurement procedure and calibration using autocorrelator, beamprofiler, oc-
siloscope and waveplate are summarized as they are required to calculate the 2PA cross section
(02) of nonlinear absorbing compounds over the entire laser spectrum. The 2PL setup is out-
lined with a focus on four objectives, their respective fabrication resolution and the production
of structures larger than a single FOV are discussed. A separate section is dedicated to sample
preparation and manufacturing. The various methods used in this thesis to characterize 2PP
fabricated structures are listed. The use of 2PL for 2P-PDT is summarized. The design and
fabrication of microscaffolds fabricated for biomedical applications are shown. Lastly, two ex-
perimental methods for the produced microscaffolds are presented. In the first experiment the
scaffolds act as microcages to trap cells using Faraday waves. For the second experiment 2PP
scaffolds are loaded with hiPSC to induce the growth of hair follicles.

3.1 Z-Scan Setup

The z-scan setup developed during this thesis was designed to characterize synthesized Pls
such as M2CMK and DAS [96,99]. The spectra obtained from z-scan allow to determine
the optimal operation wavelength for 2PL-applications. The focus was on a simplified design
with few dispersive optics. Furthermore it was not based on OPA, to allow flexible and fast
characterization of 2PA compounds. The setup is powered by a high power fs laser oscillator
(MaiTai DeepSee, Spectra Physics, Santa Clara, USA) with a tuning range from 690 to 1040 nm.
The beam passes through a number of optical components (Fig.3.1) through a focusing lens
onto the sample. A positive and negative achromatic doublet lens with a focal length of 200 mm
focusing is used (AC254-200-B, Thorlabs , Newton, United States), with achromatic coating
(650 to 1050 nm). A motorized stage (LCS16-025-2(4)5, SMAC, Carlsbad, USA) operated by a
one-axis controller (LCC-10, SMAC, Carlsbad, USA) moves the sample into and out of focus. A
photodiode (PDA100A-EC, Thorlabs, Newton, United States) measures the transmitted light
and a reference photodiode helps to compensate signal fluctuations. An oscilloscope (DS4024,
Rigol, Beaverton, USA) records the signals from both diodes. A custom-built beam chopper
(142 Hz rotation frequency, 78 jis on-time) reduces the exposure time of the sample to eliminate
thermal effects [163]. Due to the design of the DeepSee pulse compressor, a GDD of 0 fs?
cannot be compensated for all wavelengths. In order to use the pulse compressor with the low
dispersion of the z-scan a 10cm quartz block was introduced. For single wavelength z-scans
a Galilean beam expander works well but requires manual adjustment for each wavelength.
To avoid this and guarantee collimation when changing the wavelength, the setup contains a
reflective beam expander (BE0O4R/M, Thorlabs, Newton, United States). Furthermore, the
mirror based expansion does not introduce further dispersive elements into the beam path,
allowing to use the pulse measured via autocorrelator for the fitting. To measure the pulse, a
flip mirror directs the beam into the autocorrelator. As previously discussed, fluctuations in
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3 Materials and Methods

the system variables can cause significant variance in the calculated oy (see Tab. 2.1), therefore
minimizing the dispersion and possible pulse broadening is an important aspect to guarantee
correct calculation of 5.

mirror 2

‘llll»

sample on motorized stage

lens diode 2

expander

”””””””” } auto correlator

dispersive
element

waveplate

A tunable fs-laser

polarizing
beam splitter

mirror 1
(moveable)

Figure 3.1: Z-scan setup and beam path from the tunable fs-laser to the sample. A waveplate
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and polarizing beam splitter attenuate the input laser power. Two parabolic mirrors
expand the beam by 4x and a lens focuses the beam. A motorized stage moves the
sample in and out of focus. Two diodes record the measurement- and reference
signal while a mechanical chopper allows to adjust the on/off duration of the signal.
A flip mirror directs the beam to the autocorrelator to measure the pulse duration.
As this setup is also used for 2PP experiments, mirror 1 can be moved out of the
beam path to direct the laser into the 2PP system. To simulate dispersion caused
by the 2PP a dispersive element is introduced into the beam path.
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3.1 Z-Scan Setup

An automated Graphical User Interface allows to calibrate the system for a desired spectral
range. The calibration routine comprises:

e Relating waveplate angle 6 and time averaged laser power P.

e Determining conversion for a given P to voltage recorded by measurement diodes.
e Minimizing pulse duration 7 using an autocorrelator.

e Profiling the beam and extracting zg, wo, and M?2.

This routine is necessary as the z-scan method extracts oy from the fit parameter ¢y (fitting
accuracy previously described in Tab.2.1). All values are stored in a database within the
operating software and data from the z-scan is fitted automatically.

3.1.1 Power and Diode Range

A motorized rotation stage (PRM1Z8, Thorlabs, Newton, United States) controls the angle
of the waveplate (467-4210, Eksma Optics, Vilnius, Lithuania) in order to regulate the beam
polarization (Fig. 3.1). A polarizing beamsplitter cube (PBS052, Thorlabs, Newton, USA)
reflects the s-polarized component of the light while transmitting the p-polarized part. The
reflected light is directed into a beam dump. This way, the laser power can be regulated from
1.8 W down to 10 mW. The correlation between waveplate angle and laser power is obtained by
fitting the measured power for each rotation angle according to [128§]

P = Py+ P,y -cos*(0-a+ ¢p) (3.1)

Using a powermeter (Fieldmax II, Coherent Inc, Santa Clara, USA) P is measured before
passing the focusing lens for each wavelength in intervals of 5nm. Due to the periodic nature
of the waveplate retarder, rotation angles between 0 and 120° (measurement steps of 3°) are
sufficient. To automatically select the optimum measurement window for a given laser power
the conversion factor from mW to V is required. Due to the wavelength sensitivity of both
measurement diodes (PDA100A-EC, Thorlabs , Newton, United States) as well as the filters
(NE20A and NDUV40A, Thorlabs, Newton, United States) the conversion factors from laser
power to diode voltage over the entire spectrum need to be known. The system automatically
records signals for each wavelength in a given range and step size. The measurement diode
triggers the oscilloscope to a minimum signal using the maximum measurement range (2.4 V) to
evaluate the optimal signal range. This list of conversion factors guarantees optimal resolution
for any given power and wavelength.

3.1.2 Beamprofiler

Because of the possibility to tune the wavelength range in the visible to near infrared spectrum
(690 - 1080 nm) the beam profiling is done via CMOS camera (UI-1492LE, IDS, Obersulm,
Germany). The camera approach was preferred over the knife edge method since it allowed live
imaging without the need for an additional automated component like a movable razor blade.
The chip resolution (1.67 pm per pixel) is sufficient to extract the correct beam shape from
the image (Fig.3.2). To calculate the characteristic beam parameters, the 2D-Gaussian beam
registered by the camera chip was integrated, resulting in the error function
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3 Materials and Methods

Figure 3.2: Placing a CMOS camera on the movable stage enables profiling of the focused laser
beam. The camera is moved in and out of focus and the recorded image is fitted
using second order image moments to extract the characteristic beam data.

erf = ﬁ Ox e du. (3.2)

Fitting the integral of the recorded beam was preferred over the standard Gaussian fit as the
error is lower for numerical integration compared to differentiation [173]. Depending on the
order of the moment the average or variance of a distribution can be extracted. Given a
continuous 2D distribution f(x,y), the raw moment of order p + ¢ is defined as [174]

+o0o +oo
M,, = [00 [00 2Pyl f(z,y) dx dy (3.3)

with the central moments given by

= [T @y w0 Sy de dy (3.4)

For a discrete distribution (i.e. a pixel image) Eqs 3.3 and 3.4 are modified to [174,175]

My =323 o'y I(x,y) , (3.5)

ZZ z—2) (y— )" flz,y) de dy (3.6)
With the mean values
_ M10 _ Mo1
T = 3.7
My VT My (37)

The 2°¢ order moments (Mag, Myy) correspond to the variances of the Gaussian distribution
(ftz p1y). Fitting these moments using least-square algorithms allows to extract the distribution
parameters. This process is repeated for multiple stage positions (0-24 mm in 1 mm steps). The
obtained results allow to fit the beam waist w(z) (Eq. 2.26), extract the Rayleigh length zp
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3.1 Z-Scan Setup

and determine the focal position z, along the stage according to ENISO 11146-2:2005 [176].
Comparing zp with the ideal 2, 14eq gives the beam quality factor M? (Eq.2.24).

3.1.3 Autocorrelator

The MaiTai DeepSee includes a unit which compensates the GVD of the fs-laser source to
achieve minimum pulse duration at the sample. The GVD-compensation is achieved by two
prisms which can be moved via remote. The compressor motor was implemented in our soft-
ware and combined with an autocorrelator. The incoming laser beam is split into two beams
of equal intensity. By controlling a motorized stage, an optical delay is imparted upon one of
the two beams. The two beams are then recombined within a nonlinear crystal for second har-
monic generation. Depending on the stage position (and therefore the runtime difference), the
variation in signal intensity allows to calculate the pulse duration [177]. This method is then
repeated for multiple compressor positions to minimize the pulse duration for a given wave-
length. After successfully fitting the optimal compressor position, this procedure is repeated
over the laser spectrum.

3.1.4 Thermal Effects

To avoid thermal effects due to the fs-laser heating the sample, an optical chopper allows for
the sample to return to equilibrium temperature. A variable adapter increases the voltage to
drive the motor, thereby reducing the on-time. Four different chopper settings with increasing
frequency and therefore a shorter on-time (when the sample was exposed to a train of pulses
from the oscillator) were compared For the final z-scan experiments a chopper on time of 78 ps
was selected. All settings displayed in Tab. 3.1.

Table 3.1: Settings of the optical chopper used for z-scan experiments.

On-time [ps] Single Rotation [ms] Frequency [RPM] Chopper Diameter [mm)]

450 o1 62 180
210 31.6 71 180
90 14 91 180
78 7 142 90

3.1.5 Sample Preparation and Measurement

Using the z-scan method a variety of 2-photon active compounds was studied (Tab. 3.2). The
respective solution was filled into the cuvette, which was placed onto the stage. The sample
was measured under static conditions (Fig. 3.3). Rhodamine B (Sigma-Aldrich / Merck KGaA,
Darmstadt, Germany), a common laser dye, was used as a reference substance due to its well
documented 2PA cross section o9 to verify the z-scan setup [35]. The 2PP PIs M2CMK and DAS
were synthesized as previously reported [96,99]. For the z-scan solutions of 10 mM were pre-
pared by dissolving rhodamine B in methanol and M2CMK in Tetrahydrofuran (THF). DAS
was dissolved in phosphate buffered saline (PBS) for 10 mM solutions. While initially synthe-
sized for 2PP applications, P2CK was studied as a potential PS for 2P-PDT applications due
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Figure 3.3: Z-scan measurement setup. 3D-printed sample holder with the cuvette is placed
on the movable stage. Using a syringe the 2PA-compound is pumped through the
cuvette. A photodiode records the transmitted signal at various stage positions.
If desired the pump can be activated during z-scan to measure 2PA-cross section
under flow conditions.

to the ROS generated by the compound after irradiation [178]. It was synthesized as previously
described [25]. Furthermore, eosin-y, cisplatin and porphine (5,10,15,20-Tetraphenyl-21H,23H-
porphine) were screened for 2P-PDT application. They were bought from Sigma and used as
received. Eosin-y was dissolved in PBS for a 3mM solution. Two solutions (3 and 10 mM) of
cisplatin in dimethyl sulfoxide (DMSO) were prepared. For porphine four solutions (0.5, 1, 2
and 10 mM) in DMSO were used. All solvents were bought from Sigma-Aldrich (Merck KGaA,
Darmstadt, Germany) and used as received.

Table 3.2: 2PA materials characterized using the z-scan technique.
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Material Application Molar Weight [gmol™']  Solvent
Rhodamine B Laser Dye / Reference 479.02 Methanol
M2CMK PI 374.53 THF

DAS PI 708.88 PBS
P2CK PI/PS 506.5 PBS
Eosin-Y PS 647.89 PBS
Porphine PS 678.11 DMSO
Cisplatin Chemotherapy Agent 300.05 DMSO

For the z-scan a cuvette of 1 mm thickness (120l volume, 17.5 x 6.5 mm? aperture) (170-
000-1-40, Hellma-Analytics, Miillheim, Germany) was used. Before the respective z-scan the
cuvette was cleaned to avoid potentially unremoved material from previous z-scan experiments
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3.2 2PL-Setup

to affect the measurement. This was done using 2-propanol (> 99.5 %) and lens tissues (MC-5
Lens Tissues, Thorlabs, Newton, USA) for the aperture. The cuvette was then flushed with
2-propanol and placed onto the motorized stage using a 3D-printed socket. A blank z-scan was
done at 800 nm and 600 mW with pure 2-propanol. This results in average noise, independent
of the sample position. The signal intensity depends on laser wavelength and laser power. This
step is especially important to reduce errors during measurement as tiny particles within the
cuvette or on the cuvette window can severely affect the locally measured signal. If such errors
were detected, the cleaning procedure was repeated until a clean signal was observed. The
calibration can also be done with the respective solvent used for the 2PA active compounds.
After this calibration the sample was flushed and emptied using pressurized air. After nine
consecutive z-scan measurements 100l were pumped through the cuvette to provide fresh
material. This number was chosen as usually three measurements at three laser power settings
were done for a single wavelength. Therefore, between switching of the wavelength, the material
could be pumped through the cuvette. Experiments with flushing new material between each
z-scan were done, but did not show significant changes and manually operating the pump after
every scan was considered ineffective.

3.2 2PL-Setup

The 2PL system used for the experiments in this thesis is based the same fs-laser source as the
z-scan (Sec. 2.5). A number of optical components guide the beam to the sample (Fig.3.4).
The input laser power is regulated using a polarizer as described in Sec.3.1.1. Using a movable
mirror the beam can be directed into the z-scan setup (described in Sec. 3.1) instead of the 2PL-
system. An AOM (MT110-B50A1.5-IR-Hk, AA Opto-Electronic, Orsay, France) modulates the
laser beam.

3.2.1 Acousto-Optical Modulator

Acoustic waves are sent through a crystal and can be thought of as periodic planes of expansion
and compression, which locally changes the refractive index. Therefore, the AOM acts as an
optical grating, reflecting a beam under the Bragg condition, given in Eq. 3.8. It depends on
the wavelength of the sound A and the laser wavelength A [144]. The angle of reflection ¢
depends on the order m.

2Asin(d) =m - A (3.8)

The 0*"-order passes through the AOM, while the first order is diffracted and therefore allowed
to pass through a pinhole. This optical principle enables fast modulation speed in the range
of MHz, which would not be possible using optical shutters. A 5xachromatic beam expander
(GBEO05-B, Thorlabs, Newton, USA) is mounted before the galvanometer (IntelliSCAN, Scanlab
GmbH, Puchheim, Germany), which allows scanning in x- and y-direction. A scan and tube lens
system based on two achromatic lenses (Plossl system) is required to translate the pivot point
of the laser beam to the backfocal plane of the objective. Without this optical component,
the scanning angle is limited by the aperture of the objective, which also causes intensity
gradients on the edge of the FOV. The Pléssl system allows a high FOV (2.5mm for 10x/0.3
objective) [12].
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Table 3.3: Full width half maximum (FWHM) of the voxel for different objectives at 800 nm.
Data reprinted with permission [12].

Objective FWHM,, [nm] FWHM, [pm] Volume [pm?]
Plan-Apochromat 10x0.3 0.92 10.88 16.2
Plan-Apochromat 20x/0.8 0.37 2.05 0.49

C Plan-Apochromat 63x/1.4 oil 0.23 0.52 0.047

The objective (Fig.3.4) focuses the laser beam into the sample. After a layer is finished the
objective is moved in z-direction by a motorized stage (Z-Achse Plus 50 Méarzhauser, Wetzlar,
Germany) for the next layer. A microscope stage (SCANP! M 120 x 80, Mérzhauser, Wetzlar,

- Germany) allows positioning of the sample. However, this is not used during the fabrication of
a single layer. After a geometry for a given FOV is finished in x-, y- and z-direction, the stage
can be moved to allow fabrication of multiple parts within the 120 x 80 mm? working area.

Before structuring at a given wavelength the output power depending on the voltage used
for the AOM is calibrated by measuring the output power at the objective via powermeter
(Fieldmax II, Coherent Inc, Santa Clara, USA). Due to the high numerical aperture of the
63x/1.4 objective, measuring the output power with the available powermeter was not possible.
Microscope slide power meter sensor heads are available (S170C, Thorlabs, Newton, USA). For
this work, the calibration for 63x/1.4 was done using the 20x/0.8 objective [12].

3.2.2 Scanning Mode

Depending on the objective, the hatch distance Aj, between individual lines of a single plane
had to selected, as the voxel size depends on the numerical aperture (Sec.2.6.3). This was
also the case for z-distance A, between individual layers. The specific A;, and A, settings
for each experiment are referenced in their respective sections. Estimates for FWHM for a
given objective are displayed in Tab. 3.3 based on voxel descriptions discussed in Sec.2.6.2. A
detailed calculation of voxel sizes used as initial structuring parameters for the given objectives
was done by Gruber [12] and is the basis for the 2PP settings used in this work.

For structuring the 2PL also allows different writing modes, which determine the fast scanning
axis. There can be a single fast scan axis (x or y) for all layers. Long, thin structures such as
cylinders are preferably scanned with the fast axis matched to the axis of the cylinder height
to reduce the time spent on de- and acceleration of the scanning mirrors. Alternatively the
fast axis can be alternated for subsequent layers (xy-alternating). This creates a woodpile like
overlap of the individual lines which improves mechanical stability [144]. Lastly, it is possible
to fabricate the layer twice, once with x as the fast axis and once with y (xy). This mode
doubles the fabrication time. It can be used to increase the energy brought into the system
which might not be possible by further increasing the laser power, for example when operating
close to the threshold where the light dosage causes bubble formation [135].

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek

[ 3ibliothek,
Your knowledge hub

=~
0]



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

3.2 2PL-Setup

Figure 3.4: 2PL system. The tunable fs-laser allows 2PP structuring from 690-1040 nm. Wave-
plate and beamsplitter regulate input power. The AOM is used for fast modulation
of the laser beam directed into the objective. The achromatic beam expander ex-
pands the beam to 5x. For x- and y-scanning a two-mirror galvometer scanner
positions the laser beam. Scan and tube lens translate the pivot point of the beam
to the objective. The stage, where the sample is placed, can be moved in x-,y-and z-
direction. Using an LED light enables live monitoring of the polymerization process
via CMOS-camera. Image taken from Gruber, reprinted with permission [12].
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3.2.3 Objectives

For this thesis four objectives were used:

e Plan-Apochromat 10x/0.3
e Plan-Apochromat 20x/0.8 M27

e Plan-Apochromat 63x/1.4 Oil

All four objectives were purchased from Zeiss (Zeiss, Oberkochen, Germany) and are displayed
in Fig. 3.5.

