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1 Kurzfassung

Zweiphotonenpolymerisation (2PP) ist eine vielseitig anwendbare laserbasierte
Fertigungstechnik, die es ermdglicht, 3D Strukturen mit Mikro- und Nanometerprazision
herzustellen. Die Strukturen kdénnen dabei direkt nach einem computergenerierten Design
(CAD) additiv aufgebaut werden. Fir die 2PP benétigt man stark fokussiertes, femtosekunden-
gepulstes Laserlicht. Die Wellenlange der verwendeten Laser liegt normalerweise im nahen
Infrarotbereich. Licht dieser Wellenlangen wird von biologischem Gewebe nur minimal
absorbiert und verursacht bei moderaten Pulsenergien keine zellularen Schaden. Theoretisch
kann also 2PP in direktem Kontakt mit lebendem Gewebe und Zellen erfolgen. Mithilfe von
biokompatiblen Formulierungen kénnten so bioaktive Konstrukte geschaffen werden, die
dynamisch modellierbar sind und &hnliche topografische, chemische und mechanische
Anreize wie die natlrliche extrazellulare Matrix (EZM) geben. Mittels 2PP kdnnte man so
bestimmte Elemente dieser Umgebung verandern, ohne auf andere Faktoren Einfluss zu
nehmen. Um diese Mdglichkeiten auszuschépfen, missen jedoch zwei Einschrankungen der
2PP Uberwunden werden: die langen Prozesszeiten und die geringe Verfligbarkeit von
passenden, fur die 2PP optimierten photopolymerisierbaren Formulierungen.

In dieser Doktorarbeit beschreiben wir das Design und die Realisierung eines experimentellen
Aufbaus flr die 2PP, der es erlaubt, neuartige wasserbasierte Formulierungen zu verarbeiten.
Hydrogelstrukturen kénnen mit Schreibgeschwindigkeiten von Uber 100 mm/s aufgebaut
werden, die bisher hchsten Schreibgeschwindigkeiten in der 2PP. Zusétzlich kdnnen diese
Strukturen in vivo, in Gegenwart von lebenden biologischem Gewebe und Zellen geformt
werden. Mithilfe eigens entwickelter, wasserldslicher 2PP-Photoinitiatoren (PI) konnten wir
Akrylat-Monomere in Formulierungen mit Uber 80% Wassergehalt vernetzen. Da diese
Monomere eine Tendenz zur Michael-Addition an Proteine zeigen, untersuchten wir auch die
Verarbeitbarkeit von Vinylester- und Vinylkarbamat-Monomeren. Im Gegensatz zu Akrylaten,
die in potentiell toxische Polyacrylsaure zerfallen, degradieren Vinylester und Vinylkarbamat-
Polymere zu biokompatiblen Polyvinylalkohol. Effiziente Thiol/-en-Chemie erlaubte uns, CAD-
Préazisionsbauteile aus biokompatibler modifizierter Gelatine und Hyaluronsaure aufzubauen.
In Toxizitdtsanalysen untersuchten wir den Einfluss einzelner Komponenten von
akrylatbasierten Formulierungen auf den Modellorganismus C. elegans. Schlussendlich
zeigten wir 2PP in direktem Kontakt mit lebenden Nematoden.



2 Abstract

Two-photon polymerisation (2PP) is a versatile laser fabrication technique that allows the
creation of 3D structures at micro- and nanometre precision. The structures are created
additively in direct accordance to a computer-aided design (CAD). It requires tightly focused
fs-pulsed light sources usually operating in the near infrared (NIR) wavelength range. In this
region, biological tissues exhibit a window of transparency and only absorb light minimally.
When operating below a certain pulse energy threshold, the laser light does not cause any
cellular damage. This theoretically allows inducing 2PP in the presence of living biological
tissues and cells. Suitable biocompatible formulations that can render bioactive constructs
would potentially allow building a dynamic environment with topographical, chemical and
mechanical cues similar to that of the natural extracellular matrix (ECM). In that way, 2PP
would allow to alter key elements of this environment without changing any other influencing
factors. To explore these possibilities, 2PP has to overcome two main limitations, the slow
process speeds and the lack of available optimised formulations.

In this thesis, we report the design and realisation of a 2PP experimental setup, which allows
fabricating hydrogel structures from novel water-based formulations. Writing speeds of above
100 mm/s are feasible, which is the highest speed reported in 2PP. Moreover, the presented
components have the potential to be formed in vivo, in the presence of living cells and tissues.
Using water-soluble two-photon optimised photoinitiators (PI), we could effectively cross-link
acrylates in formulations of up to 80% water content. As acrylates show a tendency towards
Michael addition to proteins, we explored the use of vinyl ester and vinyl carbonate monomers
for 2PP. In contrast to acryic polymers, which form potentially toxic poly (acrylic acid), vinyl
ester and carbonate polymers form biocompatible poly (vinyl alcohol) during degradation.
Efficient tiol/-ene chemistry enabled us to cross-link modified Gelatine and Hyaluronic Acid
hydrogel precursors to form precise biocompatible constructs in good accordance to CAD.
Using model organisms of type C. elegans, we performed lethal concentration assays
exposing the animals to the components of one selected hydrogel formulation. Finally, as a
proof-of-concept, we performed 2PP directly in the presence of a living nematode.
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5 Introduction

Additive manufacturing (AM) allows creating parts additively directly in accordance with a
computer-aided design. The big advantage of this technique is its small batch size, which
cannot be reached with any other manufacturing processes. Every individual structure can be
customised. In some cases, also several different parts can be created in one batch.

This advantage rendered AM widely used in biomedical applications, where implants are
created according to data from clinical imaging like magnetic resonance or computer
tomography. However, conventional AM technologies (AMT) have resolutions in the tens of
micrometre range. A construct like the native extracellular matrix (ECM), has micro-features
organised in a 3D continuum proceeding from the micro- to the macro-scale (REF). To really
resemble these features, an AMT is required that allows resolutions below one pm while still
being able to create mm to cm sized constructs.

Two-photon polymerisation (2PP) is a novel AMT that uses pulsed near infrared (NIR) laser
light to trigger polymerisation of a liquid formulation. Due to the nonlinear two-photon
absorption (2PA) effect, the polymerisation only occurs in the confined area of the focal point
of a high magnification, high numerical aperture microscope objective. Due to this nonlinearity,
the feature sizes are much smaller than in conventional AMT. Moreover, as polymerisation
only occurs in the focal point, the polymerisation is not limited to the surface of the formulation.
In contrast to other AMTSs, thus, 2PP does not require a layer-by-layer approach. 3D features
can be directly created tracing the focal point into the volume of the formulation.

For biomedical applications, 2PP offers another advantage. As biological tissues exhibit a
window of transparency at the wavelength of the applied laser, the light only causes minimal
stress for tissues and cells. In two-photon microscopy, which is based on the same working
principle, high-resolution pictures can be taken deep inside living biological tissue without
causing cellular damage. Hence, with 2PP, it would be theoretically possible to create high-
resolution constructs in a topographical similarity to the ECM directly in the presence of cells
and tissues. This synthetic environment can then be tuned dynamically to observe the
interactions with cells and tissues.

These are exciting prospects indeed. However, for exploiting the possibilities, 2PP has to
overcome two main limitations. First, as 2PP constructs are built from very thin polymeric lines,
the fabrication of constructs in biologically relevant size takes hours or even days. For
significant biological assays, a large number of constructs are needed. Current fabrication
times limit the use of 2PP for this purpose. Second, there are only a limited number of
formulations commercially available so far, all of them exclusively soluble in organic solvents
only. However, for successful polymerisation in the presence of biological tissues and cells
hydrophilic precursors are needed that can render biocompatible hydrogel constructs, i.e.
polymers swollen by water. Ideally, these precursors are based on synthetic or naturally
derived biomaterials that not only are inert to cells but also support their proliferation and
differentiation.

In this PhD thesis, we addressed both aspects; the long processing time and the limited
availability of 2PP optimised biocompatible formulations. Thus, we designed a novel 2PP
system intended to increase the fabrication speed. Secondly, we screened water-based
formulations efficiently convertible into hydrogels. Finally, we tested these materials regarding
their biocompatibility and their potential for biomedical applications.

This PhD thesis is divided into two parts. In the first section, we will provide a short overview
over existing AM technologies and their differentiation from 2PP. Then a theoretical description
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on the components involved in a 2PP will be given and the working principle of necessary
devices involved will be explained. Furthermore, the reader will gain knowledge about the
composition of a polymerisable formulation and will get an overview over existing work on
biocompatible 2PP materials.

In the second section, we will present the design, composition and capabilities of the 2PP
experimental system we built in the course of this thesis. On this system, we screened novel
water-soluble two-photon initiators and ranked them regarding their efficiency. We will
investigate the 2PP processability of novel biocompatible hydrogels based on natural and
synthetic components. Finally, the reader will get an insight on the biocompatibility and
feasibility for in situ fabrication of the presented formulations.



6 Additive Manufacturing Technologies

The general principle of additive manufacturing (AM) is to create a 3D object by successively
adding cross-sections of defined thickness on top of each other. An AM technology (AMT) can
convert 3D computer aided designs (CADSs) into single slices and assemble a part physically
adding these slices in the right order. The system works without user interaction and thus
combines computer aided design with manufacturing (CAD-CAM). In contrast to other
manufacturing technologies, the material properties of the object evolve simultaneously to its
geometry during the fabrication. AMT are processes in which [1]:

e the slices are generated from CAD files that are universal to all AMTs (STL?! format),

¢ no tooling is required,

¢ mechanical properties evolve simultaneously to the geometry and

e workpieces can be generally created in any direction. As it inherently adheres to the
building platform, it is not necessary to clamp the pieces as in conventional machining
processes.