Figure 3.5: Objectives used in this thesis. 10x/0.3 [179] and 20x/0.8 [180] were used for struc-
tures larger than 200 pm. 63x/1.4 [181] was used for high resolution experiments.

The 10x/0.3 and 20x/0.8 objectives were used for structures larger than 200 pum when a
high throughput or a large working area was required. Due to the working distance of 6.5 mm
structures of 1 mm height can be written in sol-gel materials. However, for highly detailed
objects, a maximum working distance of 300 pm is recommended [12]. The mismatch in the
refractive indices of air and material distorts the laser focal spot when the laser is focused deep
in the material. This mismatch also causes a shift of the focal position away from the objective,
leading to distorted geometries. This can be compensated by adjusting the height H,,;, of the
structure by

Hygy = Hopiy -~ (3.9)

mat
with the refractive index of the immersion fluid n;,, and the material refractive index 7,,4.
For high resolution experiments such as the linetest (Sec.3.5.3) or microscaffolds of 100 pm
the 63x/1.4 oil immersion objective was used. A droplet of immersion oil with n, = 1.518
(Immersol 518 F, Zeiss, Oberkochen, Germany) was put on top of the objective.

3.2.4 Large Field 2PP

The structuring window of 2PP is limited by the FOV for a given objective. In microscopy,
the diameter of the FOV is often expressed as field number (FN) for 1x magnification. For a
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3.2 2PL-Setup

certain objective magnification (Mg,;) the FOV is given by

FN

FOV =
Mobj

(3.10)

To structure geometries larger than the available FOV, the geometry is divided into multiple
units determined by the FOV. For easier calculation, the squared FOV (SFOV) (Fig. 3.6) is
used for this division

SFOV = —. (3.11)

< SFOV >

Figure 3.6: FOV for a given objective. For easier calculation of 2PP structures larger than the
FOV the SFOV is used to divide a given geometry into equal squares.

Each unit is then fabricated separately. When finished, the stage moves to the next unit,
continuously stitching together a structure larger than the available field of view. This process
demands precise positioning of the stage and scanner. For this, the conversion factor K is
required to correlate the available scanner bits ng; to lateral positions at the focal plane A,.
Ideally the available scanning distance is equal to the squared field of view (A; = SFOV).
However, as there might be intensity drops for large scanning angles, A, can be adjusted. For
this thesis Ay was corresponded to FN = 16, resulting in Ay &~ 1.13mm for 10x/0.3 objective,
A4~ 700 pm for 20x/0.8 and Ay ~ 180 pm for 63x/1.4 oil immersion objective. The focal length
L of an objective depends on the length of the scan tube length Ly, and the magnification
of the objective Mpy;. Using Ly and the scanner half-angle 6 the maximum lateral traveling
distance of the system can be calculated by

0 0 Ltube

A=92.2.[,=9 ,
d z x Moy,

(3.12)

The total lateral distance A, was modified by the expansion factor x as to the Pléssl tube
lens expands the incoming beam (for the described 2PP system z = 2). For a given objective
the conversion factor K, is calculated by
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Mt x Moy

Kopi = —= = npjg - —— - _ 3.13
& Ad ot 2-0 Ltube ( )
This factor can be expressed independently of the objective:
Ko j Mcorr i it
K = Mcorr ' o= ' Mot - Mcorr : M (314)

Moy;  Myy; Ay 20 Lyype

To adjust possible errors due to imperfections of the system alignment a correction factor
Mo was introduced to allow manual compensation of the misalignment (Fig. 3.7). The
relationship between FOV and M., is inversely proportional as is evident from the relation
K oc Ay (Eq. 3.14). Additionally it was possible to overlap two adjacent FOVs. This feature
was implemented to increase stability of the junction by exposing the overlap of two FOVs
during each individual structuring window.

............... Ideal FOV Actual FOV

M__<M M_=M M

, . >M
corr ideal corr ideal corr ideal

Figure 3.7: Microscope correction factor M., for structures composited by multiple FOVs. If
Mo is smaller than the ideal setting M;zeq;, the FOVs are larger than intended
(left). If ideally calibrated, the regions interface without gap (middle). If M., is
too large the FOVs are smaller than intended, causing gaps between the individual
FOVs (right).

3.3 Laser Source

The main laser source in this thesis was a Mai Tai eHP Deep See (Spectra Physics, Santa Clara,
USA). The wide tuning range (690 to 1040nm) and pulse compensation unit allow for a wide
application window of 2PA processes. The system is based on two chambers. The first contains
two diodes laser (P = 30W at A = 806 nm for each diode) which pumps Nd3+ ions doped in a
yttrium vanadate crystalline matrix (Nd : YVOy, (P = 12-30W at A = 532nm), generating a
1064 nm beam at 30 W, which is then frequency doubled to A = 532 nm using an LBO crystal.
This provides an output signal of 5 W at 532nm. In the second chamber a mode-locked crystal
acts as the active medium for the pulsed laser. Pulsing stability is achieved via regenerative
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3.4 2PP

mode-locking (Sec. 2.5). Due to the dispersion caused by the Ti:Sa crystal the group velocity
dispersion GVD is compensated within the laser cavity via adjustable prisms (Sec. 2.5.2). This
prism configuration also allows the tunablity of the laser. A movable slit is placed between the
prism which only allows a narrow bandwidth to resonate. After the laser beam leaves the cavity
it passes through an additional pulse compression unit (DeepSee). Here the emitted laser pulse
is negatively chirped to compensate dispersion caused by the optical components of the optical
system. Therefore, the MaiTai eHP Deep See not only allows beam and pulse stability, but also
minimum pulse duration at the objective. Using an autocorrelator the optimal pulse duration
for a system can be evaluated and stored. Depending on the system a change in wavelength
automatically sends the corresponding compressor position to the DeepSee unit, eliminating
manual readjustment for the individual systems.

3.4 2PP

Over the course of this thesis various types of materials were used for 2PP. PCL,, PCLg and
zr-hybrid (also known as SZ2080) were used to produce microscaffolds. ETA:TTA was used as
a reference material when studying the polymerization thresholds to compare the performance
of sol-gels (zr-hybrid) with PCL-based crystalline prepolymers (PCLy and PCLg). Initial large
field 2PP experiments were done using the commercial photoresist Ormocomp® [182]. For
cell encapsulation experiments 10 % Gel-NB was used [109]. 10 % methacrylated GelMOD
[24] was used for experiments comparing results from z-scan with 2PP. GelMod and Gel-NB
were provided by Jasper Van Hoorick under the supervision of Peter Dubruel and Sandra Van
Vlierberghe (Polymer Chemistry and Biomaterials Group, Ghent University).

The photoinitiators used for 2PP applications in this work have been M2CMK [96], 4,4’-Bis
[183] and DAS [99]. M2CMK was used for acrylate and methacrylate resins, as well as the solid
state PCL-based PCL, and PCLg. The photoinitiator 4,4’-Bis was used for the sol-gel material
zr-hybrid and for initial studies of the PCL-based PCL,. The water-soluble initiators P2CK
and DAS were used for hydrogel materials with a high water content for tissue engineering
applications.

All samples were placed on glass coverslips which were functionalized in the case of PCLs,
PCLg and GelMod to increase adhesion of fabricated structures to the glass surface (Sec. 3.4.6).
For zr-hybrid and ETA:TTA systems functionalization was only required structures larger than
500 pm. Microscaffolds exhibiting only a few small contact areas fabricated out of both materials
did not require functionalized surfaces to properly attach.

3.4.1 ETA:TTA

For the triacrylate monomer formulation ETA:TTA (50:50 by weight) M2CMK was chosen as
PI. It was dissolved in acetone and mixed with the monomer to get a 10 mM stock solution of
M2CMK in ETA:TTA. The acetone was afterwards distilled using a rotary evaporator. The
desired solution of M2CMK was achieved by mixing the required amount of pure ETA:TTA to
the 10 mM M2CMK solution in ETA:TTA. Then, the solution was pipetted onto a glass slide
(no activated slides required) for 2PP processing. Due to the liquid nature of ETA:TTA masks
of polydimethylsiloxane (PDMS) were required for higher samples. Because of its viscosity
ETA:TTA can be used for structures larger than the objective working distance by means of
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WOW-2PP [92]. After 2PP structuring the material was developed in 2-propanol for 30 min
and afterwards developed in 2-propanol for an additional 10 min.

3.4.2 Ormocomp®

Ormocomp® is a commercially available inorganic-organic hybrid photoresist, which was pur-
chased from micro resist technology (micro resist technology, Berlin, Germany). The highly
viscous material can be easily handled using a spatula to place the material on a glass slide.
After structuring, the material was developed in 1:1 solution of 4-methyl-2-pentanone and
2-propanol for 20 min. Afterwards, the sample was washed with 2-propanol for a min.

3.4.3 Sol-Gels

Zr-hybrid was dissolved in 1-propanol to allow mixing with the PI in the liquid phase. The
desired wt% of 4,4’-Bis (Merck KGaA, Darmstadt, Germany) was dissolved in 1-propanol and
pipetted into the monomer-solution. The solution was then mixed using a vortexer for five
min. Depending on the desired sample height, the material was pipetted in multiple layers
(one layer of roughly 0.5 mm height) to allow drying of each layer without the risk of creating
air pockets within the sample. The material was dried before 2PP processing using a heating
plate set to 40°C for 2-3 h before the next layer was applied. M2CMK could not be used for
zr-hybrid as the shift in absorption frequency band by the mixture of both materials caused
the sample to turn dark blue and therefore intransparent for the 2PP setup. The refractive
index of zr-hybrid was measured to be 1.52, which is close to the n, = 1.518 used for 63x/1.4
objective. For 10x/0.3 the height of the structure needed to be pre-compensated (Sec. 3.2.3).
As zr-hybrid is solid after drying even large free-standing structures can be fabricated without
the need for supporting geometries. However, this limits the possible structuring height by the
working distance of the objective and does not allow for WOW-2PP applications [92]. Samples
of 7 x 7mm? dimension in custom polymethylmethacrylate holders with a height of 2 mm were
produced. When working with these dimensions menisci need to be considered as the material
is attracted by the confinement walls. This meniscus can severely affect the sample and while a
sample height of 1.5 mm might be reached at the walls, the material height at the center is just
a few tens of pm. This meniscus further requires multiple layer depositions before the desired
sample height is achieved uniformly across the sample area. After structuring, the samples
were submerged in 1-propanol for one hour and afterwards developed for an additional 10 min
in 1-propanol.

3.4.4 PCL-Based Prepolymers

In corporation with Ghent University new materials for microscaffolds were synthesized based
on the crystalline prepolymer reported by Houben et al. [42]. The synthesis of these compounds
was done by Aysu Arslan under the supervision of Peter Dubruel and Sandra Van Vlierberghe
(Polymer Chemistry and Biomaterials Group, Ghent University). This material is based on a
PCL backbone (Fig. 3.8) as PCL has shown excellent biocompatibilty and biodegredability [41].
Two PCL-based prepolymers were studied, the main difference between the two materials being
the number of functional groups per molecule. PCLs is a diacrylate endcapped prepolymer (one
acrylate group at each end), whereas PCLg is a hexa-acrylate endcapped prepolymer (three
acrylate groups at each end). The chemical structures of both materials are shown in Fig. 3.8.
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Figure 3.8: Structure of the PCL-based prepolymers. The difunctional PCLy has an active
group at each end of the molecule. The hexafunctional PCLg is tricapped at each
end.

For experiments without PI, the material was placed onto a functionalized glass slide and put
on a heating plate (60 °C) as the sample was intransparent at room temperature due to its crys-
talline nature. To add PI, the solid material had to be dissolved and mixed with the PI solution.
The PCL-backbone renders the material insoluble in water compared to the PEG-based pre-
cursor reported by Houben et. al., therefore the material was dissolved in THF'. Using a 10 mM
solution M2CMK the PI was added in wt%, knowing the molar weight (374.52 g mol™!). For ex-
periments with 4,4’-Bis the same calculation with the respective molar weight (324.46 gmol™!)
was done. For 1wt% M2CMK in 100mg PCLg, 270l of M2CMK (10mM in THF) are re-
quired, which is more than sufficient to dissolve the prepolymer. Therefore, initially solving
the prepolymer could be skipped. This was especially important to process the material as the
solution remained highly viscous and could be pipetted onto the sample without trickling into
the mask-glass intersection due to capillary forces. After the material was placed on a glass
slide, it was dried on a heating plate set to 50°C for one hour. Similarly to zr-hybrid, multi-
ple layers (one layer of roughly 0.5 mm height) were required for samples of a few millimeters
thickness and dried for one hour before applying the next layer to avoid air confinement. The
selected solvent to monomer ratio of 0.37 mgpul~! also minimized corrosion of the PDMS mask
due to the fact that THF is highly caustic for polymers such as PDMS. Adding more THF to
the solution only allowed to deposit very thin layers of material (< 0.1 mm) without running
the risk of corroding the mask, therefore drastically slowing down the sample preparation time.
Alternatively, metal rings were used as masks but the intersection between metal and glass did
not allow for a tight junction, therefore material spread through the desired volume. Before the
start of 2PP experiments, the sample was put on the heating plate set to 60 °C for ten min to
allow transparency. While the material is crystalline, PDMS molds were required to guarantee
uniform height as the heated material exhibited lower viscosity. This was especially important
for structures with a height larger than 600 pm to efficiently use the whole sample area for
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fabrication. The refractive index was measured to be 1.51, comparable to Sol-Gel materials.
As with zr-hybrid the material was suitable for 63x/1.4 oil immersion objective. For 10x/0.3
the mismatch in refractive index had to be precompensated by compressing the geometry (Sec.
3.2.3). After 2PP structuring the material, the sample was developed in THF for 30 min and
afterwards developed in THF for an additional 10 min. For experiments using PDMS masks,
the material was left to solidify and turn intransparent before the mask was removed. This
was done as to not risk damaging the scaffolds while removing the mask. After removing the
PDMS mask, the sample was developed in THF, to both preserve the mask and also prevent
corrosion of PDMS in the developing solution.

3.4.5 GelMod

For PDT experiments 10 % GelMod Norbonene [109] was used (described in Sec. 3.6). Poly-
merization threshold experiments were done using 10 % methacrylated GelMod [24] and 2mM
DAS. After structuring the sample was developed in PBS and placed on a heating plate at
36 °C for 20 min.

3.4.6 Activated Glass

For PCLy, PCLg and GelMod the glass coverslips were functionalized by binding methacrylate
groups to the surface of the glass. This process is known as silanization. In this process
a glass surface is covered with organofunctional alkoxysilane molecules. The glass surface
contains hydroxyl groups. These attack the alkoxy groups on the silane, which in turns forms
covalent -Si-O-Si-bonds [184]. This functionalization allows for monomers containing acrylates
or methacrylates to covalently link to the surface and provide better adhesion of the structure
to the glass. This adhesion is especially important for the polymerized resin to remain fixed to
the glass coverslip during development. To increase the efficiency of the process the glass slides
were plasma treated before silanization to increase the number of free hydroxyl groups on the
glass surface. A plasma cleaner (PDC-002, Harrick Plasma, Ithaca, USA) was used at 30 W for
15 min before silanization. A silanization solution of 100 1 was prepared by mixing 48 % ethanol,
0.3 % acetic acid (Sigma-Aldrich, Merck KGaA, Darmstadt, Germany) and 49.7 % purified
water. Afterwards, 2% 3-(Trimethoxysilyl)propyl methacrylate (Sigma-Aldrich, Merck KGaA,
Darmstadt, Germany) were added dropwise over a short amount of time while continuously
stirring with a magnetic stirrer. The plasma cleaned glass slides were put in a 100 ml beaker
and incubated for 15 min. The rack was then put in a separate beaker containing purified water.
The water was replaced twice. Remaining water droplets on the glass slides were removed by
using clean compressed air. The samples were dried in an oven set to 50 °C.

3.5 Material Characterization

To determine the material properties three methods were chosen for this thesis. The reduced
Young’s modulus measurements were done via nanoindentation. The DBC was evaluated using
Raman microscopy. To study the necessary light dosage for polymerization the threshold power
Py, was compared using different approaches such as ascending scan, freehanging lines and
cubes.
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3.5 Material Characterization

3.5.1 Nanoindentation

The reduced Young’s modulus of cubes fabricated from PCLg was measured using nanoinden-
tation. A standard three-sided Berkovich tip was used to deflect the micro-cantilever to record
the displacement and the corresponding load. Multiple positions over the top surface of the
cubes were measured. A force of 0.02mN was selected as limit [102,117]. Representative
measurement is shown in Fig. 3.9.
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0.014
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0.00

0 5 10 15 20 25
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Figure 3.9: Representative measurement of 3D-cubes via nanoindentation. A three-sided
Berkovich tip was pressed into the sample. As the tip was moved into the sample,
the load on the tip increased until it reached a predefined value. Afterwards, the
area of residual indentation in the sample was used to calculate the hardness [117].

3.5.2 Raman Spectroscopy

Raman measurements were performed using the WITec alpha 300RSA+ confocal Raman mi-
croscope (WITec GmbH, Ulm, Germany). A near-infrared 785 nm diode laser at 240 mW was
focused through a 20x/0.4 objective (EC Epiplan 10x/0.2 HD M27, Zeiss, Oberkochen, Ger-
many), resulting in a theoretical lateral resolution of approximately 800nm. The backscat-
tered Raman photons were collected in reflection mode. After passing an edge filter, the red
shifted Stokes light was guided via fiber (50 pm fiber diameter, confocal pinhole) to a spec-
trometer (UHTS 300 spectrometer optimized for 785 nm excitation wavelength, /4, 300 mm
focal length) equipped with a 300 grooves/mm grating (BLZ = 750nm). A highly sensitive,
thermoelectrically cooled Deep Depletion Charged-Coupled Device detector allows a spectral
resolution of approximately 8 cm™'. Raman measurements were recorded of 2PP-fabricated
cubes prepared on a microscope glass slides. The samples were placed on a motorized x-y-stage
(< 1um reproducibility). Five spectra per cube were recorded at different measurement spots
across the surface of a single cube, accumulating 20 scans with an integration time of 1 s for
each spectrum. All measurement spots were manually selected and added to a list of coordi-
nates before starting the raster scan option for consecutively collecting Raman spectra on each
of the defined spots.

ProjectFOUR software (WITec GmbH, Ulm, Germany) was employed for data processing.
Savitzky Golay smoothing (2nd order polynomial, window size 14) was applied before the area
of selected bands was integrated using the Sum Filter Option (width: 60cm™') with linear
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background subtraction. To correct for instabilities in the laser signal over time which would
directly reflect in the intensity of the detected Raman signal, band area ratios of the C=C
stretch vibration located at 1630 cm™' Raman shift vs. C=O stretch vibration at 1726 cm™!
Raman shift were calculated [185]. The Raman spectrum of unreacted prepolymer was used as
100 % C=C reference, the C=C conversion was then calculated relative to this value. Finally,
the mean of all five conversion values for each polymer cube was determined including the
according standard deviation based on the Gaussian law of error propagation.

3.5.3 Polymerization Threshold

In this thesis various methods have been used to evaluate the polymerization threshold power
Py, (described in Sec. 2.6.3) for a given material composition, laser wavelength A and fabrication
speed v . This can be done by producing an array of cubes with fixed geometry (Cubes),
writing single lines close to the glass surface for various z-positions (Ascending Scan Method) or
fabricating free-hanging lines (linetest). The correlation between Py, and v was obtained using
a Python based least square fit. Afterwards, the coefficient of determination (R?) [186, 187
was calculated for the fitted data with R? > 0.6 showing good correlation and R? > 0.8 high
correlation between fit and experiment data.

Cubes

An array of identical cubes (fixed geometry, A, and Aj) was structured to evaluate P,. De-
pending on the material and objective, the dimensions of the voxel change and therefore these
settings have to be adjusted to the given material, PI (as well as PI-concentration) and objec-
tive used. To study the relation between laser power P and fabrication speed v the 2PP system
was calibrated for the selected objective (Sec.3.2). An array with varying speed in x-direction
and power in y-direction was produced. Experiments on the influence of structuring wavelength
were done at a fixed writing speed (100 mm s™! for all experiments in this thesis). For a given
wavelength the available output power at the objective was calibrated using a powermeter.
A one dimensional (1D)-array of cubes with varying laser power was produced. Afterwards
the sample was removed from the building platform, the laser wavelength was changed using
the software and the output power was again calibrated for the next wavelength. After this
calibration, the powermeter was removed and the sample was placed back onto the building
platform. This step was repeated for all screened wavelengths.

Ascending Scan

Ascending scan studies were done using the 63x/1.4 oil immersion objective. The laser focus
was manually adjusted using the z-stage to be at the intersection between glass slide and
resin. Multiple lines were written with varying powers for various speeds. The ascending scan
method was done at one z-position instead of various positions. This was done as the voxel
dimensions were of no interest for these experiments and just the polymerization threshold Py,
was studied [43].
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Linetest

Instead of the ascending scan method, the majority of polymerization studies was done using
free standing lines to study P, in more detail. For each line two pillars were fabricated before
the line was produced (Fig. 3.10, left). The line is created between two pillars (40 x40 x 50 pm3)
which are spaced 10pm apart. To avoid potential errors due to the de-and acceleration of
the scanning mirror, the line was extended 10 pm left and right of the pillars. Fabrication
of the pillars (A, = 0.3 pm, A, = 0.4pm) was done with a scanning direction in x and
fabrication speed of 150 mm s~ with 63x/1.4 oil immersion objective. The laser power used
for the pillars was adjusted for each material and Pl-concentration. The scanning speed was
varied from a minimum of 0.1 mms~! to a maximum of 100 mms~! with a minimum of four
writing speeds. Starting with a minimum power of 2mW, the laser power was increased by
Ap = 2mW until a polymerized line was observed. Every speed and power setting was done
in triplicates. While lines could be observed during the structuring, the respective setting was
often times not the actual threshold power due to the limited resolution of the live camera. The
actual polymerization power could only be reliably evaluated after developing the sample. The
samples were developed in the respective solvent. However, due to the fine nature of the lines
evaporating solvent can cause large capillary forces and lead to rupture of the lines. To decrease
these forces and allow study of fine lines close to the polymerization threshold the structures
were covered with hexamethyldisilazan (HMDS), to replace the solvent with a liquid exhibiting
lower surface tension and therefore smaller capillary forces during evaporation [188].

Figure 3.10: SEM images of linetest structures fabricated from PCLg with 1wt% M2CMK
(left). Two solid pillars are fabricated before a line is fabricated between the pillars
with a given speed and power. Graphical User Interface to fit the measured line
images obtained by SEM (right). The threshold pixel intensity, which distinguishes
line from background noise, can be adjusted manually. If desired, two separated
thresholds are used for both sides of the line. This is important for tilted samples,
as the bottom edge is not as clearly pronounced compared to the top edge.

The dried samples were imaged afterwards under optical microscope in case only the minimum
power for a specific fabrication speed was of interest. Alternatively scanning electron microscopy
(SEM) was used to measure the actual length and height of the polymerized lines (Fig. 3.10,
left). Here, each line was recorded individually with a 20 - 10*x magnification. Using a custom
algorithm up to 800 different positions of each recorded image were measured to extract the
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average linewidth. The sample tilt of 45°, when looking at the voxel height was automatically
compensated (Fig. 3.10, right). A pixel threshold was manually set, which separates the line
from background noise. This pixel threshold can be used for both sides of the line or individually
adjusted if ideal exposure conditions have not been met during SEM-imaging. This manual
adjustment of upper and lower threshold was especially important when looking at tilted lines,
where the surface closer to the detector was more illuminated.

3.6 Photodynamic Therapy

The effect of 2-photon active compounds for PDT applications was studied using the human
osteosarcoma cell line (MIG63, Sigma-Aldrich/Merck KGaA, Darmstadt, Germany) and hu-
man adipose-derived stem cells (ASC, Evercyte GmbH, Austria). ASCs were immortalized by
insertion of human telomerase reverse transcriptase (WTERT'). This ASC/TERT1 cell line was
labeled with green fluorescent protein (GFP) to obtain permanently labeled green labeled cells
following a previously established protocol [189]. Spheroids of mCherry labeled MG63 were
formed in nonadhesive agarose molds leading to spheroids of 200 pm diameter. These were then
mixed with ASC/TERT1 (106 cells1™!) in 5% GelNB [109] with 0.15mM Li-TPO-L [21] and
an equimolar amount of dithiothreitol (DTT, Merck KGaA, Darmstadt, Germany). The sam-
ple was encapsulated using a UV-chamber (UV Crosslinker AH (115V/230V), 234100, Boekel
Scientific, Feasterville, USA) and a dosage of 1.5Jcm™2. After encapsulation the respective
2PA compounds were added to the sample. The sample was submerged in cell culture medium
and incubated for 12h. For P2CK 0.5 mM was chosen. For cisplatin the concentration was
0.03 mM.

Using the live camera the focal plane of the laser was adjusted to the bottom of an individual
spheroid and then moved 20 pm below. Exactly like in the 2PP case a 3D-object was scanned
by the system. Using 10x/0.3 objective, a sphere with a radius of 300 pm was scanned with
Ay = 1.0pm and A, = 1.0pm was writing at a scanning speed of 1000mms~!. Operating
wavelength and laser power were selected for the individual photosensitizer after z-scan exper-
iments revealed the optimal absorption wavelength. Because of the localized nature of 2PA,
areas with encapsulated ASC/TERT1 were not sufficiently irradiated to activate the sensitizers.
Afterwards, the samples were kept in the incubator for 3 days, while the medium was regu-
larly refreshed. This was done to remove remaining PS as their inherent fluorescence might be
recorded in addition to the fluorescence signal from the cells.

3.7 Microscaffolds

For various applications microscaffolds based on a truncated icosahedron - commonly known
as a buckyball (Fig. 3.11, left) after the buckminsterfullerene (Cgp) molecule [190] - were
fabricated as they can be used as porous base units for self assembly in tissue engineering
(Sec. 2.1). 7 x Tmm? samples of zr-hybrid (0.1 wt% 4,4-Bis) of 600 um height were prepared.
Spaced 50 pm in x- and y-direction, an array of 13 x 13 buckyballs with a diameter of 300 pm
was fabricated. Using 10x/0.3 objective the refractive index mismatch was precompensated
by compressing the STL to 66 % (Sec. 3.2.3). For structuring the laser power was set to
120mW at 800 nm and fabrication speed to 1000 mm s~ using A, = 0.4 and A, = 0.5. The
consecutive layers were scanned in x- and y-direction alternately. The scaffolds were structured
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3.7 Microscaffolds

top to bottom as the solid material enables free standing structures without support. The
same settings were used for PCLg (0.1 wt% M2CMK). These scaffolds were loaded with hiPSC
derived DP-cells and keratinocytes. When implanted these cells are able to regulate the growth
cycle of a hair follicle [30,48]. The buckyballs were fabricated to provide mechanical stability
for the hiPSC-DP spheroids for transplantation (Sec. 2.1.3). Later experiments demanded a
guiding rod to direct the hair growth from the hair follicle. Therefore, a rod of 1.0 mm length
was attached to one pentagon area of the buckyballs (Fig.3.11, middle). Due to the lollipop
like appearance, the structures were referred to as lolly-up.

Figure 3.11: Buckyball microscaffolds designed after buckminsterfullerene Cgy (left). The scaf-
folds are used to provide mechanical support for cell spheroids within the scaffold.
For visibility only the front half of the scaffold is depicted. A guiding rod was added
to direct the growth of the hair (middle). The capilinser, an alternate scaffold de-
sign for hair implants was provided by Vladimir Mironov (right). It exhibits pores
large enough to allow cell perfusion. An open top is designed to direct the growing
hair follicle while sideways hooks are intended to provide mechanical support after
implantation.

An alternative scaffold design for DP-transplantation applications, referred to as capilinser,
was provided by Vladimir Mironov (Regenerative Medicine Institute, Sechenov Medical Uni-
versity, Moscow, Russia). Similar to the lolly-up, the design was intended to direct cell growth
in direction of the narrowing at the top, where an opening significantly larger than the adjacent
pores was placed. The pore diameters along the side were designed large enough to allow cell
perfusion. Sideways hooks are intended to provide mechanical support after implantation. As
with the lolly-up structures, PCLg (0.1 wt% M2CMK) was used as resin. The same structuring
parameters as for the lolly-up were used and due to the refractive index mismatch the STL was
precompressed to 66 % of its total height. As the total height of the capilinser was 1000 pm,
PDMS masks were necessary to achieve the sample height.

For cell trapping experiments by means of Faraday waves (Sec. 2.1.2), the buckyball design
was adapted. As the scaffolds had to be placed at the nodes of the standing waves, the buck-
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Figure 3.12: Buckyball design for Faraday wave experiments. Five rods fix the scaffold to the
glass slide. Three designs - conventional buckballs (left), open top buckyballs
(middle) and open bottom buckyballs (right) - were modeled to study the effect of
geometry on the number of trapped cells. A central barrier for the base-hexagon
element was added to reduce the pore-size.

yballs needed to be fixed to glass surface. Therefore, five feet were attached to the structure.
The diameter of the buckyballs was 100 pm, with a pore size of ~ 32 pm for the pentagon area
and ~ 40 pm for the hexagon area. The hexagon diameter was twice the size of fibroblasts
(10-20 pm), for example mouse embryonic fibroblasts [191]. To decrease the pore size a central
rod was added to the hexagon area. The effect of geometry on the trapping efficiency was also
studied. For this, three buckyball designs were compared: complete, open top and open bottom
buckyball (Fig.3.12). The fine structures required highest possible resolution. Therefore, the
63x/1.4 oil immersion objective (Sec. 3.2.3) was chosen. Due to the close match in refractive
indizes for both PCLg and zr-hybrid, no pre-compression of the STL was required. Fabrica-
tion was done with a laser power of 70 mW, fabrication speed at 40mms~!, A, = 0.2 pm and
A, = 0.5 um with alternative x- and y-scanning direction for subsequent layers.

3.8 Microcages

As experiments using Faraday waves require periodic features, an array of 25 x 25 buckyballs
connected to the glass with feet (Fig. 3.13), spaced 240 pm in x- and y-direction were produced
on a glass slide (9 x 9mm?). After development the scaffolds were coated with 1 mgml™! poly-
D-lysine (Sigma-Aldrich/Merck KGaA, Darmstadt, Germany) for onehr and washed twice
with water. The slide was put into a customized chamber with a size of 10 x 10 x 2mm?.
Initial Faraday wave experiments were done using 2 - 10° cellsml~' MC3T3 fibroblasts (Sigma-
Aldrich/Merck KGaA, Darmstadt, Germany), later cortical neurons (5 - 10° cellsml™!) were
studied. Primary cortical neurons were isolated from embryonic day 18 CD-1 mice (Charles
River, Wilmington, USA). The respective cells were added to the chamber and exposed to Fara-
day waves at 54 Hz, 80 mV. Two exposure durations (100 and 300s) were chosen depending
on the experiment. For staining of fibroblasts nucleistaining Hoechst 33342 (Thermo Fisher
Scientific, Massachusetts, USA) was used. The cytoplasm was stained via CellTrace™ Far Red
(Thermo Fisher Scientific, Massachusetts, USA). Fibroblasts were kept in cell medium at 37°C
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3.8 Microcages

with 95 % relative humidity, and 5% CO, for three days. Cell medium was changed every 24 h.
The cortical neurons were suspended in neurobasal medium with B27 supplement (Life Tech-
nologies, Carlsbad, USA) and 500l glutamine (Life Technologies, Carlsbad, USA). Culture
conditions were held stable at 37 °C with 95 % relative humidity, and 5% COy. After 7 days
culture the caged cells were fixed with 4 % paraformaldehyde (Electron Microscopy Sciences,
Hatfield, USA) in PBS for 30 min at room temperature. The samples were washed thrice for
five min with PBS. The 3D-tissues were permeabilized in PBS containing 0.25 % Triton X-100
(Sigma-Aldrich/Merck KGaA, Darmstadt, Germany) for 30 min at room temperature on a
shaker. This was followed by three washing steps (5 min each) in PBS. 3D-tissues were incu-
bated in 5 % (w/v) bovine serum albumin (Sigma-Aldrich/Merck KGaA, Darmstadt, Germany)
in PBS for 2 h at 37°C. Afterwards, samples were incubated on a shaker, overnight at 4°C
in a 1:300 mixture of Tuj-1 beta tubulin antibody (Abcam, Cambridge, United Kingdom) and
5% PBS containing. The following day, samples were subjected to 3 x 5min PBS washes. The
scaffolds were incubated overnight in a 1:500 mix of Alexa 594-conjugated secondary antibodies
staining (Donkey anti-rabbit, Abcam, Cambridge, United Kingdom) and 5% PBS was used.
Samples were incubated overnight at 4 °C followed by 3 x 1 hr washes in PBS. 4’,6-diamidino-2-
phenylindole (DAPI, Life Technologies, Carlsbad, USA) was added into the staining solution
to stain the nuclei. Samples were imaged using laser scanning confocal microscope (LSM 710,
Zeiss, Oberkochen, Germany).

Figure 3.13: Buckyball of 100 pm diameter fixed to the glass sample by five rod extensions (left).
An array of 25 x 25 buckyballs was structured on a 9 x 9mm? for standing wave
experiments.
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3 Materials and Methods

3.9 Hair Follicles

To combine high cell density with mechanical stability, the previously discussed buckyballs and
lolly-ups were used to provide mechanical stability for experiments focusing on hair-inducing
cells. The microscaffolds were loaded with iPSC derived DP cells and keratinocytes (KC),
which provide the environment required by the DP cells in their natural state. Furthermore,
KC enhance the crosstalk between dermal and epidermal cells upon transplantation. After
seeding, the scaffolds provided a tool to facilitate the transplantation of the 3D-follicular units
into the back of nude mice and to enhance the hair growth through the skin, mimicking the
biological event of hair follicle formation in human beings (Fig. 3.14). Initial experiments
were done using zr-hybrid buckyballs without guiding rod as a proof of principle. Afterwards,
lolly-ups fabricated from PCLg were seeded with cells to showcase the cell compatibility of the
material. For this method custom microwells were designed for the specific experimental needs.

# Keratinocytes
- qu

Cell seeding Transplantation

Figure 3.14: Schematic representation of the method developed to create an aggregate of ker-
atinocytes and dermal papilla cells using lolly-up microscaffolds. After 3 days of
culture, the scaffolds filled with cells are transplanted into mice to evaluate the
ability to generate hair follicles.

3.9.1 Microwells

A stamp was designed to fit 9 x 9 wells on a 30 mm circle. The wells were designed as V-
shapes with a top diameter of 2 mm and a bottom diameter of 300 pm. This design was chosen
to allow cells to drop to the bottom of the well without clinging to the extension rod of the
lolly-up structures. The stamp was cleaned after fabrication using a 1:1 solution of acetone and
2-propanol for 30 min. After drying, the stamp was UV-treated and covered with gold particles
using sputter coating to render the material chemically inert. To produce the negative, Sylgard
184 silicone elastomer and Sylgard 184 curing agent, purchased from Sigma-Aldrich (Merck
KGaA, Darmstadt, Germany, used as received), was used to produce a silicone negative of
the stamp. This acted as a negative for agarose molds. Curing agent and silicone elastomer
were manually mixed at 1:10 ratio for ten min. Afterwards air bubbles caused by the manual
stirring were removed by centrifuging the sample for five min. The material was poured over
the stamp, which was enveloped in aluminum foil to prevent leakage (Fig.3.15, middle). This
process entrapped air within the pores of the stamp. Therefore, the sample was put in the
desiccator. The desiccation was repeated three times to assure that no air was confined within
the elastomer. The sample was placed in the oven at 100 °C for 30 min. After this procedure
the material was left for ten min at room temperature before removal from the negative to
avoid fracture of the elastomer.
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3.9 Hair Follicles

Figure 3.15: Fabrication of negative for agarose microwells. A stamp containing 9 x 9 microwells
was produced using SLA (left). Sylgard 184 silicone elastomer and curing agent
were used to produce a negative. In order to avoid leakage, the well was enveloped
with aluminum foil (middle). After curing the silicone positive could be removed
from the stamp (right).

A solution of 2% Agarose (Sigma-Aldrich/Merck KGaA, Darmstadt, Germany) in purified
water was heated using a microwave until the material was completely dissolved. The liquid
agarose was then poured into a 35 mm culture dish. The silicone positive, which was cut along
the edges to create a square stamp, was placed up-side-down on the agarose solution. After
10 min, the positive stamp could be removed from agarose. The result was a culture dish with
63 V-shape microwells. The custom plate was then transferred in the incubator and equilibrated
overnight with the cell medium.