Formerly, AMT was known as Rapid Prototyping. Its initial use was to quickly create simple
objects meaningful for a particular related product. These objects supported the design
process without being necessarily applicable. In recent years, however, AMTs became
feasible for direct manufacturing of end-products.

Figure 1 a) CAD of an indy racecar, b) approximation of the surface via a net of triangles (STL) and c)
generation of layered cross-sections for subsequent AM

1The STL file format is a data interface approximating a 3D object’s surface via triangles. Three end
points and the associated surface normal describe each triangle. The smaller the triangles, the more
the model matches to its intended design. Smaller triangles, in turn, increase the file size and complicate
computer processing. The STL is the common standard in AMT and in various other CAM applications
and is saved binary or in ASCII code.
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The underlying physical principle classifies AMTs into different groups. They can be roughly
divided into technologies that generate from the solid, liquid and gas phase [1]. Generation
from the solid phase includes:

e melting and solidification of powder, powder mixtures or granulates (sintering or melting
processes),

e cutting or milling out from foils, ribbons or boards,

¢ melting and solidifying hard materials (extrusion) and

¢ adhesion of granulates or powders via binders (3D printing).

Forming objects from the gas phase includes:

e physical separation from aerosols and
e chemical separation from the gas phase

Finally, the generation of objects from the liquid phase includes laser or lamp assisted
photopolymerisation. In our group, we specialized on the latter process. The underlying AM
principle is called photolithography based AM. In the next chapter, we will discuss the main
composition of photopolymerisable formulations and explain their overall polymerisation
principle based on common components.

6.1 Photopolymerisation

A photopolymerisable formulation typically consists of a reactive diluent, a cross-linker and a
photoinitiator. However, most formulations contain additional components (Figure 2) all
influencing its reactivity, viscosity, reaction mechanism and the properties of the resulting
polymer [2][3]:

e High molecular weight monomers, i.e. cross-linkers with more than one reactive group
define the mechanical properties of the resulting polymer.

¢ Mono- and multifunctional reactive diluents affect the number of reactive groups,
decrease the viscosity of the formulation and additionally tune the mechanical
properties.

o A photoinitiator that meets the emission spectra of the used light source efficiently
creates radicals upon its activation.

e A solvent swells the polymer network decreasing the stiffness and strength of the
obtained structure.

e Filler materials influence the Young’s modulus? and/or other functional properties of
the final polymer structure.

¢ If the monomers are very reactive, inhibitors can prevent premature polymerisation
scavenging formed radicals.

e Bioactive stimuli can be added to the formulation. These substances are major
determinants for cell behaviour and can be conjugated to the scaffold material [5].

Adding solvents and filler materials decrease the shrinkage during polymerisation to obtain
better shape accuracy and reduce internal stresses.

2 The Young’s modulus is also known as tensile modulus or elastic modulus. It is a value describing the
stiffness of an elastic material. It is calculated as the ratio between stress and strain along an axis in the
linear range, where Hooke’s law can be applied [4].
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Figure 2 Basic building block of photopolymerisable formulations used for lithography based AMT [2]

In photopolymerisation, initiators dissolve into radicals that break the double bonds of the
monomers (cross-linkers and reactive diluents) and start the solidification in the radical chain
reaction polymerisation. In the following section, we will explain the mechanisms of the PIs’
decay into radicals and the process of radical chain growth polymerisation.

6.1.1 Photoinitiator

Pls are the key substance of photopolymerisable formulations. They are UV or VIS sensible
and convert radiation energy into chemical energy dissolving into radicals [6] (Figure 6a),
molecules that have unpaired electrons on an otherwise open shell configuration. As they are
highly reactive, they can react with another molecule breaking its double bonds [7]. This
initiation step starts the free radical polymerisation chain reaction.

In conventional photopolymerisation, one absorbed photon elevates the Pl molecule from a
lower (So) to a higher and short-lived (S1) vibrational energy level, both of them being singlet
states with spin zero.® Rather than immediately decaying to the ground state simply emitting
fluorescence or converting the energy into internal heat, the Pl decays to a long-lived triplet
state via inter system crossing. The spin of the molecule is now one.* Depending on the
molecule, the Pl in the excited triplet state can create radicals via the monomolecular type 1
or the bimolecular type 2 mechanism of radical formation.

8 The spin is measured in reduced Planck’s constant
4 Triplet is referred to the three possibilities for the secondary spin qguantum number (1,0,-1).
12
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Figure 3 a) type | initiator Irgacure 369 cleaves from the excited triplet state forming two radicals that can
start polymerisation b) an amine (2) quickly transfers an electron to the type Il initiator benzophenone (1);
proton transfer leads to a reactive amine that can start polymerisation. The Pl itself recombines [8].

A- or B-cleavage leads to photo-fragmentation and radical formation of type | Pls. This usually
takes place next to an aromatic carbonyl group and thus results in the formation of one or two
benzoyl radicals, which are capable of starting the polymerisation. One typical example of a
a-cleavage initiator is Irgacure 369 (Figure 3a).

Chromophores such as benzophenones and analogues as well as donors (co-initiators) such
as alcohols, ethers and amines are the basis of bimolecular type Il Pls. They create radicals
via hydrogen abstraction or electron transfer. In hydrogen abstraction, a benzophenone in the
triplet state, for example, abstracts hydrogen from an alcohol, ether or amine. Whereas the
formed alcohol, ether or amine radicals start the polymerisation, benzophenone radicals
recombine to form a non-reactive dimer. Figure 3b shows the latter type Il reaction. An electron
is abstracted from the amine (2) and transferred to the excited ketone (1). Subsequent proton
transfer renders reactive amine radicals that can start the polymerisation. The benzophenone
radicals recombine. Beside amines, ethers or alcohol, also monomers or the formed polymer
chains can serve as donors [9][8][10].

For 1PP, the reaction mechanism of type | initiators is usually more efficient. It is much simpler
and requires shorter excited state lifetimes not necessitating any interaction with another
molecule. For 2PP, however, type | initiators are rare as shifting their absorption spectra is
complicated. The design of 2PIs will be addresses in section 7.2.

6.1.2 Cross-linking of monomers

Radicals formed in the initiation process (Figure 6a) cross-linked viscous monomers to form a
polymer. In the simplest case, a photopolymerisable formulation consists of only one type of
monomer and the PI. Figure 4 shows the cross-linking of acrylates (AC), common monomers
in photopolymerisation. In the propagation step (Figure 4b), the PI radicals break the double
bonds of the carbonyl group and add onto the acrylate monomers rendering the nearest carbon
a radical. The formed molecule can add another acrylate, which creates another anchor point
on the molecule.

13
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Figure 4 The principle of Initiation (a) and Propagation (b), modified from [6] and [11]

This process continues until a chain termination reaction occurs. Recombination (Figure 5(1))
involves two unpaired electrons from two reactive molecules that bond together to form a non-
reactive molecule. In disproportionation (Figure 5(2)), a radical attaches to a single C-H bond
from another reactive molecule. Both reaction partners can form two non-reactive molecules,
one with a single and one with a double bond at the end of the chain. Termination can also
happen through random incidentally existent inhibitors such as aerial oxygen. This is a
common challenge in stereolithography (see section 6.2). The radical chain propagation
terminates integrating a peroxide group.

Figure 5 Termination through Recombination (1) and Disproportionation (2) or oxygen inhibition (3),
modified from [6] and [11]

Branched polymers develop via chain transfer reactions (Figure 6). A reactive chain transfers
its unpaired electron to a random unreactive C-H bond anywhere in the middle of the reaction
partner’s chain. While this terminates the chain growth of the considered molecule, it creates
a reactive anchor point in the chain of the reaction partner. As other molecules attach, a new
chain starts to propagate leaving a branched polymeric structure [11].
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Figure 6 Chain transfer, R stands for the acrylate branch modified from [6] and [11]

Photopolymerisation based AMT restricts the curing of the formulation to the respective
layered cross-sections of the CAD (see Figure 1c). It can be distinguished between different
lithography based AMTs regarding their way of spatially controlling the exposure [1]. In the
following section, we will present laser-scanning and photomask based AMT.

6.2 Lithography based AMT

Laser-scanning based stereolithography (SLA) is the oldest and most widely used AMT.
Figure 7 shows a principal scheme. Typically, a UV laser beam with small diameter passes an
acousto-optic modulator (AOM) which turns it on and off. A galvanoscanner containing two
rotating mirrors deflects the laser beam before it reaches the surface of a photopolymerisable
formulation. Both, the AOM and the galvanoscanner, are computer-controlled. The beam
moves on the surface of the specimen according to the cross-sections of the CAD. As the
fabrication starts, the first layer cures to a defined depth. It sticks on the computer-driven
building platform, which moves away from the surface. The coating system delivers new liquid
material and the illumination starts again. The depth of curing is slightly larger than the
movement to ensure cross-linking with unreacted functional groups of the previous layer. This
ensures good adherence. The procedure repeats until the desired solid object reaches its
intended extent. In STL writing speeds of 0.2-0.5 m/s are possible [2].