3.9.2 Encapsulation and Transplantation

To ensure the presence of a single scaffold per microwell and allow spheroids formation within
the structure, the individual scaffolds were manually transferred to each well. In case of the
lolly-up geometry, ball portion was at the bottom and rod faced toward the top of resection.
This placement was chosen to avoid cell aggregation towards the guiding rod. Transfer was con-
ducted under a stereomicroscope (Leica MZ6, Leica Microsystems GmbH, Wetzlar, Germany).
After differentiation of hiPSCs into DP-like cells and expansion in monolayer, hiPSC-DP cells
were harvested with trypsin, centrifuged and resuspended in AmnioMAX™ IT medium (Gibco,
Thermo Fischer Scientific, Waltham, Massachusetts, USA) at the density of 10° cells in 250 pl.
For mouse keratinocytes (mKC), the truncal skin was removed from E18.5 C57BL/6 embryos
and rinsed in Ca?" and Mg?* free PBS. The skin was oated on 0.2 % dispase overnight at 4 °C to
separate epidermis from dermis. The dermis was then digested with 0.2% collagenase (Sigma-
Aldrich, St.Louis, USA) at 37°C for 60 min, while the epidermis was digested with 0.25%
trypsin/EDTA (Sigma-Aldrich, St.Louis, USA) for 10min at 37°C. Single-cell suspensions
were strained through 40 pum filters and pelleted at 1200 rpm. 1 x 10° mouse dermal cells and
1 x 10° single epidermal cell were resuspended in a total volume of 250 ul of AmnioMAX™ II
medium (Gibco, Thermo Fischer Scientific, Waltham, Massachusetts, USA) and Keratinocytes
growth medium (PromoCell GmbH, Heidelberg, Germany) respectively. The mKCs were then
mixed together with hiPSC-DP cells or mouse dermal cells and homogeneously distributed over
the microwell in the culture dish. To ensure a proper settlement of the cell mix at the bottom
of the resections, the culture dish was briefly centrifuged for 3 min at 500 rpm. At this point,
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3 Materials and Methods

fresh medium, made of an equal amount of AmnioMAX™ IT medium and keratinocytes growth
medium, was carefully added to the culture dish, which was incubated at 37 °C for 3 days.

In order to evaluate the hair-inducing properties of iPSC-DP cells generated in vitro, the
zr-hybrid buckyballs were transplanted into the back skin of Athymic nude mice. Athymic
nude mice were obtained from Envigo (Envigo, Placentia, USA). All animal procedures were
performed in accordance with the PHS Policy on Humane Care and Use of Laboratory Ani-
mals [192] and with the approval of the Sanford Burnham Prebys Medical Discovery Institute
IACUC Committee. Under anesthesia (isofluorane), a shallow stab wound nearly parallel to
the skin surface was made using a 20-G ophthalmic V-lance. The scaffolds were manually
transferred inside the wound, which was covered with bandages for about 1 week to allow the
healing. After recovery from anesthesia, mice were kept under normal husbandry conditions.
The skin sites that had received the injected cells, referred to as “patch”, were harvested 14-18
days later. The generated hair follicles were next analyzed via immunohistochemical staining,
using the Anti-Keratin 14 antibody (K14) and the human-specific antibody (MAB1273, Merck
Millipore, Massachusetts, USA) to detect the epithelial compartment of the follicle and the
presence of human DP-like cells respectively. DAPI was used to stain nuclei. All of the images
were obtained via z-stack projection using confocal microscope (Apotome, Zeiss, Oberkochen,
Germany).
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4 Results Z-Scan

Z-scans of different 2PA compounds are presented. An initial system calibration was done,
which was required to completely characterize the focused laser beam. The measurement algo-
rithm was optimized to reduce calibration time. Initial z-scans of rhodamine B were conducted
to study the effect of a chopper in order to prevent accumulated heating caused by the high
repetition rate. Afterwards, the PIs M2CMK and DAS, which are used for 2PP structuring,
were characterized and the 2PA spectrum was compared with polymerization performance for
variable structuring wavelengths. Lastly a study of 2PA compounds of interest for 2P-PDT
(P2CK, eosin-y, cisplatin, and porphine) was carried out and preliminary 2P-PDT experiments
were done using the optimal working window of cisplatin and P2CK.

4.1 System Calibration

The parameters (7, zr, wo, and P) required for the fitting of gy were collected in a spectral
range from 700 to 1000nm (see 2.8). To study the effect of wavelength dependence on the
beam collimation a Galilean beam expander and a reflective beam expander were compared.
Without manual readjustment for each wavelength, the focal position of the laser beam shifted
substantially for the Galilean beam expander while it remained constant for the reflective
expander (Fig. 4.1). Therefore, the reflective expander was ideally suited for the automatic
z-scan setup.

Focal shift comparison
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Figure 4.1: Focal position for over the laser tuning range. Using a Galilean beam expander
caused large shifts in the focal position if the collimation was not manually adjusted
for each wavelength. A reflective expander collimates the beam over the entire laser
spectrum, causing only negligible shifts in focus.

After acquiring the output laser powers for each wavelength, the conversion factors were
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4 Results Z-Scan

determined. These factors calculate the signal range in mV for a given laser power. They are
especially important, as the change in signal for the z-scan can be below one percent. This
narrow window has to be carefully selected before the measurement to ensure highest possible
accuracy. The conversion factors were recorded in 5nm intervals for the entire laser spectrum.
The resolution limit was 0.02 % signal fluctuation at 1.0 W and 800 nm.

During initial z-scans, a reflection of the laser beam was observed when the sample was
moved into the laser focus (as seen in Fig. 4.2, left). A part of the beam was reflected by the
cuvette and traversed the path right back to the reference diode. To counteract this reflection
and guarantee a stable reference signal, the angle of the cuvette was slightly tilted as it was
initially placed perpendicular to the incoming beam.

Uncertainty of measurement
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0.10

Uncertainty [%]
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0.0 02 04 0.6 08 1.0
Average laser power [W]

Figure 4.2: Reflected signal at reference diode (D1, yellow) when the sample was moved into
focus (left). If the reference signal increases due to reflection it cannot be used to
properly normalize the measured data. By slightly tilting the cuvette, this reflex was
avoided. Resolution limit of the z-scan (right). The uncertainty due to internal noise
of the measurement diodes increased from 1.0 W to 0.6 W, limiting the measurement
window of the z-scan.

To determine the systematic uncertainty of measurements three laser powers at 800 nm (0.6,
0.8 and 1.0 W) were selected and 100 signals recorded without any 2PA compound in the beam
path. Uncertainty decreased from 0.11 % at 0.6 W, to 0.02 % at 1.0 W. This trend was a logical
result as higher laser powers result in higher diode current and therefore the diode noise does
not affect the signal as much (Fig. 4.3). For each wavelength the relationship between waveplate
angle # and output power was fitted according to Eq. 3.1. This was done in 5nm steps over the
laser spectrum. Measurements showed a maximum power of 1.9 W at 790 nm and a decrease
in laser power to 0.5 W at 700 and 1040 nm (Fig. 4.3, left). The conversion factors for each
wavelength were acquired (Fig. 4.3, right).

Directing the beam into an autocorrelator via flip mirror allowed measurement of the pulse
duration (Fig.4.4). The pulse compressor of the laser unit can be adjusted by changing the
motor position of the prism configuration (Fig. 4.5, left). By changing the motor position and
subsequent measurement of 7 for each position the pulse duration was minimized to 70 fs from
750 to 950 nm. The pulse duration increased towards the flanks of the available laser spectrum
to 110 fs at 700 nm and 75 fs at 1000 nm (Fig. 4.5, right). Since the output laser power decreases
towards the end of the laser spectrum and pulse broadening takes place, no second harmonic
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4.1 System Calibration
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Figure 4.3: Maximum laser power (left). For each wavelength the relationship between wave-
plate angle 6 and output power was fitted (insert). This was repeated in 5nm steps
over the laser spectrum. Diode conversion factors for reference and the measurement
diode (right). The change in sensitivity depending on the wavelength is important to
find the optimal signal range for each wavelength, thereby guaranteeing the highest
possible resolution and accurate measurement.

Autocorrelator measurement at 800 nm
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Figure 4.4: Optimizing the pulse duration using an autocorrelator. The laser beam is split in
two beams of equal intensity. Using a motorized stage the optical path difference of
the two beams is in- or decreased depending on the stage position. A photodiode
records the signal produced by second harmonic generation.
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4 Results Z-Scan

Pulse optimization for 800 nm Pulse optimization
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Figure 4.5: For each motor position the autocorrelator measurement was done to find the
minimum pulse duration for a given wavelength (left). Minimum pulse duration
(squares) for all measured wavelengths (right). For each wavelength an optimal
motor position for the compressor was determined (triangles).

generation was observed for wavelengths above 1000 nm.

The beam data was measured over the entire laser spectrum and the Rayleigh lengths were
fitted to zp o % (Fig. 4.6, left). Using the minimum beam waist wy and zg the beam quality
M? could be calculated for a given wavelength A (Eq. 2.24). M? was almost exclusively below
1.2 and on average 1.1 over the entire spectrum indicating good beam quality (Fig. 4.7) [193].

4.1.1 Beam Profiler Optimization

To fit the Gaussian distribution using image moment, the algorithm summed over the entire
camera pixel array (3840 x 2748 pixels). As the computation time for a single image took up to
14 seconds, the process had to be reduced to a fraction of a second for the profiler to work in an
appropriate amount of time. In order to achieve this, the algorithm scanned the entire image
to find the pixel with the highest intensity, which served as estimate for the center of the beam.
This pixel was then used as the center of a square which was cut out from the original pixel
to have less data points for computing. When assuming a beam diameter of around 300 pm,
10mm at the end of the travel range of the motorized stage and 40 pm at the focus point, all
the necessary data for the fit can be confined to an array of 350 x 350 pixels thereby reducing
the amount of pixels by 90 %. This image reduction is visualized in Fig. 4.8.

Furthermore, the fitting algorithm itself was improved by optimizing the initial estimates for
the least square fitting. Using constant estimates for o,, o, required longer fitting times as
the beam waist contracts and expands along the stage. The time for fitting 25 stage positions
was 19.26s. The second fitting approach, using the second order image moments as estimates
for the least square fitting, reduced the total time by 20%. As this method is based on the
same algorithm later used for least-square fitting its efficiency depends on an optimally cut-
out array by the image reduction algorithm. Otherwise the computation time increase as
again the method sums up over a discreet grid. The fastest computation performance was
achieved by estimating o, and o, by intersecting a 1D-array in x- and y-direction and using
these coordinates for the highest peak pixel. The estimates for w, and w, were taken from the
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Figure 4.6: Beam profiling algorithm (left). From the recorded image the intensity distribution
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is fitted to a Gaussian distribution. As can be seen there is a slight astigmatism
inherent from the fs-laser module. The profiling is done for multiple stage positions
to determine the beam parameters wy, zg and M2 for a given wavelength A (right).
Due to the astigmatism the beam is elliptical and the minimum beam waist wy is
derived w, and wy,.
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Figure 4.7: Beam profiler results over the laser spectrum. The Rayleigh length zg was fitted

to zp oc A1 (left). Measurement of zx and wy for a given wavelength allowed to
calculate the beam quality factor M? for a given wavelength \ (right). M? was on
average 1.1, indicating good beam quality.
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4 Results Z-Scan
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Figure 4.8: Visualization of the image reduction algorithm (left). The striped area is the data
ignored for the image moments algorithm to increase the speed of the program.
The insert shows the fit done by the software. Optimization of computation time
(right). As the beam waist changes for each position using constant estimates for
the fitting required longer fitting times (t.onst). Using estimates based on image
moment calculations reduced the time but required optimal selection of the cut out
image area (fyquss). Estimating the parameters by two representative arrays yielded
a decrease of 33 % in fitting time (Zcstimate)

distance where the pixel intensity drops to Iz - e~2, using the relation between beam waist
and variance (Eq.2.32). This approach decreased the measurement time by 33 % compared to
the initial method using constant estimates (displayed in Fig. 4.8). The image acquisition was
also optimized to reduce the time required to record an individual image. For each position the
exposure time was dimmed by a factor (0.8 or 0.5) until no overexposed pixels were detected
or the minimum exposure time of the camera was reached. A factor of 0.5 resulted in almost
50 % decrease in measurement time compared to 0.8. As w(z) was given by a focused Gaussian
beam (Eq. 2.22), this was taken into account by a floating reduction of the initial exposure
time. Here, the initial exposure time was only used at the zero position. For all other positions
the initial exposure time was changed with respect to the in- or decrease of intensity expected
from the Gaussian beam model. The degree of this reduction could be changed by a dampening
factor. A dampening of 0.7 decreased the total fitting time by 5 seconds. A dampening of 0.5
lead to erroneous fitting of the beam as regions with low intensity at the end of the stage were
underexposed and not properly fitted. Experiments with an initial exposure time of 62 ms were
done to study the possible improvement in computation speed. However, the low exposure time
lead to underexposed images at the fringes. Therefore, 500 ms was kept as initial exposure time
for all experiments (all results for the different approaches displayed in Tab. 4.1).
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4.2 Reference Z-Scan

Table 4.1: Fitting algorithm optimization. For each position the initial exposure was decreased
by a reduction factor until no overexposed pixels were recorded. Floating reduction
changed the initial exposure depending on the stage position while dampening ad-
ditionally reduced this initial exposure time by a factor < 1. A dampening of 0.5
caused erroneous recording of the beam profile at the fringe positions of the stage.
Globally reducing the initial exposure lead to erroneous fitting without significantly
decreasing the measurement time. All measurements were done using constant width
guess method.

Initial Reduction Floating Dampening  Time [ Successful
exposure [ms] factor  reduction pening fitting
500 0.8 False 1 236 True
500 0.5 False 1 119 True
500 0.5 True 1 117 True
500 0.5 True 0.7 112 True
500 0.5 True 0.5 98 False
62 0.5 False 1 79 False

4.2 Reference Z-Scan

To illustrate accumulative thermooptical effects caused by high repetition rate lasers, measure-
ments of a 10 mM solution of rhodamine B in methanol at 800 nm were performed without a
chopper (Fig. 4.9, left). These measurements exhibited a significantly larger drop than reported
values [35]. To optimize the system, four different chopper on-times from 470 to 78 us were
compared at two different laser power values (1.0 and 1.4 W). Each scan was repeated three
times. Varying the power should not affect the calculated o5. An increase of o5 with at inten-
sity is an indication, that the observed absorption is no longer just caused by 2PA alone. For
the longest exposure time the cross section at 1.4 W was 20 % larger than the extracted cross
section at 1.0 W. This was not the case for higher chopper frequencies, where the increase of
average laser power resulted measured o, within the error margins. (Fig.4.9, right) and corre-
sponded to previous findings [35,36]. Spectral studies of rhodamine B were also independent of
the laser power used for scanning (500 and 700 mW in 10 nm steps) and showed high absorption
close to 700 nm, a secondary maximum between 790 and 850 nm and a low 2PA cross section
above 900 nm (Fig. 4.10). The spectral data were in good agreement with reference values from
literature [35, 36].

73



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek

[ 3ibliothek,
Your knowledge hub

4 Results Z-Scan

Thermal z-scan signal comparison Thermal z-scan effects for higher laser powers
g 100} tetumes, s 3 . 0w
2 " o o 14 W
£ 099 " g un® S 2401 :
n
:
£ 0.981 S
3 » 2001
% 0971 = Chopper 0.5 W 3
e g, 0.03 e
’6 No chopper 0.5 W <
Z 096 %013 o 1601
AN
50 -25 00 25 50 450 210 90 78
Stage [mm] Chopper on times [Js]
Figure 4.9: Thermal z-scan comparison of rhodamine B (10 mM in Methanol at 800 nm) mea-

sured with and without chopper (left). The signal drop without chopper (straight
line) was four times larger than when a chopper was used (squares). Four different
chopper exposure times were selected to study the impact of thermal effects on
the extracted cross section (right). For each exposure time the cross section was
measured at 1.0 and 1.4 W and the relative change in cross section was calculated.
At 450 ps exposure time the change in extracted cross section was more than 20 %
indicating thermooptical effects caused by the high repetition rate. In contrast, at
chopper on-times of 210 ps and below such behavior was not observed.
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Figure 4.10: 2PA-spectrum of rhodamine B. The solid squares show the data measured using
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the tunable z-scan setup. Black circles are reference values using a z-scan setup
based on an OPA [35], whereas triangles are measured using a z-scan setup based
on WLC [36] (no error bars provided by source). The data follow similar trends
exhibiting high absorption in the region between 760 and 840 nm and lower ab-
sorption for longer wavelengths. Close to 700nm the values obtained with the
tunable system and the OPA setup increase.
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4.3 Photoinitiators

4.3 Photoinitiators

For M2CMK at 300 mW onwards, the fit parameter ¢y - which corresponds to the 2PA ab-
sorption coefficient 3 - increased exponentially with the laser power (Fig. 4.11). Under pure
2PA conditions ¢ scales linearly to the used laser power (Eq. 2.86). Higher laser powers also
lead to a notable sharpening of the transmission curve, with 76 % of the signal drop within
+1.3 zg compared to 65 % (Fig. 4.12). A trend of 65 % signal drop within this limit was also
observed for rhodamine b. Therefore, the measurement power was reduced to 250 mW for each
wavelength to obtain go. The 2PA values obtained for the spectrum of M2CMK were higher
than the reference spectrum measured with the WLC and due to the lower laser powers the
measurement error increased compared to the results for rhodamine B. However, the trend of
WLC and the tunable setup was comparable with a maximum absorption between 720 and
800 nm and a decrease in 2PA cross section below 50 GM above 900 nm (Fig. 4.13, left).
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Figure 4.11: 2PA studies of M2CMK (10 mM solution in THF) at 800 nm. In the pure 2PA
case g is expected to follow a linear trend, which was observed for measurement
powers up to 250 mW (left, solid line). From 300 mW on ¢y followed an exponential
trend (dashed line).

To correlate the absorption spectrum with 2PP-performance an array of cubes (60 x 60 x
60 pm?, at 100mms~!, 10x/0.3 objective) was structured for varying wavelength and laser
powers to compare the minimum power required to yield visible structures, which can be
correlated to the polymerization threshold. Polymerization performance significantly increased
from 820 to 800 nm with minor fluctuations in polymerization threshold from 800 to 700 nm
(Fig. 4.13).

The spectrum of DAS correlated well with the previously reported findings, showing an
absorption maximum of 100 GM at 700 nm [36]. To compare 2PA with polymerization efficiency
1 mM DAS was used in the presence of methacrylated GelMod to produce cubes (100 x 100 X
100 pm?, at 1000mms™!, using 10x/0.3 objective). The structuring was performed at four
different wavelengths. As can be observed from the array of cubes produced by 2PP in (Fig.
4.14, right), the required laser power was 40 mW for 700 and 720 nm, whereas it increased to
60 mW for 800 nm. This correlation was further quantified as

Py, o /o3 . (4.1)
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Figure 4.12: Z-scans of M2CMK (10 mM solution in THF') at 800 nm. The exponential increase
in absorption was also visible in the recorded transmission signal, where a notable
sharpening of the curve can be seen when comparing 200 mW (left) and 500 mW
(right). While at 200mW 650 % of the signal drop occurs within a distance of
+1.13 - 2z around the focus, at 500mW 77 % of the signal drop is happening
within this section.

This relation was taken from Eq. 2.54. As there is no clearly defined threshold for cube
structures (compared to the linetest method), two conditions were studied and correlated to
09. The power required for clearly pronounced cube features ("Stable cubes' in Fig. 4.15) and
the power where first polymerization was observed ("First cubes" in 4.15) were both plotted.
The dependence of threshold from o9 could be observed for both M2CMK and DAS. The trend
was more clearly pronounced for M2CMK. This was probably due to the significantly larger
cross section of M2CMK when compared with DAS. These results indicate a clear correlation
between the absorption maximum of the PI and its performance during 2PP structuring.
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4.3 Photoinitiators

2PP Experiments
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Figure 4.13: 2PA-spectrum of M2CMK (left) in Methanol (10 mM) measured with the tunable

system (squares) was compared to the referenced WLC [36,99] (triangles, no er-
ror bars given in source). While larger than results from WLC experiments, the
spectral behavior of o, followed a comparable trend with the absorption maximum
between 720 and 800 nm and a decrease in 2PA cross section above 900 nm. 2PP
experiments of PCLg with 1 wt% M2CMK correlated to this absorption behavior
as the structuring power for required for polymerization increased significantly for
810nm and higher wavelengths (right).
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Figure 4.14: The 2PA spectrum of 10 mM DAS (left) in PBS (2 mM) measured with the tunable

system (squares) was compared to the data obtained from WLC [36,99] (triangles,
no error bars given in source). It exhibits a maximum absorption of 90 GM at
700nm. The 2PP structuring wavelength was matched to the absorption peak,
which resulted in reduction of the polymerization threshold (right).
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Figure 4.15: Correlation between o, and necessary laser power. The polymerization threshold
power is inversely proportional to /5. As the threshold power for cubes can only
described qualitatively, two threshold conditions were studied. Both the minimum
power for clearly defined cubes (Stable cubes, triangles) and the minimum power
for first polymerized features (First cubes, circles) showed clear correlation to os.
The trend was more pronounced for M2CMK (left), compared to DAS (right),
which was probably due to the significantly higher o5 of M2CMK and therefore
steeper change.

4.4 Measurement Algorithm

The results for rhodamine B (Sec. 4.2) as well as for the PIs (Sec. 4.3) allowed to establish
a measurement procedure for the tunable z-scan system. As the laser power significantly de-
creased towards the edge of the laser spectrum, 600 mW was chosen as the initial laser power
P;.;t. The initial measurement was done at 800 nm in a power range of from P;,;; £ Ap with
Ap = 100mW. For each power setting three z-scans were recorded. If the average oy was
within £ 15 % the measurement was accepted. If the fluctuation was higher than this criterion,
an additional three z-scans were recorded at Pj,;; — 2 - Ap. The procedure was repeated until
oy extracted from the lowest three laser powers was within the criterion or the minimum power
Pin = 200mW had been reached. If the latter were the case, the data in the power range
where gy behaved linearly were selected to extract oo. This approach needed to be adjusted
for o9 < 100 GM, as a 15% of fluctuation in this range was below 4+ 10 GM and consumed
long measurement times without yielding further insight, as the nonlinear scaling of ¢y was
only observed for oo > 100 GM. Therefore, for lower oy it was deemed sufficient to accept the
measurements of o.rror < £+ 10 GM. To further increase the time efficiency of the method,
P;.;; was dynamically adapted when changing to a new wavelength \,., depending on the
results for a previous wavelength \,,. If the initial power range Pj,;; £ Ap was lowered to
Poew =+ n-Ap with P, = Pii —n - Ap, this setting was used as the initial power for A, .
Using this floating measurement window significantly reduced the number of required z-scans
to reliably extract o,.
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4.5 2P-PDT

4.5 2P-PDT

Eosin-y was dissolved in PBS (1 mM). As the linear absorption was at 460 nm [154], the 2PA
absorption region was estimated to be in around 920 nm. Z-scans were performed in triplicates
at 500 mW from 800, 920, 960, 980 and 1000 nm. A change in signal at the focus was only
observed at 1000 nm. However, this change was already within the noise range of the setup
(Sec. 4.1) and did not allow reliable extraction of oo. The concentration was increased to (3 mM)
and the z-scan was repeated from 800 to 1000 nm in 20 nm steps. The laser power was 500 mW
for all scans. This operating power was chosen as to avoid possible heating of the sample,
while still being sufficiently far away from the resolution limit at 150 mW. The absorption
window of eosin-y was found to be 960-1000 nm (Table 4.2). For cisplatin, a 10 mM solution
in DMSO was required to measure the nonlinear absorption from 980-1000 nm. While both
compounds exhibited nonlinear absorption behavior, o5 was comparatively low and exclusively
below 100 GM, as can be seen in Tab. 4.2.

Table 4.2: 2PA spectrum of eosin-y dissolved in PBS (3 mM) and cisplatin dissolved in DMSO
(10 mM). The absorption window was at the upper end of the laser spectrum and
all compounds exhibited o9(A) below 100 GM, indicating low 2PA performance.

02 [GM] . . .
A [nm] Eosin-y Cisplatin
960 nm 57.50 + 4.41 -
980 nm 62.20 £ 5.19 | 16.07£ 1.02
1000 nm 58.99 + 0.07 | 24.68 + 0.24
2PA Spectrum of P2CK 2PA spectrum of porphine
__ 600 —. 20000
= B P2CK =
g 5001 %J g g500 {
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Figure 4.16: The 2PA spectrum of porphine (10 mM in DMSO) exhibited a drastic increase in
0o towards 700 nm. Insert shows that oy is already above 100 GM at 860 nm.

While the watersoluble P2CK has been developed as a PI for 2PP structuring in hydrogels,
cell death was observed when the PI was activated in close proximity of living cells due to
ROS being produced [194]. Therefore, this PI was chosen as a possible candidate for PDT
applications. The z-scans of a 10 mM solution in PBS revealed an increase in o, towards
700 nm, as well as a local absorption maximum at 840 nm (Fig. 4.16, left). Z-scans of porphine
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4 Results Z-Scan

were performed using a 10 mM solution in DMSO. The wavelength range was 700 to 1000 nm
in 20nm steps. An average laser power of 400 mW was selected. The 2PA activity of porphine
significantly increased towards 700 nm. While 400 mW lead to a total signal drop of 0.36 % at
820 nm, the same average power at 700 nm caused a signal drop of 60 %. Therefore, from 820
to 1000 nm, the power was set to 300 and 400 mW. Each z-scan setting was done in triplicates.
From 700 to 800 nm the power range was chosen to be 150, 250 and 350 mW to study a possible
influence of laser power on ¢, indicating thermooptical effects. However, no significant changes
of o3()\) in the selected power ranges were observed. The results for o9(\) showed a cross section
of 112.96 GM at 860 nm which decreased to 34.44 GM at 980 nm. At 1000 GM the signal drop
was below the detection limit. The 2PA cross section increased drastically towards 700 nm,
where the extracted cross section was in the range of a several thousand GM (Fig. 4.16, right).

Due to this high oy a concentration study was carried out. This was done to see if variation
in concentration affected the 2PA behavior. Also, since the signal drop at 700 nm was 60 %,
significantly higher than other compounds measured with the z-scan setup, a reduction of the
concentration was possible due to this high signal drop. Three additional concentrations of
porphine in DMSO (2, 1 and 0.5 mM) were selected.

Porphine concentration studies Porphine concentration dependence
8 q
o 10.0 mM —— 700 nm, R?:0.91 ---- 760 nm, R?:0.96 ,/
o A 20mMm 61 720 nm, R2: 0.93 —— 780 nm, R2:0.93
6 ¥ o1.0mM || e 740 nm, R?: 0.97 —-— 800 nm, R?:0.93
¥ 05mM
£ £
S 4/ :
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>
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Figure 4.17: Concentration studies of porphine (left). Z-sans with varying porphine concentra-
tions were conducted. To focus on the concentration dependence, ¢o was divided
by the respective laser power(qonorm = ‘%) to allow comparison. ggnerm decreased
with the concentration (left). Since gonorm X p, the concentration dependence for
cach wavelength was plotted (right). As can be seen the linear fit describes the
absorption behavior with R? exclusively above 0.9.

As expected, the total signal drop was lower, as less 2PA active compounds were being
in the exposed volume. However, even at 0.5mM the signal drop at 700 nm was still 17 %,
again exhibiting significantly higher 2PA activity than previously screened substances. As the
power range had to be adapted due to the lower signal caused by the reduced concentrations,
qomorm = ‘5 was used for comparison. The reduction of concentration lead to a decrease in
Qonorm (Fig. 4.17, left). Since qonorm X p (Eq. 2.86) the results were interpolated using a linear
fit and least squares approximation. The linear correlation between gg norm and p was fitted with
R? values exclusively above 0.9 (Fig. 4.17, right). 2P-PDT experiments with MG63 spheroids
and ASC/TERT1 stem cells encapsulated in GelMod showed excellent cytocompatbility for
P2CK without irradiation. The laser light control (no PS or chemotherapy agent added) also

80



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfiigbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

4.6 Discussion

Laser light Cisplatin P2CK P2CK
control positive control control + activation

Before

After

Figure 4.18: 2P-PDT experiments. Spheroids of MG63 (mCherry labeled, red) were formed to
mimic solid tumor tissue. The spheroids were encapsulated in 5% GelNB. Us-
ing the 2PL setup the spheroids were exposed to laser light. Without sensitizer
the laser light did not damage the cells (laser light control). As cisplatin is a
chemotherapeutic agent the induced cell death by the agent was not confined to
the exposed area (cisplatin positive control). P2CK showed excellent cytocompat-
ibility without irradiation (P2CK control) and caused local cell death in the MG63
spheroids after irradiation (P2CK + activation) without affecting the surrounding
ASC/TERT1 cells (GFP labeled, green). Experiments conduced by Agnes Dobos
under the supervision of Aleksandr Ovsianikov.

showed that laser irradiation alone did not damage the cells. Cisplatin was cytotoxic even in
unexposed areas causing cell death of healthy ASC/TERT1 cells as well as cancerous MG63.
After irradiation ,P2CK proved cytotoxic in the exposed volume. The solid spheroid was locally
targeted and cell death occurred within the confined volume, without harming surrounding
ASC/TERT1 cells. Laser scanning microscope images of the experiments are displayed in
Fig.4.18. The laser power for all experiments was set to 100 mW for better comparison. For
cisplatin 960 nm (see Tab. 4.2) was chosen as operating wavelength due to the fact that due
to losses along the optical path the output laser power at the objective did not reach 100 mW
for wavelengths above 960 nm. For P2CK 850 nm was selected as operating wavelength. While
P2CK showed maximum oy at 700nm (Fig. 4.16) the pulse duration increased towards the
end of available spectrum. Therefore, the local maximum at 850 nm was preferred as the pulse
duration was minimized in this range. Cell experiments were done by Agnes Dobos under the
supervision of Aleksandr Ovsianikov, TU Wien.

4.6 Discussion

A completely automated z-scan setup for spectral characterization of 2PA cross-sections in a
wide wavelength range was developed. An extensive calibration routine was implemented in a
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4 Results Z-Scan

custom software, automatically gathering large amount of data and storing it in a comprehensive
library. This database enables reliable and thorough calculation of the cross-section values at
different wavelengths. The use of an optical chopper eliminates thermal effects and a reflective
mirror expander guarantees a collimated beam over the entire spectral range without the need to
readjust the setup between measurements. Because of its simplicity, the presented z-scan setup
is a cost efficient alternative to complex amplified systems and the fully automated software
allows rapid 2PA characterization of various compounds.

Using the tunable z-scan setup allowed fast screening of agents for 2PP and 2P-PDT applica-
tions. Polymerization experiments indicated a clear correlation between 2PA cross section and
polymerization performance. The polymerization threshold was reduced when operating the
2PP system at the wavelength with its highest 0. This increase in polymerization performance
for same power, speed and concentration settings broadens the processing window of PIs. The
better performance at the same PI concentration is of special interest for tissue engineering
application as in the case of DAS, where a too high PI concentration can have cytotoxic effects
on the cells [99]. The optimal working window for DAS was determined to be 700 to 720 nm.
M2CMK exhibited high o5 in a broad window from 700 to 800 nm, where little change in poly-
merization performance was observed. For follow-up experiments with M2CMK in this thesis,
800 nm was chosen as working wavelength, as it showed excellent oy while at the same time
being a standard operating wavelength for 2PP-systems.

While initially designed as a PI, it turned out that P2CK could be used as an efficient
PS. From the z-scan experiments an optimal working window of P2CK could be determined
at 840nm. To showcase the efficiency and localization of 2P-PDT, it was demonstrated that
P2CK was cytocompatible before irradiation and cell death was only induced at the exposed
cell spheroid area. This showcases the efficiency of 2P-PDT, especially when compared to
chemotherapeutic agents like cisplatin, where cell death was caused even in non-irradiated
areas. As low oy is a major bottleneck for this technology porphine was screened as potential
new PS. It exhibited extremely high o9 at 700 nm. Concentration studies of porphine revealed
that this effect scaled as expected linearly with p and that these high o, values were not
caused by heating of the sample due to the fs-laser source. With oy of several thousand GM
porphine can be used at low concentrations, which is important for cytocompatibilty of 2P-PDT
experiments.
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5 Results PCL

Results for the PCL-based prepolymers (di-function PCLy and hexa-functional PCLg) are
presented. As previous reports showed cross-linking of PEG-based prepolymers, the 2PP-
processability was initially studied without added PI [42]. Experiments on the effect of added
PI on the polymerization threshold were conducted. Afterwards, the mechanical stability of
arbitrary 3D-constructs was investigated.

5.1 Di-Functional Prepolymer

5.1.1 No Photoinitiator Added

The first experiments were done with pure PCLs (no added PI) as the comparable PEG-
based material was previously reported to be cross-linkable under UV conditions without added
PI [42]. On a heating plate the sample became transparent at 60 °C.

Race car structures were written (100 mW) using a 63x/1.4 oil immersion objective. During
development in THF the structures detached from the surface and strong deformation happened
which was probably caused by evaporation of the solvent and the fact that the glass slides used
were not methacrylated in advance (see Fig. 5.1) Additionally, fine buckyball structures were
produced (d, = 0.3pm, d, = 0.3pm, 100 mms~'). Structures were only observed at energies
above 70 mW. No remaining scaffolds could be seen after development in THF.

P o LB T 4
[
|5 o

Figure 5.1: Race car structured with PCLy without added PT using the 63x/1.4 objective. While
the sample was developed in THF deformations could already be observed under the
direct light (left). After the solvent evaporated the structure got deformed (right).

5.1.2 Photoinitiator Added

The material was placed on a methacrylated glass slide (Sec. 3.4.6) and heated to 60 °C to allow
transparency for 2PP structuring. Using 63x/1.4 oil-immersion objective cubes were fabricated
(50 x 50 x 50 pm?®, dj, = 0.4m, d, = 0.3 um) with varying laser powers (10 — 150 mW).

83



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

5 Results PCL

To compare the polymerization efficiency, samples with 4,4’-Bis and M2CMK were prepraed.
For this PCLg was dissolved in THF and added the desired wt% of PI to the solution. After
structuring, the resin was submerged in THF to remove the unpolymerized material. The
initial comparison between pure PCLy and PCL, with 1 wt% 4,4’-Bis showed that structuring
without initiator was possible but the polymerization threshold was significantly lowered from
100 to 40 mW, while it further decreased down to 10mW for 1 wt% M2CMK (Fig. 5.2). As
results for M2CMK showed the lowest necessary laser power (Py,), it was chosen as the PI for
subsequent 2PP experiments. The already low polymerization threshold allowed to decrease
the PI concentration of M2CMK further to 0.5 %.

no Pl 1 wt% 4,4'-Bis 1 wt% M2CMK
150 0 B 120080 0O 50 ==
10 O B 110 ) B - 45 [Ij'.
— 130 [NRIIREEE 100 [
; - “ge
E 120 [ oo BB .
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% 100 o 70 RN Q:
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Figure 5.2: Polymerization threshold studies. Cubes (50 x 50 x 50 pm?®) were structured with
decreasing laser power (150 to 10 mW). Without added PI 100 mW was necessary
for Py, (left). 4,4’-Bis reduced the required power to Py, = 40 mW (middle). With
M2CMK it was possible to reduce P, down to 10 mW (right).

Buckyballs (Sec.3.7) were structured with P = 200mW, v = 100mms™', d;, = 0.2 and
d, = 0.5. These parameters were chosen as they allowed structuring just below the threshold
where the deposited energy caused bubble formation. Working close to this limit was done
as to avoid structures collapsing simply due to insufficiently cross-linked material. Despite
these settings, the material was not stiff enough to support free standing structures such as
microscaffolds (Fig. 5.3, left) after development. Trimethylolpropanetriacrylate (TTA, Sec.
3.4) was added as a short-chained monomer to increase the rigidity of the structures due to
its three acrylate groups. For 1g PCLs, 60 mg TTA were added. This ratio was chosen to
achieve a 1:1 ratio of double bonds (PCLy: 0.6mmolg~! double bonds, TTA: 0.2mmol g~*
double bonds). As this did not improve the stability of the structures, the ratio subsequently
increased from 1:1 to 1:4 (Fig. 5.3). Since the polymerization threshold was already low for
M2CMK (with 10 mW), no significant decrease in the polymerization threshold was observed
when writing cube structures.

To assure the highest amount of polymerized material in a voxel the structuring was done
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5.2 Hexa-Functional Prepolymer

1:10

PCL,TTA:  1:0

Figure 5.3: Fabrication of microscaffolds with increasing amount of shortchained cross-linking
monomers (TTA). Without cross-linker the scaffold collapsed under its own weight
(left). Adding enough TTA to achieve a 1:1 ratio of double bounds avoided complete
collapse. A 1:10 ratio of PCLy to TTA was required to have stable structures (right).

at 200 mW with d;, = 0.2pm and d, = 0.3 pm. While the increase in TTA yielded more stable
structures, the whole scaffold collapsed under its own weight. Finally, the PCLy:TTA ratio was
increased towards 10:1. This amount led to overpolymerization during the structuring process.
Therefore, the laser power was decreased from 200 to 130 mW. This ratio allowed fabrication
microscaffolds, which were stable even after the development process (Fig. 5.3). While these
results showed the processability and stability of PCLs, the high amount of added TTA meant
a large amount of non-biodegradable material in the microscaffolds.