After fabrication, the operator removes the part from the building platform and cleans it from
excess liquid formulation. This requires chemical developers or water (depending on the type
of formulation). Afterwards, it is necessary to drain the finished part. In many cases, STL
produces parts not fully polymerised. These “green part” are post-cured with UV light to
improve their mechanical properties [12]. Subtractive post-processing like machining, grinding,
sandblasting, metallizing and/or painting is possible to a certain extent.
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Figure 7 Comparison between a) Laserscanning SLA [6] and b) DLP [13]

Among all commercial AMTSs, laser-scanning is still the most accurate. Only the diameter of
the laser beam limits the X- and Y- resolution. Hence, today, the laser beam usually passes a
focusing device before it reaches the formulation increasing available resolution and providing
more energy per unit area. A resolution of 5 um in the X- and Y- plane and 10 um in the Z-
direction have been reported processing hybrid sol-gel materials without further post-
processing [2]. During the fabrication process, the parts have relatively low strength.
Recoating, internal tensions and/or the part’'s self-weight can easily deform overhanging
structures or cantilevers. These geometries require supporting during the building process
(Figure 8). Another disadvantage of laser-scanning and its related bottom-up structuring
procedure is the related exposure of the surface to the surrounding environment. Oxygen
inhibition might hinder the polymerisation process and reduce the obtainable part quality
making it necessary to provide an adequate surrounding (e.g. nitrogen).

Figure 8 CAD part of yarn guide with supports

Figure 7b illustrates a photomask lithography based AMT: Here, the machine fabricates the
object top-down rather than bottom-up projecting light on a transparent, non-adhering plate
from underneath. The building platform dips into the formulation from above. On one side, this
eventually increases the mechanical forces during the separation from the bottom plate after
the illumination. On the other, it ensures a smooth surface and prevents oxygen from reaching
the polymerising surface. In addition, for low-viscous formulations, recoating is not required. In
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contrast to laserscanning, the dynamic masks can cure the entire cross-section of the part at
once. When using high power light sources, this reduces the process time significantly.
Exploiting the full extent of the building platform, the process speed measure is vertical mm/h.

Ceramics

-

Sintered Green  Photopolymer

‘ Part

Figure 9 DLP of ceramic materials [13]

Sintering

!

One can distinguish between lamp-mask and projector mask processes. The former includes
a transparent mask on which the full cross-section of the part is displayed. Strong UV lamps
shine through the mask and cure the behind liquid formulation at desired spots. The latter
(Figure 7) uses a video beamer to image the cross-section onto the surface to be exposed. In
this technology, a digital light projector (DLP), consisting an array of micro-mirrors (digital
mirror device), projects a 2D pixel-pattern onto the transparent plate. Depending on the
focusing objective and the amount of micro-mirrors, the resolution can be up to 40 um laterally
and 15 um in Z [13].0ur group uses this technique to process formulations filled with ceramic
particles (Figure 9). The “green part”, which is obtained after fabrication, is an organic matrix
containing ceramic particles. Thermal treatment including drying, debinding and sintering
ensures the removal of this matrix. This facilitates the AM fabrication of fully dense ceramic
parts. It was possible to fabricate alumina, bioglass and B—tricalciumphosphate objects [13].

Similar to stereolithography, 2PP is a laser-scanning approach, too. The experimental setups
can be similar to that of Figure 7a. However, as fabrication is not limited to the surface of the
formulation, the focal point can be moved anywhere in the volume leaving cured polymer along
its trace [11][14]. Any arbitrary 3D shape can thus be “recorded” into the volume (see Figure
10). The basic building unit, where the polymerisation takes place (volumetric pixel or voxel)
can be regarded as “3D pen”, with which a polymeric line can be created anywhere in the
volume of a formulation.

The resolution can be down to 65 nm [15] as the non-linearity of 2PA provides the possibility
to reduce the size of the polymerised volume below the diffraction limit [14]. Figure 10 shows
a comparison between STL and 2PP fabrication. The former is limited to the surface, whereas
in the latter allows to trace the focal volume (volumetric pixel or voxel) through the formulation
leaving a complex polymeric structure.
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Figure 10 Right image: 2PP is limited to the focal point of a microscope objective; Left image: STL is limited
to the surface and requires layer-by-layer manufacturing [11].

Hence, as first AMT, 2PP offers true 3D polymerisation without the need of a layer-by-layer
fabrication procedure. All shortcomings related to the surface formation such as high
viscosities of the formulation (leading to high surface tensions), the necessity of recoating, the
need of supporting material and oxygen inhibition can be discarded.

For any photopolymerisable formulation it is necessary to define a minimum threshold
irradiation (energy and/or time), that is required for starting polymerisation. Likewise, a
maximum threshold exists, where high-energy doses lead to bubble formation and subsequent
damage to the polymer. Apart from the magnification and the numerical aperture of a
microscope objective, also the irradiation dose regulated by laser power and scanning speed
determines the voxel size.

The unique features of 2PP are an effect of a nonlinear activation principle, substantially
different from one-photon activation in other lithography based AMT. The nonlinearity of this
principle places very specific demands to the hardware and chemistry involved in 2PP.
Conventionally, 1PA optimised compounds were used for 2PP, too. However, this resulted in
inefficient cross-linking and therefore long process times, a major drawback of 2PP. To face
this challenge, it is indispensable to optimise the components of photopolymerisable
formulations for 2PP specific needs. Furthermore, we also have to use hardware that is able
to rapidly trace the focal point inside the volume of an optimised formulation. Appropriate light
sources and fast switching devices are necessary. They facilitate an efficient supply of laser
intensity precisely at CAD defined spots inside the volume.

To accommodate 2PP requirements, it is worth to look at this nonlinear two-photon absorption
effect from a theoretical side. Its basic physical principle and its history of origin will be topics
of the next chapter. The reader will get to know other application than 2PP based on the same
two-photon absorption (2PA) effect. Furthermore, we will get a little deeper into 2PP
applications in particular.

The structure-property relationship of two-photon absorbing molecules will be part of the next
chapter’'s second section. Describing the efficiency measure two-photon absorption cross-
section (8), we will explain a two-photon absorbing molecule’s composition and explain in
which way different groups of the molecule contribute to this efficiency value. Finally, we will
investigate how a molecule’s 3 is related to its feasibility as efficient two-photon PI.

In the third section of the next chapter, we will explain the basic principle of the light sources
used in this work. The reader will get to know femtosecond pulsed lasers and related devices
used for beam adjustment.

18



7 Multi-photon absorption and related processes

Multi-photon absorption is a process proposed by Goppert-Mayer (1931) [16] and
experimentally proven by Kaiser and Garett with the development of the Laser [17]. The
combination of several photons can excite a molecule to an energy electronic state higher than
that caused by one photon only. The frequencies of the photons can be different but must sum
up to the resonance frequency of the molecule®. The simplest version of Géppert-Meyer’s
prediction is two-photon absorption (2PA), the underlying principle of two-photon
polymerisation (2PP). In 2PA, two photons interact with a molecule producing an energy state
similar to an excitation with one photon of higher energy (see Figure 11) [19].

AE:h*v1R1+h*v1R2 1

where AE is the energy gap between two energy states of a molecule, h is the Planck’s
constant and v are the oscillation frequencies of the photons. After a non-radiative decay,
different photochemical processes can be started. Intersystem crossing (ISC) to the excited
triplet state and energy or electron transfer are important pathways for photoinitiators. Some
molecules return to the ground state via up-converted emission of one photon of shorter
wavelength and higher energy [20].

The 2PA differs from the one-photon absorption (1PA) in the resonance time of the molecule.
In a 1PA, the electric field of the photon is in resonance with the molecule for a longer period;
it oscillates in phase with the polarisation resulting in a finite transition probability. In 2PA,
however, the molecule is only in resonance for a short time rendering no probability for a 1PA
[21]. This depends on the photons interacting with a molecule nearly simultaneously (within a
time frame of 10° s [16]).

R*
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Figure 11 Left: Jablonski diagram® of the 1PA and 2PA process resulting in the production of reactive
species or fluorescence (adapted from [8]); Right: Fluorescence in a Rhodamine B solution caused by a
UV photon (1PA) and by 2 NIR photons (2PA) (modified from [23])

5 There are two 2PA processes called degenerate and non-degenerate describing 2PA with two photons
of similar frequencies and with two photons of different frequencies. However, research has focused on
degenerate 2PA processes due to available light sources [18].
6 The Jablonski diagram illustrates possible transitions of valence electrons between different electronic
states of a molecule. The transitions to different energy states are plotted vertically, whereas the
horizontal plane groups transitions with changes in spin multiplicity [22].
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Following Lambert-Beer’s law for one photon absorption (1PA), the absorption of a light beam
in 2PA can be written as:

a _ _ 2 _
— = —Na,I* = —N6FI 2

where | is the intensity, z the wavelength in the media, N the volume referred chromophor
number and az a molecular coefficient for 2PA [21]. In contrast to 1PA, the probability of 2PA
depends quadratically on the laser intensity. Under tight focusing of a pulsed laser, the
absorption is limited to the focal point as the number of molecules excited decreases rapidly
with the distance from the intensity maximum [19]. This results in spatial resolutions below the
diffraction limit of light (down to 65 nm [15]) within a confined 3D volume inside a medium [18].
For the wavelengths of the photons involved in a 2PA, the materials used are transparent.