5.2 Hexa-Functional Prepolymer

Because of the softness of PCLy a hexafunctional prepolymer was synthesized (see Sec. 3.4)
to increase the rigidity without the need to add additional monomers. Contrary to PCLs
no structures could be produced without added PI. Squared shapes of fabricated cubes were
visible during the live imaging of the 2PP process, but these polymerized areas did not remain
after development. Increasing the laser power caused bubble formation and was not feasible.
Therefore, 0.5 wt% M2CMK was added to the material to produce 3D-structures (63x/1.4
objective, P = 100mW v = 100mms™!, d;, = 0.2pm and d. = 0.3m). Even frechanging
parts were stable after development as can be seen in Fig. 5.4. This was also the case for
microscaffolds which did not collapse under their own weight (Fig. 5.5), as had been the case
To measure the reduced Young’s modulus eight cubes of 200 x 200 x 70 pm?® were produced
using the 20x/0.8 objective was used due its larger field of view. With 100 mm s~! the structures
were written with A, = 1.0pm and A, = 1.0 pm and 35 mW. The power and speed parameters
were chosen after writing an array of cubes with increasing powers in steps of Ap = 5mW.
Bubble formation was observed during structuring at 40 mW.Therefore, 35 mW was chosen as
the maximum power for stable structures. The storage modulus was measured to be 39.7 £+
9.8 MPa (Tab. 5.1). Nanoindentation measurements were done by Thomas Koch, TU Wien.
After this initial tests for processability under 2PP conditions, more complex geometries
were fabricated. As the PCL-backbone has been reported to exhibit cytocompatibility and
biodegradability [40,195,196], capilinsers as potential scaffolds for dermal papilla experiments
were fabricated. As the total height of the scaffolds was 1 mm, significantly larger than the pre-
viously structured 100 pm buckyballs, the 10x/0.3 objective was required (fabrication settings
listed in Sec. 3.7). The capilinsers were stable after development and did not collapse under
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5 Results PCL

Figure 5.4:

Figure 5.5:

Table 5.1:

86

SEM images of 2PP structures. Freehanging structures collapsed after development
with PCLs, as can be seen by the spoiler of the race car (left). With PCLg the
geometry was stable after development in THF (right). The improvement in rigidity
is especially impressive considering that the PCLg race car is five times larger than
the one out of PCLs, yet the features are clearly defined.

SEM images of freestanding 3D-structures based on PCLg. 3D-models with detailed
surfaces such as the squirrel were fabricated (left). Fine microscaffolds like bucky-
balls also remained stable after development and did not collapse under their own
weight (right) as had been observed with PCLs.

Results for nanoindentation results for 2PP cubes fabricated from PCLg. Measure-
ments were done by Thomas Koch, TU Wien.

Cube Nr. Reduced Young’s modulus [MPa] Nr of Measurements

1 41.8 £ 124 7
2 34.4 £ 11.5 5
3 40.0 £12.4 11
4 39.4 £ 9.5 9
5 39.0 £ 11.1 8
6 39.9 £ 9.2 12
7 39.6 £+ 8.2 11
8 41.1 = 8.4 11
Total 39.7 +£ 9.8 74
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5.3 Discussion

the higher weight due to the larger geometry (Fig. 5.6).

Figure 5.6: Capilinser microscaffold for DP-cell seeding experiments fabricated from PCLg
(left). The total height of the structure was 1 mm, significantly larger than pre-
viously fabricated scaffolds such as the buckyballs. Despite the larger dimensions
the geometry remained stable after development. Close up of the hooks designed
to anchor the scaffold in the skin of the patient after implantation (right).

5.3 Discussion

Two PCL-based prepolymers have been studied as potential materials for biomedical applica-
tions. PCLy was cross-linkable under UV conditions even in the absence of PI, similar to the
previously reported PEG-based prepolymers [42]. The hexafunctional PCLg was not cross-
linkable without PI. Adding PI (4,4’-Bis or M2CMK) reduced Py, in the case of PCLy and
made structuring possible in the case of PCLg. As microstructures fabricated from PCLy col-
lapsed under their own weight, TTA was added to PCL,. While increasing rigidity, this method
was deemed undesirable for tissue engineering applications as highly reactive triacrylates were
added. PCLg exhibited none of these rigidity issues and is a promising material for biofabrica-
tion due to its 2PP processability, stability after development and biocompatibility due to the
PCL-based backbone [41]. Even for larger structures of 1 mm total height, the material was
stable. The reduced Young’s of modulus of 39.7 + 9.8 MPa was measured using nanoinden-
tation. It is comparable to values obtained for commercially available 2PP-photoresists [197].
Due to the effect of the 2PP fabrication process on the material properties, these values are
difficult to directly compare with values reported for samples fabricated with conventional AM
methods (discussed in Sec. 2.3.3). Further studies are required to determine, if the mechanical
properties can be significantly improved by increasing laser power and scanning speed [116].
This is of particular interest as PCL-based microscaffolds fabricated via SLM have been re-
ported by Williams et al. as a potential material for bone and cartilage repair [198]. Reliable
reproduction of complex 3D scaffolds such as the capilinser design showed the processability
of PCLg using 2PP and renders this a potential material for scaffold based tissue engineering
applications.

87



“Yayloljqig usip N.L Te 1uld ul ajgejrene si sisay) 210190 Syl JO UoisiaA [eulblio panoidde ay 1 < any a8pajmoust InoA
“regBnjian Yayioljqig UsIpn NL Jap ue 1sI uoneuassiq Jasalp uoisiaAfeulblO aponipab ausiqoidde aiqg v_ﬂ-‘_u.o__n__m



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

6 Results Polymerization Threshold

The required laser minimum laser power P, was studied for three materials at different fab-
rication speeds, to evaluate the respective light dosage to observe polymerization. Initial ex-
periments similar to ascending scan were done to study the polymerization performance with
literature values [43,44]. Afterwards, various ways to determine P, for freehanging lines were
approached and compared. Finally, the scaling of P, with increasing writing speeds v was
studied in a simplified 2D-environment (two lines closely spaced towards each other). This
method was chosen to correlate findings for the single line with conditions more closely resem-
bling the 2PP process, where multiple lines are scanned (Sec. 2.6.2). Lastly, the polymerization
behavior for fully 3D-structures was evaluated by measuring the DBC of fabricated cubes via
Raman spectroscopy (Sec. 2.3.3). The results allowed to correlate simplified 1D-systems like a
single line with complex 3D-parts and to extrapolate the required laser power for higher writing
speeds, which could not be reliably fitted to the predicted model. All experiments are summa-
rized at the end of the chapter in Tab. 6.2, including the respective coefficients of determination
for the fits (discussed in Sec. 3.5.3). Regardless of material, PI or concentration of PI, a similar
trend was observed when increasing the scanning speed. The required P, for scanning speeds of
100 mm s~! was significantly lower than predicted from the established model. Lastly, potential
causes for this reduced trend are discussed.

6.1 Ascending Scan

Zr-hybrid (1wt% 4,4’-Bis) was used for conditions similar to the ascending scan method
(Sec.3.5.3) to study the polymerization behavior under exposure conditions reported in lit-
erature [43,44]. Using 63x/1.4 oil immersion objective, single lines of 30 pm were written di-
rectly onto the glass starting from 25 mW and decreasing the power by 0.5 mW in y-direction.
Comparatively low writing speeds from 10 to 40pums™" (Fig.6.1, left) were selected. After
developing the sample in 1-propanol, the lines were analyzed using SEM (Fig. 6.1, left). As the
scaling of Py, oc v*? also applies for a constant voxel length [,,,;,, (Sec. 2.6.2), the polymerization
threshold P, was determined as the last power setting, where the structured line did not tilt
over. Tilted lines indicated a voxel length [ < [,,;n, too small to connect to the glass. The
observed threshold was comparable to the previously reported dependence Py, < /v and could
be fitted with R? = 0.88 (Fig. 6.1, right). As described in Sec.3.5.3, R* > 0.8 indicates good
description of observed data by the fit.

6.2 Single Line [1D]

To closer study the polymerization behavior, the freehanging linetest was employed. Structuring
power for the connecting pillars was 40 mW (all parameters listed in Sec. 3.5.3) for zr-hybrid
with 1.0wt% 4,4’-Bis. For later experiments with varying PI-concentration the laser power
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Zr-hybrid + 0.1 wt% 4-4'-Bis
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Figure 6.1: SEM images of single lines fabricated at writing speeds from 10 to 40 pms~!. The
polymerization threshold P, was determined as the power setting before the lines
tilted due to the voxel being too small to attach to the glass (left). The behavior
of the polymerization threshold was in agreement with previous findings (right)

[43,44].

was varied depending on the material and Pl-concentration to guarantee stable pillars after
development. The linetest was done in triplicates with laser powers from 2 to 100 mW steps of
Ap = 2mW. This broad range of powers was chosen as the change in P, for higher fabrication
speeds (ranging from 0.1 to 40.0 mm s~!) was unknown. For each speed an individual sample was
prepared. After developing the samples, the individual lines were recorded via SEM (Fig. 6.2,
left). A custom Python based algorithm (as described in Sec. 3.5.3) extracted the average line
diameter d and height h from each image (Fig. 6.2, right).
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Figure 6.2: SEM images of linetest structure (left). A line was fabricated between two pillars
spaced 10pum apart. Each setting (laser power and writing speed) was done in
triplicates and the line diameter was measured using a custom Python algorithm,
which extracted the width from the top view (right). For the voxel height the
sample was tilted 45° and the measured width was modified by /2 to account for
the tilt.

m Sibliothek,
Your knowledge hub

90



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

6.2 Single Line [1D]

6.2.1 Voxel Increase

While the measured voxel height could be reliably fitted to Eq.2.55 (Fig. 6.3, left), results for
voxel diameters diverged from Eq. 2.54 for higher laser powers (Fig. 6.3, right). Initially
this was suspected to be an effect similar to avalanche ionization or heat accumulation, caused
by high exposure doses [135]. However, as no clear photon dosage could be extracted to
globally describe this divergence for all writing speeds, only data from 20 mW away from the
first observed line for each speed were used as in this window the results behaved comparable
to the model (R? > 0.9 for all data). Therefore, the polymerization threshold Py, could be
interpolated through the data points to a hypothetical threshold of a voxel with d = 0.

ZrHybrid 1.0 wt% 4-4'-Bis [separate samples] ZrHybrid 1.0 wt% 4-4'-Bis [separate samples]

a4 Py ® v=1000mms ] 201 P $ v=500mmsl ]
10.0+ @ v=010mms! ¥ v=40.00mms! — @ v=010mms! ¥ v=1000mms!
'g' A v=100mms! g_ 151 & v=1.00mms! ¥ v=40.00mms! |
=z 75/ =
< ’ 2
=2 . £ 1.0
S 501 e £
= e , 2
P o N 1(“'2”‘!‘*__— oS
g 251 . e x 0.5
>
0.01 0.0
100 0 50 100
Power [(mW] Power [mW]

Figure 6.3: Data for voxel height obtained from SEM images followed the trend described by
the model (left) [43]. The voxel diameters saw a sharp increase not predicted by
the established theory for all writing speeds (right) potentially caused by processes
such as avalanche ionization [135]. Therefore, only results close to the threshold
(20mW from first observed line) were used to fit both height and diameter. The
polymerization threshold (F;,) was interpolated and is represented by the gray
markers for both cases. Each speed setting was done on an individual sample.
Therefore the lower P, for 10mms—! compared to 5mms~! was probably due to
slight variation in composition of the individual samples.

As can be seen in Fig. 6.3, the results for 5.0 mms—" and 10.0mms~! exhibited an irregular
behavior, as for 5.0mms~! the required a higher laser power was necessary to produce similar
features as with 10.0mm s™!, despite longer illumination times at 5.0 mms~!. This discrepancy
was assumed to be caused by the fact that the individual experiments were done on separate
samples. Slight changes in sample densities due to systematic errors during preparation could
have been the reason for this trend. Therefore, the experiment was repeated using a single
sample zr-hybrid with 1 wt% 4,4’-Bis. Evaluation of the line diameters again showed a drastic
increase for each fabrication speed (Fig. 6.4) with increased laser power. Again, no universal
photon dosage could be extracted from the obtained data to adequately describe the divergence
behavior for higher laser powers.

For each writing speeds, a 20mW window from the first observed line was chosen for in-
terpolation, as the data in this area could be fitted to R? > 0.9 and divergence for increased
laser power was probably due to accumulative effects not accounted for in the polymerization
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6 Results Polymerization Threshold

ZrHybrid 1.0 wt % 4-4'-Bis
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Figure 6.4: Voxel diameters for five different fabrication speeds all done on the same sample
which yielded an expected increase of Py, (gray pentagons) for increasing writing
speeds. As with the previous experiment a sharp increase in diameter could be seen,
but from the available data no uniform photon dosage could be extracted. For the
fit the first ten laser powers for which polymerization was observed were used.

model [43,135] From this fit Py, (gray pentagons in Fig. 6.5, left) was interpolated. The scaling
of P, o< v* was done using least square fit. The best fit yielded a dependence of P, oc v%16
with R? = 0.96. Fitting the data to the predicted trend of Py, oc v (Eq. 2.56) resulted in
R? = 0.10. All scaling factors and coefficients of determination are summarized at the end of
this chapter in Tab. 6.2.

6.2.2 Threshold Lines

A comparable trend of Py, oc v%2! (R? = 0.98) could be extracted by defining Py, as the required
laser power which results in a visible line after development (Fig. 6.5). Again, fitting this data
to the expected model returned a low coefficient of correlation (R? = 0.18). Interpolating P,
from multiple line measurements was a time consuming task and not feasible for the screening of
multiple materials with various PI-concentrations. For follow-up experiments P, was extracted
from the first visible lines. This was done because the scaling factor - while different in both
cases - still diverged from the postulated model and the comparison of multiple materials could
be done in a much more time-efficient manner.
The developed samples were observed under optical microscope. Py, was defined as the first
laser power where a line could be seen between all three pillars. This approach allowed a much
faster evaluation of the required photon dosage for a multitude of compounds. Three materials
were compared: zr-hybrid, PCLg and ETA:TTA. For each material varying PI concentrations
were chosen to study a possible effect of Pl-concentration on the dosage. The photon dosage
for zr-hybrid at 0.1 and 1.0 wt% scaled with v%?> and v*%' respectively (see Fig. 6.6, left).
Results for ETA:TTA and PCLg also scaled with Py, oc v* with i € {0.19 — 0.30} for different
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6.2 Single Line [1D]

Zr-hybrid + 1.0 wt% 4-4'-Bis
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Figure 6.5: Polymerization threshold. The threshold power P, was interpolated from the fit
(gray pentagons). The scaling of Py, was no longer proportional to /v but instead
scaled with v%16. If P,, was defined as the first power setting where lines could be

seen after development, the scaling was oc v

0.21

. Both results were obtained using

least square fitting with R? of 0.96 and 0.98. Fitting to the predicted trend of
Py, o< %5 (not plotted) resulted in fits with R? < 0.2.
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Figure 6.6: Studies for zr-hybrid with different concentrations of 4,4’-Bis (left) and ETA:TTA
with different concentrations of M2CMK (right). While an increase in PI decreased
the overall polymerization threshold, no significant effect of concentration on the
scaling factor could be observed. Therefore, fluctuations in the fitted scaling factor
were likely to be systematic errors of the chosen method.
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6 Results Polymerization Threshold

concentrations of M2CMK (Fig. 6.6 and Fig. 6.7). No clear effect of PI concentration and
scaling factor could be seen. The scaling factor increased to 0.25 for the highest concentration
(5mM) of M2CMK in ETA:TTA while it increased to 0.25 for the lowest concentration (0.1 wt%
of 4,4’-Bis). As the scaling factor the optimal value calculated using least square fit, fluctuations
in the fitted variable were probably due to the measurement uncertainty of the selected method.
As a control, all experiments were fitted using the two extreme values (i = 0.2 and i = 0.25)
obtained. All fits showed R? > 0.85.

PCLg + M2CMK Minimum feature resolution
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Figure 6.7: PI concentration studies with PCLg (left) yielded comparable scaling factors with
i € {0.19 —0.30}. Average line diameter for different writing speeds (right). For all
three materials the largest initial lines were measured at 0.1 mms~! and decreased
with increasing writing speed. The observed trend could be fitted using logarithmic
regression with R? > 0.4.

For PCLg little variation in the required laser power was observed for writing speeds of 61
and 91 mms~! . At the lowest writing speed 0.1 mm s~!, the change in threshold was still within
the error margins. Therefore, the steep increase from v%!? at 0.05 wt% to v°3° at 1.0 wt% can
be due to the power step size of Ap = 2mW defined by the selected method. This window
is comparatively large at a writing speed of 0.1 mms~!. As with ETA:TTA, the data from all
three experiments was fitted using the two extremes for i, with R? > 0.8 for all fits.

6.2.3 Minimum Feature Resolution

The smallest lines produced were also measured for ETA:TTA (5mM M2CMK) and PCLg
(0.1wt% 4,4’-Bis) to compare the minimum feature sizes with those of zr-hybrid. Results
for all three materials showed the largest initial lines at 0.1 mms™" (377 & 13nm for PCLg,
372 £ 72nm for ETA:TTA, and 378 4+ 28 nm for zr-hybrid) with smaller initial features for
increased fabrication speeds. Results were fitted using logarithmic regression with R? ranging
from 0.4 to 0.84 (Fig.6.7, full data displayed in Tab. 6.1).
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6.2 Single Line [1D]

Table 6.1: Minimum feature resolution. For three different materials the diameter of first lines
produced for a given fabrication speed was measured. For all three materials, largest
initial features were observed at 0.1 mms~!. Analysis of variance showed significant
difference between 0.1 mms~! and higher writing speeds for all materials.

PCLg + 1 wt% M2CMK

Writing speed [mms™!] Laser power [nW] Diameter [nm]

0.1 6 37T+ 13
1.0 10 310 £ 8
10.0 14 287 £ 59
100.0 18 143 £ 18

Zr-hybrid + 1.0 wt% 4,4’-Bis
Writing speed [mms™!] Laser power [mnW] Diameter [nm]

0.1 7 378 £ 28
1.0 9 229+1
5.0 12 272+ 3
10.0 16 2555 £ 35
40.0 21 202 £ 56

ETA:TTA + 5.0 mM M2CMK
Writing speed [mms™!] Laser power [mW| Diameter [nm]

0.1 8 372 £72
1.0 10 208 £ 31
31 20 177 £ 2
61 30 183 += 10
91 32 206 £ 15

95



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub
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6.3 Double Line [2D]

For the next experiments a second line was written next to the area exposed to the single line,
to study the effect of the reduction of Py, (discussed in Sec.2.6.2), as well as the scaling factor.
These experiments were done in an attempt to correlate findings from the simplified single
line experiments, to conditions more similar to the additive process where multiple lines are
produced in a single layer. Two material compositions were studied (zr-hybrid with 0.1 wtP
4,4’-Bis and ETA:TTA with 1 mM M2CMK). The lines were placed next to each other at five
distances from 0.1 to 0.5 pm in steps of 0.1 pm. A decrease of Py, could only be observed at lines
spaced 0.1 pm next to each other. Results for zr-hybrid showed no reduction of P, at 0.1 and
Imms~! (Fig. 6.8, left). At 61 and 91 mms™!, the required laser power 12mW was lower than
results for single line experiments. For ETA:TTA a decrease in P, of 2mW occurred at 1 mm s—?
and above with a difference of 5mW at 91 mms™! (Fig.6.8, right). Fitting the individual
threshold powers to the fabrication speed resulted in Py, zmu o v*' and Py, graora oc %18
which was comparable to findings discussed in Sec. 6.2.