A good comparison between 1PA and 2PA is given in the right image of Figure 11. A UV laser
is focused into a Rhodamine B solution. The sample is excited over the whole length of the
beam rendering a double cone like fluorescence. The smallest diameter of this fluorescing
volume is in the focal point of the microscope objective. If we focus a femtosecond pulsed
near-infrared (NIR) laser emitting at 100 kHz repetitions rate and 800 nm wavelength into the
same sample, we only get a fluorescence in the focal volume, where the square of intensity is
sufficient to cause 2PA. In any other plane of the sample, the intensity is not sufficient and no
fluorescence is obtained.

Today, the principle of 2PA is used in various applications including optical power limiting
[24][25], up-converted lasing [26], 3D data storage [27], optical tweezers [28], fluorescence
microscopy, 2D and 3D micro-fabrication.

In optical power limiting, generally, a large change in an optical input signal, leads to a small
change in the output only. Besides effects such as reverse saturable absorption, non-linear
refraction and optically triggered scattering, also 2PA allows such a characteristic. Optical
power limiting is used to design materials for optical eye protection. Whereas under normal
conditions, these materials possess high transmission, a rapid change in their optical
properties proceeds under the influence of intense radiation (e.g. laser light). The material
loses its transparency and protects the eye from potential damage making such materials
attractive for safety goggles. The power limiting effect can also be used to suppress
fluctuations and stabilise a light source [29].

In up-converted lasing, a shorted wavelength (UV) lasing output with a longer wavelength
(NIR or IR) pump source is produced via a multistep 1PA or a direct 2PA excitation. A 1PA
was obtained in earth doped materials, whereas semiconductor crystals, dye solutions and
dye doped materials could be excited via 2PA [30]. Compared to other frequency up-
conversion techniques, multistep 1PA and 2PA does not require a phase-match, facilitates the
use of semiconductor lasers as pump sources [29] and allows to adopt waveguides and fiber
configurations [26].

For 3D optical data storage, a medium is used that exhibits a change in its properties upon
2PA. Changes such as different absorbance, fluorescence or refractive index can be used to
save data. Using appropriate read and write beams and precise mechanics for accessing data
points in 3D, storage densities of up to 10*2 bits/cm?® were reported [29]. Furthermore, low cost
storage materials such as PMMA can be used [31].

Optical tweezers offer a non-invasive method for manipulating dielectric particles in situ, in
the presence of living biological tissue. Object sizes from 25 nm to tens of microns can be
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manipulated using the optical gradient force. For tweezering, cw lasers are as efficient as
pulsed lasers. Yet fs-pulsed lasers offer the opportunity to observe 2PA effects in trapped
objects [28].

In fs-laser surgery, a pulsed laser is tightly focused inside biological tissue to disrupt or cut
specific regions using multiphoton ionization. The high intensity of the fs laser pulse promotes
free electrons that act for avalanche ionization. These electrons absorb energy from the
electromagnetic field of the laser pulse rendering laser-induced optical breakdown and the
generation of high density plasma [32]. The ionization is limited to the focal point. The area of
ablation is small and can be adjusted using different NA objectives [33]. This principle was
used, for example, to disrupt subcellular organelles [32] and ablate cytoskeletal filaments [33]
and mitochondria in living cells. Furthermore, the recovery of model organisms could be
studied cutting single axons of the model organism Caenorhabditis elegans [34].

Two-photon fluorescence microscopy (2PM) is widely used to create 3D images of tissues
and cells without compromising their viability. It was first demonstrated by Denk et al. in 1990
[35]. The specimen to be observed is stained with a fluorescent 2PA dye or integrates
fluorophores that can be excited via 2PA. A scanning mechanism deflects the laser beam to
raster over a plane of the volume to be imaged. A photodetector collects optical signals from
the excited fluorescing molecules. The electrical signals obtained can be converted to a digital
image. Repeating this process over several successive planes along the optical axis, a 3D
image of the specimen is created. As with all 2PA processes, the absorption and subsequent
emission is limited to the focal point rendering high lateral resolution; spatial filtering with a
confocal aperture might not be needed. As average laser power is lower than in a respective
1PA and biological materials exhibit a window of transparency in the NIR wavelength region,
the penetration depth can be higher than in conventional confocal fluorescence microscopy.
Helmchen et al., for example, reported the high resolution imaging of biological tissues up to
several 100 um deep in various organs of living animals [36]. Furthermore, NIR light excitation
facilitates to use the entire visible spectrum for detecting. It is thus possible to use different
colour fluorophores in different tissues to obtain better contrast and multi-colour images [29].
Figure 12 shows a 2PM image taken deep in the neo cortex of a living transgenic mouse as
well as images for functional studies of kidneys.
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Figure 12 In vivo 2PM imaging of a) an intact mouse neocortex obtained deep in a transgenic mouse
expressing clomeleon’, fluorescence image stack [36]; b) a living rat’s kidney after intravenous injection of
rhodamine R6 and Hoechst 33342 showing accumulation of rhodamine in the mitochondria of endothelial
cells (white arrows); c) a living rat’s kidney showing fluorescein dextran fluorescence of the endosomes of
proximal tubule cells, the orange fluorescence indicates the location of tubular lumes (fluorescence of
Sudan black-stained castor oil); d) projection of a living transgenic mouse’s 3D vasculature of the kidney,
renal cortical proximal tubules with brown autofluorescent inclusions surround the vasculature network;
e) single frame image of a mouse’s kidney transplanted with bone marrow cells expressing GFP and
labelled with fluorescein and rhodamine dextran, the arrow indicates a leukocyte; white scale bar
resembles 25 pym in b), 50 um in c¢) and 40 um in d) and e) [37]

7.1 Two-photon polymerisation

Two-photon polymerisation (2PP) is an additive manufacturing technology (AMT) for the
fabrication of complex 3D parts with micro- and nanometre scale resolution. Similar to 2PM,
photosensitive chromophores inside photopolymerisable formulations are excited in the focal
point of a microscope objective. Via the interaction with monomers, the formed reactive
species trigger two-photon induced chain-reaction polymerisation in the focal point. Tracing
the focal point (volumetric pixel or voxel) through the formulation, 3D polymer lines are created
(see section 6.2).

Research groups have already used it for a wide variety of purposes. However, the technology
has a high potential for industrial applications, too, where resolution, complex geometries and
three-dimensionality are important. Let us take Photonic Crystal fabrication as an example.
Being the optical analogue of semiconductors, Photonic Crystals are periodic microstructures
that affect the propagation of electromagnetic waves. In the repeating small units of high and
low dielectric constants, certain wavelengths (modes and bands) can propagate whereas
others (photonic band gaps) cannot. The design of high efficient waveguides with sharp bends,

7 Clomeleon is a genetically encoded chloride indicator [36].
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low-threshold lasers and superprisms is likely to involve such structures. The periodicity of the
these crystals should match the wavelength of interest [38].

The resolution of these state-of-the-art technologies is feasible, however, these processes
require many complicated and time-consuming steps. The manufacturing has been realised
using self-organizing colloidal particles, which tend to give close packing lattices and little room
for forming the lattice type. Hole drilling via lithography and subsequent wet etching gives small
depth-to width ratios and no satisfactory 3D lattices. Electrochemical etching of porous silicon
as in semiconductor processing is expensive and complicated; no structures with more than a
few periods are obtainable. 2PP, in contrast, can produce 3D structures with lattices of any
arbitrary 3D shape and complexity opening the door for polymer based photonic crystals for
various optoelectronic applications [38].

Fabricating PCs is certainly not the only promising application of 2PP. Researchers have used
this technique to fabricate photonic crystals [39][40][41], microfluidics [42][43], micro-electrical
and micromechanical systems [44][45] as well as polymer based optical waveguides
[46][47][48].

The manufacturing of biocompatible structures is another promising application. 2PP allows
the exact reconstruction of cell specific sites in 3D at micro- and nanometre precision
[49][50][51]. Furthermore, it is possible to operate at IR and NIR wavelengths, where biological
tissues exhibit a window of transparency. This limits potential compromising photo-chemical
stress for living tissue and cells and thus renders 2PP materials to be formed in vivo, providing
a dynamic microenvironment® [52][50].

Another aspect is the versatility of 2PP systems. It was reported that the same experimental
system used for 2PP can be used for 2PA based applications like tweezering [53] and/or for
2PM imaging [54]. With small adaptions, other 2PA tasks might also be possible.

However, 2PP has still some limitations. First, it requires long fabrication times reducing its
operating efficiency. Second, the required devices, especially fs-pulsed Ti:Sapphire lasers, are
expensive hampering potential interested parties to invest. Third, only a few companies
provide complete 2PP systems, most groups use adapted and potentially not optimised 2PMs
for 2PP. Finally, available photopolymers are not optimised for 2PP. Research groups usually
use compounds known from 1PA based lithography, which suffer from limited absorption in a
2PA reducing their efficiency for this purpose. For biomedical applications in particular, efficient
formulations are required that convert into water-soluble polymers without compromising the
viability of biological tissues.

In the next section, we will focus on the latter problem. We will see how a molecule has to be
designed to efficiently absorb two photons that render them in a higher electronic state.
Furthermore, we will see, how efficient absorption is related to the efficient generation of
radicals for 2PP.

8 The reader will find more on the potential of 2PP for biomedical applications in section 8.
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7.2 Photoinitiators and two-photon efficiency

To design an efficient photoinitiator, a molecule is needed that efficiently absorbs two photons
to convert into a higher energy state. In this state, it should convert all the energy for creating
radicals. In this section, we want to describe a molecule with high two-photon absorption
capabilities. Then we want to know, if such a molecule is also an efficient two-photon PI.

To theoretically investigate a molecule’s absorption behaviour, we can consider the intensity
as photon flux:

1 lPhotonsJ
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(hv is the photon energy). If the light is plane polarised, the molecular 2PA cross-section ©
(equation 2) for the transition from the ground state Sp to the excited state Si (Figure 11) at
the maximum of a 2PA band can be written as:
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using a Lorentzian line shape function. r is the half-width at half-maximum of the 2PA band in
energy units, n the refractive index, ¢ the speed of light and &=1/pc?, the vacuum permittivity
[55]. 6 defines the efficiency of a molecule for 2PA as analogue to the linear absorption
coefficient. It is measured in Goppert-Meyer (GM) units [10°° cm* s photon?] [56]. The term
S12 is the energy gap between the states Sp and S; (Figure 11) and can be written as:
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Uxy is the amplitude of the oscillating dipole moment induced by the electric field of a light wave
in resonance causing a transition from x to y. If all moments p; and iz are parallel, the result
of equation 5 is 1/5, which is true for almost all molecules with large 6 [21]. Equation 4 can
thus be written as:
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defining the dipolar (first) and the two-photon (second) term contributing to the energy gap.
Designing an efficient 2PA molecule, therefore, theoretically refers to maximising these two
terms. This can be achieved through various molecule design considerations.

Generally, 2PA molecules consist of electron donors (D) and electron acceptors (A) coupled
to a conjugated chromophore (rn, see Figure 13). A charge is displaced during a transition from
the donor’s highest (HOMO) to the acceptor’s lowest (LUMO) occupied molecular orbital [21].
The optical field of the first photon drives the polarisation po1 with the superposition of the
HOMO and LUMO wave function. Its intrinsic frequencies differ by v, the wavelength of one
photon.
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Figure 13 TPA chromophores schematics (D=donor, n=conjugated bridge, A=acceptor) [10]

At a phase separation of n, a centrosymetric molecule (e.g. D-n-A-n-D, Figure 13) has a
maximum displacement. One side of the molecule has a high, the other a low amplitude, which
renders large dynamic dipole moments (second term in equation 6). The dipolar term,
however, is low. This can be explained regarding a schematic 1PA and 2PA excitation diagram
of a centrosymetric molecule (Figure 14). The ground state’s (So) and the excited state’s (S1)
wave functions are symmetric to the centre of inversion. The intermediate state (B), reachable
with 1PA, is antisymmetric [21]. 1PA transitions from S, to B and from B to S; are allowed
involving two photons of frequencies differing from the ones involved in a 2PA. In 2PA,
however, the excitation to S; proceeds via a non-stationary virtual state existing only 1-10 fs
long [57]. The intermediate state differs by A from the non-stationary virtual state and
determines the magnitude of the decoupling term Eg-hv (denominator of the second two-
photon term in equation 6). The smaller A, the closer the intermediate state to the virtual state
and the larger the two—photon term in equation 6. Though the frequencies of the photons
involved differ, a transient presence of state B in a 2PA of a centrosymetric molecule, can lead
to an excitation to S; involving a photon of wavelength v. Quadrupolar and octupolar (Figure
13) molecules are popular efficient chromophores as they are effective and easier prepared
than higher branched derivatives [10].

For a non-centrosymetric molecule (e.g. D-n-A, Figure 13), the first dipolar term is non-zero
and the transition from So to S; is allowed for both 1PA and 2PA. An intermediate state B
cannot exist between Sy to S;. It would be higher or equal S;, making A large. The two-photon
term decreases relatively to the dipolar term (second and first term of equation 6, respectively).
The transition moments poi in a centrosymetric molecule will be much larger than the
polarisation o1 in @ non-centrosymetric molecule as the latter is only effectively polarised in
one optical cycle. Thus these molecules usually have lower & than their centrosymetric
counterparts [21].
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Figure 14 2PA Jablonski diagrams of centrosymetric and non-centrosymetric molecules, adapted from [21]

Since intramolecular charge-transfer is the “driving force” for 2PA, electron-donor and/or
electron-acceptor groups in the centre and as end groups of the molecule increase the
transition moments. As end groups, especially dialkyl and diarylaminogroups are popular
donors [21], whereas oxygen groups (-OR) are usually less efficient (see Figure 15 molecules
1 and 2). Electron deficient heterocycles are efficient acceptors. D-n-D and D-n-A-n-D
structures are generally more efficient than A-n-A and A-n-D-n-A systems (see Figure 15
molecules 3 and 4) [58]. Donor and acceptor groups in the centre also influence an efficient
push-pull system. For example, introducing electron-withdrawing nitrile groups to the central
core can increase 6 substantially (Figure 15, molecules 5 and 6).
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Figure 15 Different Influence of donor and acceptor groups and =m-conjugation length on &, D=donor,
A=acceptor, n=r-conjugated bridge, adapted from [21]
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The n-delocalisation based on the length of its n-conjugated bridge and its coplanarity
extends the charge separation and enhances the efficiency of intramolecular charge transfer.
As the distance of the charge displacement increases during transition, the moments Ly, are
expected to scale with the length of a linear chromophore, or more exactly, the number of its
n-electrons (U« o Ne). However, increasing the conjugation length limits the coherence of the
wavefunction due limited coplanarity. px has a maximum. The impact of the chromophore’s
length on the & is shown in Figure 15, molecules seven, eight and nine. Overlapping n-orbitals
with strong coupling increase the 2PA activity. In relation to chromophore seven with its fixed
dihydrophenanthren, molecule ten has a flexible biphenyl bridge and thus lower 3. The
normalised 2PA cross-section (8/Ne) shows the dependence of & in relation to the =n-
conjugation. Figure 16 compares the structurally similar molecules five, seven, eight and nine
of Figure 15. Though molecule nine has larger 5 than eight, its normalised 3 is lower (8: 69 and
9: 64 GM). The n-conjugation length is reached. In addition, increasing the n-conjugation shifts
the absorption maximum to higher wavelengths [10].

70 4
60 4
50

40 -

8/Ne [GM]

30 1

20 T T T T T T T T
20 30 40 50

Ne

Figure 16 Normalised 2PA cross-section (6/Ne) in relation to mn-electrons for molecules 5,7,8 and 9 (Figure
15), adapted from [21]

Finally, a chromophore with small 2PA bands (r of equation 4) can increase &. For
centrosymetric molecules, the band must be close to the virtual state. As it must not overlap,
the 1PA band must be small, too. Squarine dyes, for example, exhibit small 2PA and 1PA
bands, low decoupling energy (denominator Eg-hv of equation 6) and strong transition
moments iz and poi.

Bu,N

27000 GM at 960nm

Figure 17 Squarine dye with large 8, adapted from [21]

To summarise this theoretical approach, to get large 8, we have to a design a centrosymetric
D-n-A-n-D molecule with:
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e Diaryl or dialkylaminogroups as donors,
e Heterocycles as acceptors,

e Large n-delocalisation,

e Good coplanarity and

e Small 2PA bands.

In addition, we have to consider the solubility of the chromophores and the solvent polarity
as these factors additionally determine the 2PA activity as well as influence the charge transfer
character of excited states. Especially planar and rigid molecules suffer from limited solubility.
A combination of double bonds and benzene rings over anthracene as =n-bridge and/or long
aliphatic side chains increase the solubility in the formulation or solvent [10].

Though the 2PA activity of a chromophore shows the molecules’ efficiency to generate excited
states, it is not the only factor guaranteeing efficient 2PP. From the theoretical description and
from experiments it is now evident that centrosymmetric D-n-A-n-D and A-rn-D-n-A molecules
generally show stronger 6 than their D-n-A counterparts do. However, rather than an efficient
absorption, it is the energy available in the excited state resulting from a 2PA that is important
for subsequent photochemical processes. Increasing the & with a delocalised n-system and
high dipolar moments facilitates an excitation with low energy. But does it always stand for a
molecule’s efficiency for generating radicals for 2PP?

A high & facilitates the creation of an excited energy state with low energy; however, this means
that the excited energy level is also low. It cannot be higher than the sum of the energy levels
of two photons of low energy that caused the excitation. This might not be useful for all 2PA-
based applications. Moreover, high dipolar moments are a consequence of a resonance with
an energy interstate of a centrosymmetric molecule. The moments are higher if the interstate
is at approximately half the energy of the excited 2PA state. Yet, the resulting final state can
rapidly relax to this existing lower energy interstate, which causes the photochemical
processes to start from this lower energy level instead. The energy of one of the photons
converts to heat, whereas in non-centrosymmetric molecules, the energies of both photons
are available for subsequent photochemical processes [21]. A process of free radical
polymerisation as 2PP requires a sufficient density of radicals rather than molecules in excited
energy levels. 4 is thus an important parameter but does not directly correlate with the 2PP
sensitivity, i.e. the efficient generation of radicals. Apart from the conversion of one photon’s
energy to heat in centrosymmetric molecules, also other processes might compromise a PI’s
efficiency [59], these include (Figure 18):

e Energy conversion into fluorescence from the singlet state (F)
e Phosphorescence from the triplet state (P) and/or
e Molecule deactivation due to monomer (MQ) or radical quenching (RQ)

Hence, although plenty of 2PA active chromophores have been reported, nearly all of them
are maybe suitable for fluorescence dyes in bioimaging applications [60][61] but do not induce
photopolymerisation upon activation. For an effective 2PP PI, however, low fluorescence
quantum vyields are preferred leading to a higher population of active states to initiate
subsequent polymerisation.