Zr-hybrid + 0.1 wt% 4-4'-Bis [2D] ETA:TTA + 1 mM M2CMK [2D]
8 Single [1D], Py, « vO25 3 x ']01 @ Single [1D], Py, « v020 g/./(
A Double [2D], Py, « V016 ;| A& Double[2D], Py (/018 . A
_ _2x10
< <
E E
= 10" p 1
Q. a. 10 1
6x10°
102 10" 10° 10 10° 107 10 10° 10° 10°
Writing speed [mm s ~1] Writing speed [mm s ~1]

Figure 6.8: Polymerization threshold for two lines spaced 0.1 pm apart. For zr-hybrid a reduc-
tion of Py, was observed at 10mms~! and above (left). For ETA:TTA a reduction
in P, was seen at 1mms~! and above. The scaling factor of the required laser
power was both comparable with findings. Fitting to the predicted trend of ¢ = 0.5
(not plotted) resulted in R* < 0.5.

6.4 Cubes [3D]

To study the photon dosage for the 3D case cubes of 100 x 100 x 35 pm?® were produced. Using
Ay =0.3pum, A, = 0.2 pm with alternate xy-hatch for individual layers. As with the previous
1D and 2D experiments 63x/1.4 oil immersion objective was used. A power range from 2 to
40 mW with Ap = 2mW and five writing speeds (20, 40, 60, 80 and 100 mm s™!) were selected.
After developing the sample in 1-propanol for 30 min, the Raman spectra of each cube (Fig. 6.9,
left) were recorded (Sec. 3.5.2). Raman measurements were done by Karin Wieland under the
supervision of Bernhard Lendl, TU Wien.

As the results describe the decrease of carbon double bonds, this trend was inverted and
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6.4 Cubes [3D]
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Figure 6.9: Effect of laser power on the resulting polymer cubes for a given writing speed. Cubes
were manufactured from ETA:TTA (5mM M2CMK) with writing speed from 20
to 100mms~! and varying laser power in the range of 10-40mW (left). Raman
spectra of two different laser power settings at 20 mm s~ (solid line: 12mW dashed
line: 40 mW) were chosen for demonstration. Higher laser power reduced the signal
from C=C band. Spectra were processed as described in Sec.3.5.2. For better
visualization and the purpose of better comparison, the data were normalized with
respect to the carbonyl band.

fitted to Eq. 2.54, to see if results from the Raman measurements could be compared to trends
observed in the linetest experiments (Sec. 6.2). As can be seen in Fig.6.10 the data could be
fitted to the voxel theory with R? above 0.85 for each speed. From the five fitting curves P,
was interpolated with the condition DBC(v, Py,) = 0 (inverted triangles along zero y-axis in
Fig.6.10). This threshold power scaled o v*?? with R? = 0.67.

The experiment was repeated with ETA:TTA and 1 mM M2CMK. The lowered concentration
required laser powers above 20 mW for all writing speeds. Similarly to the results from the single
linetest experiments the change in concentration caused a global shift in Py, yet it had little
effect on the scaling of the required photon dosage for different writing speeds. At 1 mM the
polymerization threshold (gray Xs in Fig.6.11) scaled o< 0.26 with R? = 0.94. While this
study focused on the dependence of P, an interesting observation was gained from the Raman
measurements as faster writing speeds result in more efficient DBC for laser powers higher
than P,j,. This was first seen for ETA:TTA and 5mM M2CMK, where the highest DBC was
reached with 80 and 100 mms~—! at 40mW (Fig.6.10). A comparable, yet better pronounced
trend could be seen for ETA:TTA and 1 mM M2MCK (Fig. 6.11, left). These results might seem
counter intuitive upon first observation as a higher amount of photons is locally brought into the
volume at lower writing speeds. A possible explanation could be an overabundance of radicals
and therefore an increased likelihood of radical to radical termination. Additionally, the high
irradiation energy might drastically increase the viscosity of the material. This could hinder
the diffusion of radicals towards unreacted sites, resulting in less efficient cross-linking [9, 146].
This effect was not observed laser powers close to P, which is probably due to the fact that
there needs to be a minimum concentration of radicals to start polymerization and there are
not enough radicals to block each other.
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ETA:TTA + 5mM M2CMK [3D]
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0.29 0.25

(triangles) and 1 mM (Xs) scaled o< v”*? and v”** respectively with a significantly
higher R? for 1 mM M2CMK. Results were again both comparable to 1D and 2D
linetests while fits to the expected trend were done with R? = 0.26 and R? = 0.29
for 1 and 5mM respectively (fit not plotted). As with 5mM a higher DBC con-
version for faster writing speeds could be reached at laser powers away from P,
(left).
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6.5 Discussion

ETA:TTA 1 mM M2CMK
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Figure 6.12: Comparison of three different conditions for P, studied with ETA:TTA with 1 mM
M2CMK. The highest laser power was required to produce a single freestanding
line [1D]. This threshold was reduced by fabricating two lines spaced 0.1 pm apart.
This reduction of P, was even more significant when writing fully 3D-cubes. While
not exactly matching, the scaling factors for all 3 cases were comparable and fitted
with R? > 0.8, compared to fits with the postulated i = 0.5 (R? < 0.6, not
plotted).

6.5 Discussion

Two approaches to evaluate P, were compared. While interpolating P, through multiple mea-
sured line lengths allowed for an accurate description, it was a time consuming task which made
this approach not feasible for a broader material study where multiple materials, initiators and
initiator concentrations were compared. Taking the first lines which remained after developing
the sample as the minimum laser power for a given writing speed allowed much faster processing
and characterization of the individual systems while the scaling of the photon dosage (v°*!)
was comparable with the interpolation (v%1¢). This estimation process did not require time
consuming SEM imaging and could be done via optical microscope. It allowed to evaluate the
photon dosage for three different materials (zr-hybrid, ETA:TTA, PCLg) and two Pls (4,4’-Bis
and M2CMK). For all material compositions studied the photon dosage did significantly divert
from previously reported experiments. These findings indicate a much higher efficiency of 2PP
for increased fabrication speeds. Instead of P, oc v%? as predicted by the established theory
(Sec. 2.6.3), the average scaling factor was imeq, = 0.22 £ 0.03 for single lines. Furthermore,
comparable scaling was observed in detail for more complex circumstances such as double lines
(tmean = 0.17 4+ 0.02) and three-dimensional cubes (ieqn = 0.28 £+ 0.02). While the required
laser power was reduced with increasing complexity (Sec. 2.6.2), the scaling factor relating Py,
and vy, was comparable for all three conditions for ETA:TTA (1 mM, Fig.6.12).

These findings have significant impact on the limitations of 2PP as this scaling factor could
potentially be used to estimate the required photon dosage for a given component. By producing
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6 Results Polymerization Threshold

cubes for a given speed v; the polymerization threshold can be evaluated by increasing the laser
power until P, 4, is reached. From this correlation one can then estimate the required laser power
at the highest available scanning speed and quickly estimate if the material can be processed
under these conditions. A possible explanation for this phenomenon could be the fact that the
initial model was based on static exposure conditions (Fig. 6.13, left). The photosensitive resin
was exposed for a certain duration time but there was no scanning movement and therefore the
experiment did not take the fabrication kinetics into account.

At At
Ax =d AX, = — AX2=V—2

Figure 6.13: Possible model for the photon conversion for different writing speeds. Under static
conditions (left), the illuminated area is given by the voxel diameter d. Inhibiting
oxygen can diffuse into the voxel and terminate radicals. Afterwards the inhibitor
concentration is recovered due to diffusion. When the beam is scanned, a volume
is created (middle). Therefore the inhibitor cannot diffuse into the center voxel in
time to terminate the radicals. The time required for this diffusion is given by the
writing speeds and increases for faster speeds (right). Therefore, even though the
same amount of radicals is created, fewer radicals are terminated and less photons
are required for polymerization when compared with the static case.

If P, is reached, the oxygen is depleted in the focal volume to allow cross-linking of the
prepolymer. After illumination, the initial inhibitor concentration is recovered due to diffusion.
In the case of a scanning focal spot, the same amount of radicals is created in a single spot.
However, due to the scanning process, a deoxygenated tail is produced along the scanned path
(Fig. 6.13, middle), where the inhibitor is also depleted. No inhibitors can diffuse sufficiently fast
into the central voxel along the tail. Therefore, a higher writing speed yields higher conversion
despite the same number of radicals produced during illumination (Fig.6.13, right). This could
also explain the reduced feature size for first lines observed (Sec. 6.2.3) as the largest features for
all three materials were observed at the lowest writing speed of 0.1 mms™!. A similar decrease in
minimum feature size for higher writing speeds was previously reported by Stocker et al. [199].
Using above argumentation, the same amount of radicals created in the voxel can lead to a
more efficient conversion of radicals into polymerized resin due to the longer deoxygenated tail
within a shorter timespan. As an overview the scaling factors for all experiments discussed are
displayed in Tab.6.2.

Lastly, the correlation between DBC and fabrication speed demands closer inspection as
these results indicate that a higher degree of DBC can be reached for laser powers larger than
Py, for faster writing speeds. This result seems counter intuitive, as less photons are locally
brought into the volume for higher writing speeds at a given laser power. This effect could be
due to radical to radical recombination when a large number of radicals is produced. Increased
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6.5 Discussion

Table 6.2: Overview of scaling factors for the scaling factor ¢, which determines the relation
between threshold power and fabrication speed (P, o< v'). For the single line (1D)
experiments the scaling factor was on average 0.22 + 0.03 for all studied materials.
Data labeled Zr-hybrid,,,, indicates experiments where Py, was interpolated from the
measured lines. For two lines spaced 0.1 pm apart the scaling factor was 4,,e0n =
0.17 £ 0.02. For 3D-structures interpolated from Raman measurements of DBC
the necessary light dosage scaled with 7,,.., = 0.28 4+ 0.08. For each fit, the Rfcit is

obtained from fits according to the

given, which is significantly higher than R

predicted trend of 7 = 0.5.

2
theory>

Prepolymer PI Concentration Method = Scaling Factor R}, Rpopy
ETA:TTA M2CMK 0.1mM 1D 0.21 £ 0.001 0.99 0.62
ETA:TTA M2CMK 0.25mM 1D 0.20 £ 0.076 0.81  0.58
ETA:TTA M2CMK 1.0mM 1D 0.20 £ 0.019 0.81 0.58
ETA:TTA M2CMK 5.0mM 1D 0.25 &£ 0.038 0.95 0.72

PClLg M2CMK 1.0 wt% 1D 0.30 £ 0.031 0.99 0.90

PCLg M2CMK 0.1wt% 1D 0.21 £ 0.028 0.95 0.43

PCLg M2CMK 0.05 wt% 1D 0.19 £ 0.038 0.98  0.63
Zr-hybrid,,, 4,4’-Bis L.Owt% 1D 0.16 £ 0.014 0.96 0.10
Zr-hybrid 4,4’-Bis 1.0wt% 1D 0.21 £ 0.016 098 0.18
Zr-hybrid 4,4’-Bis 0.1wt% 1D 0.25 £ 0.022 0.99 0.74
ETA:TTA M2CMK 1.0mM 2D 0.18 £ 0.016 0.95 0.43
Zr-hybrid — 4,4’-Bis 0.1wt% 2D 0.16 £ 0.033 0.98  0.08
ETA:TTA M2CMK 1.0mM 3D 0.26 &£ 0.038 0.94 0.29
ETA:TTA M2CMK 5.0mM 3D 0.29 4+ 0.122 0.67 0.40

viscosity could also play a role in this as radicals are no longer able to diffuse through the
pre-formed network [9,146]. This effect was less pronounced for higher concentrations of PI.
For 1 mM the difference in DBC for at 40 mW was 23 %, compared to 13 % at 5mM.
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7 Results Large Field 2PP

To write structures larger than the available FOV, the correction factor M., of the 2PP system
(described in Sec. 3.2) was evaluated by structuring 300 x 100 x 50 pm?® of Ormocomp®. Using
10x/0.3 objective a writing speed of 100 mms™', laser power of 100mW, A, = 0.5pm and
A, = 1pm were chosen. The structure was rotated 45° and placed at the edge of the available
writing area Ay. For a uniform power gradient, the available FOV was set to Ay = 1.2mm.
Multiple structures with varying M., were produced to optimize the stitching of two scan
fields. The optimal M., setting was 1.275 (displayed in Fig. 7.1). Furthermore, the overlap
of adjacent FOVs was increased, as no overlap resulted in gaps between the individual parts.
Overlapping 2 um resulted in a solid structure with the stitching area still visible. An overlap
of 10 pm yielded structures with only minimal visibility of the overlay (Fig. 7.2).

Mo = 1.265 Mo = 1.275 M orr = 1.285

Figure 7.1: Microscope correction factor M., to match structures composited by multiple
FOVs. The optimal setting was determined to be 1.275 (middle). Lowering M,
caused an increase of the FOV (left), while an increase in M,,,.. resulted in a reduced
FOV (right). SEM images recorded at USTEM, TU Wien.

Apoy = 0pm Apoy = 23m Apoy = 10m

Figure 7.2: A FOV overlap (Aroy) determines the area used for adjacent FOVs. Without
this overlap gaps are visible (left). Increasing to Arpoy = 21m allowed a seamless

junction (middle), which was improved by an overlap of Appy = 10pm (right).
SEM images recorded at USTEM, TU Wien.

Using the established parameters (Mo = 1.275, Apoy = 10 um) microscaffolds were struc-
tured using the 10x/0.3 objective from two material compositions: Zr-hybrid (0.1 wt% 4,4’-Bis)
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7 Results Large Field 2PP

and PCLg (0.1 wt% M2CMK). The settings for both materials were identical (Sec.3.7). Sta-
ble microscaffolds with a total length of 1.3mm (0.3mm buckyball and 1.0mm rod) could
be produced (Fig.7.3). Because of the FOV overlap method, the scaffolds could be closely
packed Both materials were observed using SEM microscopy. The different resolution in lat-
eral and vertical direction was evident. While clearly visible, the overlap region was correctly
fabricated (Fig.7.3). Zr-hybrid was previously found to be too brittle for nanoindentation
measurements [12] and for PCLg a storage modulus of 39.7 + 9.8 MPa (Sec.5.2) was mea-
sured. This material behavior could also be observed under SEM observation where zr-hybrid
exhibited micro-fractures, whereas PCLg retained an overall smooth surface area.

Figure 7.3: SEM-images of buckyball-scaffolds with added guidance rod fabricated from zr-
hybrid (left) and PCLg (right). Using the previously determined parameters for
Mo and Apoy allowed to fabricate structures larger than the available FOV.

zr-hybrid

100 pm

PCL,

Figure 7.4: Close up of zr-hybrid and PCLg scaffolds. Comparison of top (left) and side view
(right) showcases the difference in lateral and horizontal resolution. As the structure
was larger than the available FOV, it was composited by multiple FOVs, using the
previously evaluated parameters to connect the adjacent FOVs (right). As the
material was found to be less brittle than zr-hybrid, fewer microfractures were
observed. As with zr-hybrid there was a significant difference in the lateral (left)
and horizontal (middle) resolution. Close up of the overlap area of two FOVs (right).

To further illustrate the advantages of combining multiple FOVs for high resolution applica-
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tions, two connected buckyballs were fabricated. With a diameter of 100 pm each and a 50 pm
connection, the total length was 250 pm, which was fitting for 10x/0.3 objective, but was too
large for 63x/1.4 oil immersion objective using a single FOV. The first structures were produced
with 10x/0.3 objective and the same fabrication as for the buckyballs was done with zr-hybrid
(0.1wt% 4,4-Bis). The voxel height was too large to create pores large enough for cell ex-
periments. While the pore-diameter for the hexagon opening on top was 20 pm the side-view
revealved pores with a diameter below 5pm. (Fig. 7.5).

Figure 7.5: Connected buckyballs with a total length of 250 pm written in a single FOV using
10x/0.3 objective from zr-hybrid (0.1 wt% 4,4’-Bis). While the diameter of the top
pores was on average 20 pm, the voxel height of the objective caused a reduction of
the lateral pores to 3 nm, which is insufficient for cell migration into the scaffold.

The connected buckyball geometry was then fabricated using 63x/1.4 oil immersion objective
and overlapping FOVs. For structuring, 70 mW, 200mms=—*, A, = 0.4pm and A, = 0.5pm
were chosen. Two rods of 5pum diameter spaced 8 pm apart connected the scaffolds. The
overlapping FOV approach allowed to fabricate large enough geometries without compromising
the resolution associated with too small pore sizes. After these preliminary results, the distance
between the scaffolds was increased. Choosing two rods as a connection over a 18 um solid
plate was preferred due to the weight of the connecting structure. Initial experiments with
a solid connection showed the connection collapsing under its own weight at spacings above
150 pm after drying. This was not observed with two individual rods. Similarly to findings
of linetest structures, evaporation of the solvent caused high capillary forces, deforming the
free-standing rods. While stable in the solvent (Fig. 7.6, left) the rods were squashed together
after drying (Fig. 7.6, right). Replacing the solvent with HMDS, to reduce the surface tension
during drying [188], did not counteract these effects. As a solution suspension blocks were
introduced to grant stability and this method was studied for two buckyballs connected by
400 pm rods. The connections were stabilized by either a single strut at the center of the
connection (A = 200pm) or two equidistantly spaced pillars (A = 133pm). SEM revealed
stable connections for the two-pillar approach. A single supporting pillar did not grant enough
stability to counteract deformations (Fig. 7.7). The total length of the structure was 600 pum,
which was more than three times the available FOV of the 63x/1.4 oil immersion objective,
without compromising the resolution as in the case for 10x/0.3 objective.
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Figure 7.6: Two buckyballs connected by two 5 pm thick rods. While the structure was stable in
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the solvent (left), the two rods were squashed together after drying (right). Adding
HMDS to reduce capillary forces due to the evaporating liquid did not prevent this
process.