Lu et al., for example, compared a series of D-n-A-n-D chromophores on their 2PP activity.
The compound with the lowest 6 was most suitable for polymerising acrylates [62]. Rhodamine
B, an efficient, commercially available sensitizer for 2PM with a 6 of 200 GM, is not usable for
2PP [63]. Hence, designing an efficient 2PI involves minimising the instances of Figure 18.
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Figure 18 Jablonski diagram for 2PA and initiation efficiency reducing processes including fluorescence
(F), phosphorescence (P) and deactivation from monomer (MQ) and radical quenching (RQ); So, S1: Singlet
state, Tu: triplet state, hv: photon energy, R*: radical(s); adapted from [59]

Moreover, experiments have to be conducted that show the PI's ability for cross-linking
monomers at different writing speeds and laser powers. In the course of this thesis, we will
therefore describe assessment strategies introducing the lower and the upper polymerisation
threshold as well as the processing window of a photopolymerisable formulation containing
Pls and monomers.

Before we can conduct these experiments, we need adequate light sources (femtosecond
pulsed lasers) as well as devices that allow switching the laser beam and controlling its
intensity (acousto-optic modulators). These elements will be explained in the next section.

7.3 Optical Elements in systems for two-photon lithography

7.3.1 Femtosecond pulsed laser

For activating 2PIs and subsequently initiating the polymerisation, we use a Titanium Sapphire
(Ti:Sa) oscillator. These lasers use a solid-state frequency-doubled Nd:YAG (neodym doped
yttrium aluminium garnet) or Nd:YLF (yttrium lithium fluoride) laser to pump a titanium ion
doped corundum crystal (Al,Os). The broadband pump emits a range of longitudinal modes
into the resonator (see Figure 19), which the Ti:Sa crystal can amplify due to its large spectral
range (approximately 670-1070 nm). The crystals amplification maximum is ~800 nm. This
allows longitudinal modes with different wavelengths to start oscillating simultaneously. If these
modes have a fixed phase relationship between each other, a constructive interference pattern
emerges where the total intensity results from the intensity sum of the single waves. An
appropriate resonator design facilitates the amplification of only one laser pulse that circulates
between the resonator mirrors. The intensity sum apart from the region of the pulse is almost
zero (destructive interference). To ensure this fixed phase relationship and a proper operation,
a pulsed laser requires active or passive mode-locking [64][65].
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Figure 19 Principle of mode-locking, cavity modes (above) are locked in phase for constructive interference
generating a pulse that travels around the cavity at the speed of light, as soon as it reaches its intensity,
the SESAM releases the pulse.

In active mode-locking, intracavity gates (electro-optic or acousto-optic) block all light waves
but the one of the pulse, modulating the cavity loss at the cavity frequency. This technique
allows tuning the laser over its full range and facilitates femtosecond and picosecond pulses.
In passive mode-locking, an intracavity element creates cw losses during operation. Usually,
one exploits the Kerr® behaviour of the Ti:Sa crystal as it can function as an intensity dependent
focussing lens; the higher the intensity of the laser light, the narrower the lens distance. Hence,
laser pulses with high intensity get more focussed than low intensity cw light. An intracavity slit
or pinhole blocks the cw-light preferring the pulsed operation. The laser requires an external
starter mechanism (e.g. mechanical vibration) for initiating the mode-locking. Furthermore, the
nonlinear dependence on the peak limits the operation to shorter pulse widths [65].

A self-starting system requires a semiconductor output coupler, a so-called semi saturable
absorber mirror (SESAM). It consists of a quantum well absorber layer incorporated into a
semiconductor Bragg mirror. Such a mirror contains an alternating layer sequence of two
different optical materials. Each interface contributes to a Fresnel reflection®® in two ways [64]:

e The optical path length varies by half the wavelength between each interface.
Depending on their wavelength, the device forces light waves to travel different
distances creating interference with other waves.

e The amplitude reflections alternate from interface to interface resulting in constructive
interference and strong reflection.

The integrated quantum well absorber layer near the Bragg mirror's surface ensures beam
intensity dependent absorption and reflection (Figure 20). While it causes a loss during cw
operation, the absorption saturates at high peak power increasing the reflectivity. Adjusting its
modulation depth (modulation amplitude divided by the mean value of a sinus signal),
saturation fluence (saturation of the media from a single pulse), recovery time (recovery after
a saturating pulse) and operating wavelength, a SESAM facilitates self-starting of the oscillator.

9 The Kerr effect is also known as quadratic electro-optic effect. A material shows has a Kerr-effect
changing its refractive index directly proportional to the square of the strength of an applied electric field
[66]
10 The Fresnel reflection describes in which way light gets reflected and/or transmitted at the interface
between two optical materials with different refractive indices [67].
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A non-tuneable pulsed industrial Ti:Sa laser usually contains a SESAM and creates nanojoule
pulse energies.
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Figure 20 a) Scheme of a SESAM consisting of a Bragg mirror with an incorporated quantum well saturable
absorber near the surface; b) Refractive index profile and optical intensity distribution within a SESAM, the
intensity has a maximum at the absorber position within the mirror (vertical grey line) (modified from [64])

7.3.2 Acousto-optic modulator

An acousto-optic modulator (AOM) is a device for controlling the intensity, frequency and the
direction of a laser beam modifying the refractive index of a transparent solid crystal (e.g.
tellurium dioxide, crystalline quartz or fused silica). Following an oscillating electric signal, a
piezoelectric transducer causes the attached crystal to vibrate (Figure 21).
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Figure 21 Scheme of an AOM; passing the sound wave, the input beam splits into several orders of
diffraction, the first order propagates in a direction diverging by the Bragg angle a from the incident beam.

The periodic mechanical pressure induce sound waves inside the crystal. In that way, the

crystal can functions as a so-called Bragg cell diffracting and shifting the frequency of light.

Increasing or decreasing the optical frequency of translucent light by the frequency of the

sound wave, the incident beam splits into several beams of different intensity and propagation

directions (orders of diffraction). Changing the sound wave tailors the properties of the orders.

This makes AOMs versatile devices used as beam switches (sound signal on/off), intensity
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controllers (sound amplitude) and scanners (sound frequency). The efficiency of diffraction is
up to 95% [64].

To achieve higher bandwidths, an acoustic absorber on the opposite of the crystal can avoid
standing waves and prevent reflections of the sound waves. Though this facilitates bandwidths
of many megabhertz, it decreases the modulation strength. By contrast, reflect the wave at the
crystal’s opposite promotes resonance and increases modulation strength at the expense of
the bandwidth.

Dependent on the beam’s polarisation, longitudinal waves (Figure 21) exhibit the highest
diffraction efficiencies, whereas the less efficient acoustic shear waves operate polarisation
independent. In the latter case, the acoustic wave moves in the direction of the beam.

The devices explained in this section are part of 2PP experimental setups used for the
experiments of this thesis. Additionally to switching and controlling the laser intensity of the
beam, these setups allow deflecting the beam before it is focused through a microscope
objective. In this way, small 3D polymeric lines can be created within a liquid
photopolymerisable formulation. According to section 6.2, they are arranged to form precise
3D constructs according to a CAD.

However, before we go into deeper what has been done in this thesis, we have to know what
is state-of-the-art in 2PP. One of the main goals in this thesis was to find and process
formulations with high water content rendering biocompatible hydrogel structures. Ideally,
these formulations would allow polymerisation in situ, in the presence of living biological tissue
and cells. Before we can start experiments, we will take an excursus in the work of fabricating
hydrogels with 2PP done by research groups all over the world.
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8 State-of-the-art 2PP-structured hydrogels

As mentioned in the introduction, the scope of this thesis was to find and screen novel
biocompatible formulations. Before we will present the composition of the materials used in
this work, we will review state-of-the-art 2PP materials for biomedical applications. The focus
of this overview will also be on water-based formulations rendering hydrogel constructs. The
following sections are an excerpt from a review paper submitted in December 2012 [50]. Co-
authors of the following chapter are Xiao-Hua Qin, Zhiquan Li and Robert Liska (IAS), as well
as Aleksandr Ovsianikov and Jurgen Stampfl (IMST).

In human tissues, most cells are embedded within an intricate meshwork of interacting
collagens, proteoglycans and adhesion proteins [68]. They receive numerous signals from
their natural surroundings, the extracellular matrix (ECM), which influence their behaviour.
The ECM functions as a scaffold for tissue morphogenesis, provides cues for cell
proliferation and differentiation, promotes the maintenance of differentiated tissues and
enhances the repair response after injury [69]. It serves as a reservoir for signalling
molecules and 3D substructures for cell adhesion and proliferation. Research has focused
on mimicking key characteristics of the ECM to study cell responses to different mechanical,
chemical and topographical cues. The composition of the natural ECMs guides the design
of artificial biomaterial constructs for their use in tissue engineering [70].

As different tissues require different ECM composition and physical properties, a rational
design of artificial cell environments requires various considerations. Appropriate cell
support for colonization, migration, growth and differentiation has to be ensured.
Furthermore, the construct must have the necessary physiochemical properties, an
adequate morphology and ensure proper degradation kinetics [71]. FDA approved
biomaterials are based on poly lactic acid, polycaprolactone, or poly(lactid-co-glycolide)
providing good mechanical properties and controlled degradation behaviour [70]. Although
these materials have advantages related to their mechanics, they are rather stiff and
hydrophobic and do not provide the ideal environment for cell-ECM interactions [72][73].

Being structurally similar to the ECM, hydrogels are an appealing material for various
biomedical applications such as drug delivery devices [74], contact lenses [75] and wound
healing bioadhesives [76]. They contain a high content of water and hold their shapes while
still being able to deform [77]. Moreover, the mechanical properties (especially the stiffness)
of hydrogels are comparable to many biological tissues [3]. Due to their capability of
suspending cells in 3D, supporting nutrient diffusion and dissolving gases through their
open network [78][3], hydrogels are one of the most promising materials for tissue
engineering. It has been reported that substitutes for skin [79], tendon [80] and cartilage
[81][82] could be successfully fabricated from synthetic hydrogel constructs.

The general approach is to seed cells onto prefabricated scaffolds that support diffusion of
oxygen and nutrients as well as larger ECM molecules such as collagen. For this, a wide
range of hydrophilic and hydrophobic precursors can be used. The fabrication process may
involve harsh solvents, toxic reactants and may proceed under nonviable environmental
conditions (e.g. high temperature or non-physiological pH value) as long as the final product
is biocompatible [83]. Cells are introduced to migrate into and populate the inner regions of
the produced parts [84]. However, the seeding approach makes it hard to control the density
and the distribution of cells [85][86]. Using biocompatible stimuli and hydrogel precursors,
though, it is possible to form these materials in situ, in the presence of cells and tissues,
allowing the encapsulation of cells during the fabrications process.
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8.1 Cell encapsulation in hydrogel constructs

Cell-encapsulation offers several advantages compared to the seeding approach. Apart
from achieving a better cell distribution, liquid precursor solutions with suspended cells can
be directly shaped at the site of interest. The formed constructs can adhere to the
surrounding without requiring adhesives or sutures [83][87]. To exploit these advantages,
the gelation process must be mild and cell friendly and the final construct suitable for cell
survival and tissue formation. Furthermore, the material must degrade and the degradation
product must not affect cell viability. As the natural ECMs assemble and disassemble
interacting with their inherent cells, researchers have tried to mimic their properties using
naturally derived materials, such as fibrin [88], alginate [89], chitosan [90] and Hyaluronic
Acid [91] as well as synthetic materials such as poly(ethylene glycol) (PEG) [92] and
polyfumarate [93]. To control the properties of these gels (cross-linking density,
hydrophobicity, swelling rate, permeability, degradability and mechanical strength), various
stimuli facilitating hydrogel cross-linking in the presence of cells and tissue have been
explored [77]. These include physical stimuli such as temperature, pressure and solvent
composition or biochemical stimuli like pH changes or ions [94]. Light is of particular interest
since it can be controlled with great ease and convenience [77]. In this regard, ECM
analogues were built incorporating modified proteins and glycosaminoglycans into a single
photopolymerised matrix [87]. Encapsulating mesenchymal stem cells in these matrices
provided superior tissue regeneration capturing the native mechanical properties and
architecture of cartilage [95]. This shows that hydrogels offer great promise in designing
suitable environments that provide mechanical and chemical cues promoting cell
proliferation, differentiation and tissue growth. In contrast to the porous scaffolds used in
seeding approaches, however, hydrogels with encapsulated cells may limit the transport of
important nutrients, oxygen and large ECM molecules such as collagen [82][83]. Besides
chemical and mechanical cues, an effective ECM analogue, thus, also requires
topographical similarities.

8.2 Additive manufacturing of hydrogels

To overcome the transport limitations, researchers fabricated porous architectures in
hydrogel structures with highly interconnected pore networks [96]. AM provide an effective
control of these complex architectures. In a very recent report, AM was used to create
channels in ECM analogues creating vascular architectures aligned with endothelial cells
and perfused with blood under high pressure.[97]

To create similar architectures directly in the presence of cells in a one-step approach SLA
(see section 6.2) has been extensively used [3][85][98][99][100]. The ability to easily create
constructs according to data from clinical imaging like magnetic resonance imaging or
computer tomography renders this technique useful for biological applications [85].
Complex hydrogel constructs with well-defined porous architectures and desired
mechanical functions as well as appropriate mass transport characteristics have been
created leading researchers to a better understanding of cell-matrix interactions in 3D [101].
As the resolution can be adjusted down to a few micrometres [2], it is possible to produce
hydrogel scaffolds with features in the order of 10-400 um to control the structure cluster of
cells as well as features >400 um to control the interactions between multiple cell clusters
[102]. Furthermore, it allows to provide necessary design criteria for zonal density variations
of cells as existent in articular cartilage or meniscal- and osteochondral tissues [103].
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Pore resolutions that can be obtained with SLA are relatively large compared to the
dimension of a cell [104]. This can result in cell isolation and makes it necessary to cluster
cells [105]. To control the environment of individual cells, resolutions in the order of 0.1-
10 um are necessary [102]. In this respect, electrospinning is a diverse technique capable
of producing fibril networks with fibre diameters in the sub-um region. Encapsulating living
cells during the fabrication process has also been reported [106]. However, despite
significant progress in controlling the fibre orientation [107], electrospinning does not allow
the exact recapitulation of the entire matrix architecture [108]. The fabricated scaffolds are
ideal substrates for growing and implanting cell monolayers. However, constructs with
larger pore sizes, suitable for cell invasion after seeding have poor mechanical stability. An
ideal construct has to provide micro-features organized within a 3D continuum proceeding
from the micro- to the macroscale facilitating effective cell migration and proliferation [109].
Due to the uncontrollable nature of electrospinning, this technique does not meet the
necessary requirements [108].

Electrospun fibril networks have been introduced in SLA fabricated scaffolds to “sieve”
individual cells [104]. Bovine primary chondrocytes were more efficiently retained on AMT
scaffolds containing an electrospun fibril network than on those without. However, this two-
step approach increases the complexity of the fabrication process, sets new limitations and
reduces reproducibility [8]. A complete understanding of the cells’ behavior in respect to
topographical cues requires a one-step fabrication process that is capable of reproducibly
producing defined 3D structures at multiple length scales, high resolution and in accordance
to a specific design.

2PP, in contrast, can meet the necessary feature resolution requirements (see sections 0
and 6.2). In addition, 2PP relies on 2PA offering mild processing conditions using light of
the NIR spectral range. In contrast to short wavelength UV light, which induces
photochemical damage to biological tissues [110][111], NIR light seems to be most suitable
for inducing polymerisation in the presence of cells. Proteins, DNA, melanin and
hemoglobin dominate tissue absorption in the UV and visible spectral range, whereas water
begins to contribute significantly at A=900 nm. At 800 nm, however, biological tissue
exhibits a window of transparency where the absorption seems to be minimal [112].

However, in fs-laser surgery (section 7), the 2PA effect allows the selective ablation of
components at mico-and nanometer precision without altering neighbouring structures.
2PP, too, requires NIR fs-laser pulses and similar focusing. To prevent nonspecific
intracellular ablation, it is necessary to operate below a maximum threshold of 1.5 nJ using
a 100x/ NA 1.4 objective at 5 pm/s scanning speed [113][114].

Due to the lack of available formulations, complex porous scaffolds were usually produced
of synthetic commercially available sol-gel formulations showing appropriate
biocompatibility and no cytotoxicity [115]. However, these formulations render hydrophobic
structures that cannot be swollen in water. Furthermore, post processing with organic
solvents is required and the obtained scaffolds do not degrade hydrolytically.

The following sections present results on 2PP of formulations containing different types of
the six components mentioned in section 6.1. Natural derived, synthetic and modified
natural precursors form the basis of the biopolymers. We will investigate their chemical
structure, their reaction mechanism under the influence of incident light and their interplay
with other components. We will present successful combinations, discuss their potential for
biomedical applications and show how these materials can serve as bioinspired matrices to
study cell behaviour in 3D.
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8.3 Commercially available, water-soluble, two-photon photoinitiators

As mentioned in section 7.2, highly active Pls are critical for efficient 2PP characterized by
a high 2PA cross-section (8) and high initiating efficiency leading to a broad processing
window [116] and a low polymerisation threshold. Polymerisation can be done at only low
excitation power and short exposure times leading to high polymerisation speeds and high
quality structures.

Successful 2PP micro-fabrication of cytocompatible scaffolds is conventionally done using
commercially available inorganic-organic hybrid formulations containing the UV initiator
Irgacure 369 as photoinitiator [115][117][118]. Section 6.1.1 shows the molecule’s radical
formation mechanism. Although the & of Irgacure 369 is small at the desired wavelength
[119], the limited 2PA could be compensated by high radical formation quantum yields to
ensure acceptable initiation efficiency. In Table 1, Pls for the fabrication of hydrogels via
2PP are listed. Z-scan analysis was used to measure the 6 as two-photon analogue to the
linear absorption coefficient [56].