Figure 7.7: Buckyballs connected by 400 pm rods. To prevent deformation after drying, pillars

were introduced to stabilize the rods. While a single pillar was insufficient to prevent
deformation of 400 pm rods (left), two pillars spaced 133 pm apart allowed for stable
structures even after development (middle and right). The total length of the
structure was more than three times the available FOV of the 63x/1.4 objective.
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7.1 Discussion

7.1 Discussion

By combining multiple FOVs, complex microstructures were produced without compromising
the resolution of 2PP. To match adjacent FOVs, the microscope correction factor M., was
optimized. This factor correlates the beam position. If not properly adjusted, intersections
were not properly polymerized or overpolymerized. To assure stable junctions, a FOV overlap
was introduced. The selected overlap is exposed twice to guarantee sufficient cross-linking.
An overlap of 10 um yielded best results. Combining multiple FOVs with 10x/0.3 objective
allowed to produce microscaffolds consisting of a 300 pm buckyball and an added rod of 1.0 mm
from zr-hybrid and PCLg. While the production of millimeter high structures was previously
shown using techniques such as WOW-2PP [92], the structure was still limited in x- and
y-direction by the FOV. By combining multiple FOVs, scaffolds in the range of millimeters
in lateral direction could be produced. This is especially important for sol-gel materials, as
WOW-2PP is not applicable for solids and the working distance in z is therefore limited.
This allows production of scaffolds for specific biomedical applications such as the regeneration
of hair follicles [26,30]. The benefit of combining multiple FOVs was further illustrated by
comparing zr-hybrid structures of 600 pm length within a single FOV (10x/0.3 objective) and
multiple FOVs (63x/1.4 oil immersion). For this, buckyballs were connected via 400 pm rods.
The increase in voxel length for lower numerical apertures was shown by the different pore
diameters. Using 10x/0.3 objective the lateral pores exhibited a diameter of 20ypum, while
the diameter of vertical pores was 3pum. Such pore dimensions would not be insufficient for
propagation of cells into the scaffolds [191]. Producing the same structure using 63x/1.4 oil
immersion objective and combined FOVs, yielded the same scaffold size (3 x FOVgs,, with
FOVg3, = 190 pm) without compromising the resolution. Evaporation of the solvent caused
deformation of the unsupported rods. This effect could not be prevented by adding HMDS
to reduce capillary forces. As a solution, pillars were introduced, providing stability. Various
pillar spacings were studied. For a connection of 400 pm a pillar spacing of 133 pm prevented
deformation of the scaffolds. These highly resolved structures could potentially used to model
neuronal networks. For this, the scaffolds could be seeded with neurons (for example by means
of Faraday waves [46,47]). The connection between the scaffolds could direct the network
formation [200].
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8 Results Microscaffolds

Two studies of cell seeded scaffolds were conducted. Periodically arranged microcages of 100 pm
diameter were produced on a glass slide with feet attaching the cages to the slides. This
periodicity allowed the seeding of fibroblasts and later on neurons by way of Faraday waves.
Different geometries were compared to study the efficiency of the process. Experiments with
fibroblasts were carried out by Pu Chen. Follow up experiments with neurons were done by
Tanchen Ren. Both experiments were supervised by Utkan Demirci (Bio-Acoustic MEMS in
Medicine Laboratories, Canary Center, Stanford, USA).

The second study involved the production of buckyballs of 300 pm diameter, which were
seeded with KC and DP-like cells to induce hair follicles. This new approach for the regeneration
of hair was initially done using zr-hybrid to test the feasibility of the method. Lastly, scaffolds
produced from PCLg (Sec. 5) were seeded with the same cells to demonstrate the application
and cytocompatibility of this material. DP experiments were carried out by Antonella Pinto
under the supervision of Alexey Terskikh (Alexey Terskikh Lab, Sanford Burnham Prebys
Medical Discovery Institute, La Jolla, USA).

8.1 Microcages

For the microcage experiments using Faraday waves buckyballs of 100 pm diameter were pro-
duced with 63x/1.4 oil immersion objective (Sec. 3.7) in a 25 x 25 array. The structure is
displayed in Fig. 8.1.

Figure 8.1: SEM image of buckyball structure with 100 pm diameter. The geometry was fixed
to the glass sample by five rod extensions.

Initial experiments were done with MC3T3 fibroblasts (2 - 10% cellsml™!) for three samples
to study the optimal Faraday wave parameters before neurons were used. A control sample
was done without standing waves. Fibroblasts were only exposed to gravitational settlement.
Fibroblasts in sample 2 and 3 were exposed to standing Faraday waves at a frequency of 54 Hz
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8 Results Microscaffolds

Table 8.1: Faraday wave experiments. Significantly higher encapsulation of fibroblasts was
observed for standing wave conditions compared to control sample where cells were
solely exposed to gravitational force.

nr. of cages nr. of cells avg. nr. of cells std. deviation

control 79 93 1,177 1,217
54 Hz, 80 mV, 100s 68 214 3,147 2,152
54 Hz, 80 mV, 300s 61 221 3,623 2,368

and amplitude of 80 mV for 100 and 300s, respectively. Results showed significantly higher
cell encapsulation for standing wave conditions compared to the control sample (displayed in
Tab.8.1).

Control 54 Hz, 80 mV, 100 s 54 Hz, 80 mV, 300 s

Bright field

LSM

Figure 8.2: Preliminary Faraday wave experiments. Encapsulation of MC3T3 fibroblasts was
studied using two different experiment times. Control sample was done without
Faraday waves and fibroblasts were only exposed to gravitational force. Experi-
ments done by Pu Chen under the supervision of Utkan Demirci.

For follow up experiments, the effect of different buckyball geometries was studied. Three
samples with complete buckyballs, two samples with open top buckyballs, and two samples
with open bottom buckyballs were produced (discussed in Sec. 3.7) with the previous 2PP-
settings. Cortical neurons (isolated from embryonic day 18 (E18) CD-1 mice) were seeded
on the scaffolds (5 - 10° cellsml™! per sample) via Faraday waves. The parameters for the
Faraday waves from the initial experiment were used (50 Hz, 80 mV) and 300s was chosen for
the experiment runtime due to the higher cell number in the scaffolds. After 10 days, the cell
counting was done under confocal microscope. The experiments yielded highest cell density for
complete buckyballs geometries (10.48 +2.5 cells per scaffold), lower cell density for buckyballs
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8.1 Microcages

with open top (6.2 4 2.6) and significantly less for open bottom structures (1.3 £1.0). The full
data are displayed in Fig. 8.3.

Complete

Open top Open bottom

%

Il Open top
I Open bottom
” 101 1 Complete
S
O
T 8
8]
%)
S 61
—
)] —
€
5 47
pzd
2_
N 0

o 1.2 3 4 5 6 7 8 9 10
Cells per scaffold

Figure 8.3: Neurons trapped by buckyballs of in 100 pm diameter obtained with LSM (top row).
Higher encapsulation of neurons was already visible for open top and complete buck-
yball structures when compared to open bottom geometries. The number of trapped
cells was obtained via z-stack. Counting of trapped cells for each scaffold revealed
most efficient cell trapping for the complete buckyball structure (lower) while open
bottom contained the least amount of cells. Experiments done by Tanchen Ren
under the supervision of Utkan Demirci.
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8 Results Microscaffolds

8.2 Hair Follicles

Initial experiments were done using buckyball microscaffolds fabricated from zr-hybrid (Sec. 3.7).
The seeded scaffolds were then implanted to study if hair growth was induced after transplan-
tation. After this initial test, the PCLg scaffolds were seeded with cells to evaluate the usability
of the biodegradable material for this method.

8.2.1 Zr-Hybrid

The zr-hybrid buckyballs were placed manually into the micro-molded agarose dish produced
from the silicone positive (described in detail in Sec.3.9.1). Three different seeding methods
were chosen. The negative control consisted of only mKCs. Mouse embryonic DP cells in
combination with mKCs were used as positive control to showcase follicle growth using only cell
types derived from mice. Lastly, DP-like cells derived from hiPSCs and mKCs were combined
to study the growth of human hair follicles. Cell encapsulation was observed already at 24 h
after plating and was stable for the following 48 h (Fig. 8.4). Furthermore, this method was
highly reproducible as the majority of the scaffolds held the encapsulated cells in the same
manner.

The buckyballs were then transplanted on the back of nude mice by manually transferred the
scaffold underneath the murin skin. 14 days post-transplantation, hair shafts were observed
(Fig. 8.5). Transplantation of a combination of E18 mouse dermal cells (mDCs) and mKCs
induced robust hair growth (positive control), mKCs alone resulted in minimal hair induction
(negative control), as previously reported [201,202]. However, human iPSC-DP cells combined
with mKCs induced robust hair growth, comparable to that seen in a positive control.

The number of hair follicles formed in each patch assay was quantified by manually counting
the black hair shafts. The generated hair follicles were next analyzed via immunohistochem-
ical staining, using the K14 antibody and a human-specific antibody to detect the epithelial
compartment of the follicle and the presence of human DP-like cells, respectively. DAPI was
used to stain nuclei (Fig. 8.5). Immunolabeling of the newly generated hair follicle with human
cytoplasm-specific antibody revealed human cells in stereotypic positions of dermal papilla,
except in the mouse cell-derived positive control. Therefore, it could shown that the follicles
observed using stereomicroscopy were indeed produced by human DP-like cells.
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8.2 Hair Follicles

Figure 8.4: Representative images of the scaffolds used for the encapsulation of hair-inducing
cells into the buckyballs. Pictures were taken under a stereo-microscope at different
time points, as indicated in each quadrant. Experiments done by Antonella Pinto
under the supervision of Alexey Terskikh.

mKC mDC + mKC
(negative control) (positive control)

("_’i‘. - F
i / . -
& Y '

hiPSC-DP + mKC

Bright field images

Green field images

Figure 8.5: Intradermal transplantation of iPSC-DP cells into the back skin of nude mice. Hair
shafts were observed underneath the skin, as shown by the stereo images of the
whole mounts of embryonic mKCs transplanted alone (negative control) or in com-
bination with mouse dermal cells (mDC, positive control) and DP-like cells derived
from hiPSCs (upper). After 14 days, the scaffolds were still visible at the site of
transplantation as shown in the pictures taken with a fluorescent microscope (lower).
Experiments done by Antonella Pinto under the supervision of Alexey Terskikh.
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8 Results Microscaffolds

hiPSC-DP + mouse keratinocytes Mouse keratinocytes + mouse dermal cells

Figure 8.6: Immunohistochemical images of generated hair follicle after transplantation of em-
bryonic mouse keratinocytes combined with human iPSC-derived DP cells (left),
or embryonic mouse dermal cells (right). Human cytoplasm was stained using the
human-specific antibody MAB1273 (in red). It recognizes only human cells, while
K14 (in green) stained keratinocytes. DAPI (blue) was used to identify nuclei.
Therefore, it was demonstrated that the observed follicles were indeed produced by
the human DP-like cells and mouse keratinocytes. Experiments done by Antonella
Pinto under the supervision of Alexey Terskikh.

8.2.2 PCL-Based-Prepolymer

After this prove of principle, the lolly-up scaffolds produced were studied with a special focus
on PCLg due the biodegradability of the PCL-backbone. The lolly-up scaffolds were seeded in
the agarose microwells with hiPSC-DP cells and mouse keratinocytes (Fig. 8.7) in the same
manner as the zr-hybrid based buckyballs. After a gentle centrifugation, to enhance gravity-
driven sedimentation, it was observed that the cells were easily confined in the small space of
the resection, ensuring contact with the ball portion of the scaffold (Fig. 8.7).

After 48h the cells aggregated within the lolly-up scaffold, forming dense spheroids at the
bottom buckyball (Fig. 8.8).

8.3 Discussion

Cell loading of 2PP-produced scaffolds via Faraday waves was successfully demonstrated for
fibroblasts and neurons. Complete buckyballs showed the most effective cell trapping, which
was probably due to the stability provided by the geometry. Neurons trapped in open top
buckyballs were probably exposed to stronger convection during the washing steps, while open
bottom structures likely did not provide sufficient support for cells. This new method shows
promise to develop 3D-neural structures, which can significantly broaden the understanding
of the wiring and mapping mechanisms of neurons [200]. Producing these highly complex
patterns could be done via 2PP by combining the high resolution required with previously
produced bridge-connections between buckyballs (Sec. 7). These connected structures could
be used as guides to direct neuron growth to create custom neuron networks.

2PP-fabricated scaffolds were used for a new approach for the regeneration of hair follicles.
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8.3 Discussion

Figure 8.7: Picture of the micro-molded agarose culture dish with single lolly-up scaffolds placed
into each resection, as shown in the insert. Experiments done by Antonella Pinto
under the supervision of Alexey Terskikh.

Figure 8.8: PCLg-based lolly-up scaffolds in agarose molds. After seeding (day 0), hiPSC-DP
cells and mouse keratinocytes aggregated within the bottom buckyball and formed
a dense spheroid. Pictures were taken under a stereo-microscope at different time
points, as indicated in each quadrant. Experiments done by Antonella Pinto under
the supervision of Alexey Terskikh.
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8 Results Microscaffolds

The high porosity of the buckyball geometry allow to combine iPSC-DP and mKC cells to
provide the shape required by the cells in their natural state and to enhance the crosstalk
between dermal and epidermal cells. Moreover, the scaffolds provide a new tool to facilitate
the transplantation of the three-dimensional follicular units into the back of nude mice and
to enhance the hair growth through the skin, mimicking the biological event of hair follicle
formation in human beings. This was demonstrated by the use of buckyballs fabricated from
zr-hybrid. As this glass-like material is not biodegradable, the cell seeding was also done with
PCLg as its PCL-based backbone is cytocompatible and biodegradable. The use of hiPSC-
DP cells in micro-scaffolds for the neogenesis of hair follicles from autologous adult cells could
contribute to create a highly customized approach to stem cell treatment for hair loss disorder,
to overcome the limitations currently present in this field [31,65,66].
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9 Conclusion

A comprehensive study of 2PA processes and materials was carried out. The 2PA cross sec-
tion g9 of NLA compounds was characterized in a range from 690 to 1040 nm. Assembling a
completely automated z-scan setup allowed for fast screening of the compounds. A mechanical
chopper was required to reduce effects of higher order caused by the high repetition rate laser.

Furthermore, the use of reflective optics minimizes dispersion and enables an automated
measurement procedure without manual readjustment when changing the wavelength. Because
of an extensive calibration routine, oy could be reliably measured, rendering this setup as a
viable alternative to conventional OPA or WLC z-scan systems [35,36]. As the laser source
is the same for 2PP and z-scan experiments, the correlation of absorption and polymerization
studies could be directly studied. A correlation between o9(A) and the required threshold power
Py, was shown as described by the established model. Matching the wavelength used for 2PP to
the 2PA maximum reduced the required lower laser powers and allowed for higher fabrication
speeds. In addition, various PS were screened for potential 2P-PDT applications [203]. The
water soluble P2CK was used to locally induce cell death in cancer cells without causing damage
in the surrounding environment. In addition, the 2PA spectrum of porphine exhibited a o
several magnitudes larger than P2CK. Therefore, concentrations of porphine in the y M-range
can be used for future 2P-PDT experiments, as for these concentrations it is not cytotoxic, [204].

The power required for polymerization (P,) was extensively studied with a close inspec-
tion of the scaling factor, moderating the correlation of scanning speed (v) and P,,. Previous
works reported a quadratic correlation between those two components (P, oc v%5, blue.red
area in Fig. 9.1). However, these works were conducted using writing speeds in the range
from 10 to 100 pms™" [43-45]. In the current work the scanning speed was increased up to
100mms~!. The polymerization threshold was studied under three different conditions with
increased complexity. Initial experiments were conducted using single lines. Afterwards, two
lines were produced spaced 0.1 pm apart. Lastly Py, of fully 3D-structures was evaluated using
Raman spectroscopy. For all experiments the scaling factor was in the range i € {0.16 — 0.30}.
Fitting data in accordance with the established i = 0.5 resulted in fits with R? values almost
exclusively below 0.65, indicating that the current model is not properly describing 2PP pro-
cesses at higher fabrication speeds. This is possibly due to the fact that models were based
on experiments under static exposure conditions and did not take diffusion of radicals into
account. The results of this work demonstrate, that an increase from 10 to 100 mm s~ requires
an increase of laser power by 78 % (green area in Fig. 9.1), instead of the previously assumed
216 % percent as one would expect from quadratic dependence.

Combining multiple FOVs allowed to produce microscaffolds larger than the FOV of a given
objective. By matching the overlapping regions, objects of 0.6 mm length could be produced
using a 63x/1.4 oil immersion objective, without compromising the excellent resolution. A
promising application of this was shown using Faraday wave experiments. Here, microcages
were produced from sol-gel materials [32-34] to seed the scaffolds with fibroblast or neurons.
By placing structures in a periodic grid, the nodes of the Faraday waves were matched to these
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9 Conclusion

positions to drive the cells towards the microcages. The effective trapping of neurons shows
great promise for the development of 3D-neural structures that can significantly broaden the
understanding of the wiring and mapping mechanisms of neurons [200]. For future experi-
ments the previously discussed combination of multiple FOVs will prove vital, as the connected
microcage structure presented in this work could be used to direct the growth of neurons.

Over the course of this work, novel PCL-based prepolymers were tested for their 2PP-
processability. While the initial PCLy did not require PI for polymerization, the fabricated
structures were too weak for self support. The addition of shortchained triacrylates allowed for
sufficient cross-linking. Structures produced from the hexafunctional PCLg were stable after
development even without the addition of additional cross-linking prepolymers. The reduced
Young’s modulus was measured via nanoindentation to be 39.7 + 9.8 MPa. This yielded flexible
scaffolds which did not fracture during handling as previously used sol-gels [12]. Loading 2PP
produced scaffolds with iPSC-DP cells and mKC induced the growth of human hair follicles
after implantation in mice. The viability of scaffolds produced from PCLg was shown by suc-
cessful loading of the scaffold and cell survival after 3 days. Due to the fact that PCLg is based
on a biocompatible and biodegradable PCL-backbone, this newly synthesized material shows
immense potential for future application in tissue engineering.
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Figure 9.1: Dependence of the polymerization threshold Py, from 2PA cross section and writing
speed. The blue-red 3D-area represents the required minimum laser power Py,
for a given writing speed and 2PA cross section (given in GM). While previous
models predicted a dependence of Py, o< v%5 [43], the results presented in this
project yielded a significantly lower scaling of required laser power for writing speeds
of 100mms~!. As represented by the blue-green area, the writing speed can be
increased further than predicted by the established model (P, oc v%?2). The red

2D-plane represents the laser power limit of commercially available systems [39].
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