Table 1 2PP PI, water solubility, availability and & at 800 nm [50]

2PP PI Water-soluble  o?* Chemical Structure Ref.
Irgacure 369 No 7 O [119]
OO
0 N
\__/
Irgacure 651 No 28 . O" O|CH3. [119]
OCH,
Irgacure 2959 Yes Not known 9
Rose Bengal Yes 10 [63]
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Eosin Y Yes 10 [63]
Erythrosin Yes 10 [63]
Flavin adenine Yes 0.035 [120]
dinucleotide

(FAD)

Methylene blue @ Yes Not known

To form hydrogels, researchers fabricated hydrophilic constructs via 2PP of water-soluble
monomers using commercial hydrophobic UV photoinitiators in the absence of water
[121][122][123]. Using this approach, cells cannot be incorporated in the fabrication process
since they must be kept in an aqueous suspension. Moreover, the solvent-change from
fabrication to cell seeding can lead to significant structure distortions [124]. Thus, the main
advantages of 2PP — the high resolution and the possibility of forming structures in situ
without harming biological tissues — cannot be fully exploited. A strategy to improve water
solubility of commercially available, hydrophobic initiators makes use of of nonionic
surfactants [125]. Though this approach facilitates the fabrication of hydrogel structures
from an aqueous formulation, large amounts of surfactant are needed to ensure adequate
initiation efficiency, which might reduce the biocompatibility. The optimisation of real water-
soluble initiating systems for 2PP becomes important.

Irgacure 2959 was used for 2PP of 3D scaffolds due to its hydrophilicity and good

biocompatibility [126]. However, this initiator is only suitable for 2PP at 515 nm wavelength.

At this wavelength, proteins absorb the laser light increasing the chance of their

denaturation [111]. Only a limited intensity can be applied in the presence of biological

tissues [112] leading to lower available energy for polymerisation (see section 10.3). For

2PP at 800 nm wavelength, Jhaveri et al. increased the water solubility of a commercial
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hydrophobic initiator (Irgacure 651 and AF240) using a nonionic surfactant (Pluronic F127)
[125]. However, a large amount of surfactant is needed to ensure adequate initiation
efficiency in aqueous condition.

Until now, the most popular hydrophilic initiation system for 2PP is a dye-amine
combination. Due to suitable absorption above 400 nm and easy accessibility, commercially
available hydrophilic xanthene dyes, such as rose bengal, eosin and erythrosine, were
applied in 2PP of formulations with amine as co-initiator [63][127]. In this type of initiation,
the dye becomes excited by simultaneous absorption of two NIR photons via a virtual state.
Accessing the second excited singlet state S2, the molecule undergoes rapid radiationless
decay to S1, interconverting to the long-lived triplet state with high quantum yield (Figure
22) [128][129]. Intermolecular electron transfer followed by hydrogen transfer from the
amine to the excited dye generates active amine radicals to induce subsequent
polymerisation. 2PP of synthetic monomers such as pentaerythritol triacrylate [127] and
acrylamide [63] have been realised with dye-amine initiation systems.
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Figure 22 Energy level diagram for two-photon excitation of rose Bengal [50,128]

However, high laser intensities (~100 mW) and long exposure times (300—400 ps) were
required due to the small 2PA cross section (Table 1) of the dye [130]. Additionally, some
intrinsic limitations derived from bimolecular systems, such as electron transfer efficiency
between dye and co-initiator or the back electron transfer, would significantly decrease the
initiation efficiency.

Some hydrophilic dyes, such as rose Bengal [129] and methylene blue [131][124] can also
be used to directly cross-link proteins. Since the protein itself fulfils the role of a co-initiator
and cross-linker at the same time, triethanolamine is not required and in fact appears to act
as an inhibitor. Protein cross-linking without a co-initiator is believed to occur in one of two
ways, both of which involve excitation of the dye to the T1 state (Figure 22). The excited
dye can either abstract hydrogen directly from a protein molecule to induce protein cross-
linking, or transfer energy to the ground state polytriplet molecular oxygen, producing singlet
molecular oxygen [128]. In the singlet oxygen mechanism, the active oxygen species
continues to react with an oxidisable amino acid residue to generate an electron-deficient
protein that may react with another protein’s amino acid residue to form a covalent bond.
The probability for this reaction depends on the type of amino acid residues on proteins.
Two radicals have to be formed by 2PA to make one cross-link, which makes the process
rather inefficient compared to the radical chain growth 2PP of synthetic materials (6.1.2)
[123]. Furthermore, though Campagnola et al. improved rose bengal and benzophenone
initiation adding co-initiators to form one molecule [132], the 2PA activity of the dyes
remained low. As a result, the fabrication process still requires very long exposure times
and high energies [125].
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Although a full understanding of the relationship of molecular structure and two photon
properties remains a big challenge until now, 2PA PIs with high 8 combined with a high
photoreactivity (just like for conventional 1PP Pls) seems the goal to be achieved [133]. A
2PP PI used for efficiently cross-linking hydrogels in an agqueous surrounding must meet
the design criteria from section 0 and must be be soluble in water. For this work, a couple
of novel hydrophilic Pls were synthesised and evaluated. The reader will find more
information in section 9.1.2.

8.4 Biopolymers

Despite the access to highly efficient water-soluble two-photon Pls is a prerequisite for 2PP
of hydrogels, the selection of appropriate photopolymerisable monomers/macromers as
hydrogel precursors is equally important. These compounds have to meet several
requirements.

First, the precursor should possess sufficient water-solubility. In this regard, polyethylene
glycol (PEG) based synthetic monomers as well as certain natural polymers (e.g.,
Hyaluronan) have drawn wide interests due to their superior hydrophilicity [134].

Second, from a biological point of view, the hydrogel precursor must meet several
requirements.

e For in vivo 2PP, cells and tissues are exposed to the unpolymerised formulation, the
polymerisation reaction and to the final polymerised structure. Hence, the unpolymerised
precursors and their polymerisation reaction must be cytocompatible.

o After 2PP micro-fabrication, the precursors determine the sustainability of cell viability
and further cell functions (proliferation, differentiation, etc.) [135].

e To guide cells to specific directions in 3D, additional cues should be provided. Thus an
incentive for cell attachment to the polymer should be given; the materials should be
bioactive.

In natural ECMs, cell attachment is regulated by the crosstalk between integrin receptors
on cell membranes and integrin binding motifs (e.g., arginine-glycine-aspartic acid-RGD
peptides). As known from cell encapsulation studies, naturally-derived proteins with cell-
adhesive ligands (e.g., collagen, gelatin, fibrinogen) or synthetic materials with incorporated
ligands are promising materials for providing similar environments [126].

Third, the photo-reactivity of hydrogel precursor plays an important role in the feasibility for
2PP. To obtain mm sized structures in a reasonable time, the formulation has to be
processed at high writing speed and high pulse energies without compromising the quality
of 2PP printed structures and its desired feature sizes [136].

With these criteria in mind, we present synthetic, native protein based and chemically
modified natural polymers suitable for 2PP of hydrogels in the next three sections.

8.4.1 Synthetic polymers as hydrogel precursors

A suitable biomaterial must withstand the normal loads and stresses of native tissues and
has to degrade while still providing a temporal support. Whereas the mechanical properties
of natural derived polymers are often inferior compared to their natural counterparts [137],
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the chemistry and properties of synthetic materials, in contrast, can be controlled
reproducibly [138]. To meet different application specific requirements, synthetic materials
are produced tuning molecular weights, blocks structures, degradable linkages and cross-
linking modes. PEG is a potential key component of synthetic precursors, since it is widely
used in tissue engineering and is FDA approved for various medical applications. It can be
found in cosmetics, lotions, soaps and drug formulations.

Functionalising PEG with (meth)acrylates creates photopolymerisble formulations that can
form hydrogels with a wide range of physical properties [138][139]. In this regard, these
polymers are cytocompatible, honimmunogenic, bio-inert to cells, tissues and drugs and
inherently resistant to protein absorption [140][141]. PEG based hydrogels facilitate the
exploration of mechanical (elastic modulus, mesh size), geometrical (architecture) and
chemical (cell adhesions peptides) effects disregarding the polymers bioactivity as design
variable [5]. Furthermore, the mechanical properties and mesh sizes of PEG based
hydrogel constructs can be controlled over a wide range simply by varying the molecular
weight and/or the concentration of photopolymerizable PEG [139].

Using PEG as an inert substrate, researchers identified the role of molecules for regulating
specific cell-ECM interactions mediated via adhesion molecules such as fibronectin and
laminin. These molecules induce the arrangement and polymerisation of the cell’s
cytoskeleton [142].

The group of JL West guide cells in 3D using the chemical attributes of bound growth factors
within an existing PEG based hydrogel [143]. They synthesised proteolytically degradable
PEG diacrylate (PEGda) monomers by introducing a collagenase-sensitive protein linker
into the PEG backbone. Human dermal fibroblast clusters in fibrin hydrogels were added to
a photopolymerisable PEG solution and cured under UV light in the presence of cells. A
solution containing the fibronectin derived peptide arginine-glycine-aspartic acid (RGD)
bound to modified PEG-acrylates was soaked into the hydrogel. After this preparation,
patterns of proteins could be bound to the hydrogel locally by 2PP in the presence of a Pl
solution (2,2-dimethoxy-2-phenyl acetophenone in n-vinylpyrrolidone). Fibroblasts migrated
out from the fibrin into the degradable PEG hydrogel networks, whereas cells entrapped in
degradable PEG hydrogels without patterns stayed in the fibrin. The same group later
patterned multiple peptide moieties within the same hydrogel sample [141]. Furthermore
they showed the local acceleration of endothelial cells’ tubulogenesis and angiogenesis by
covalently binding VEGF (glycosaminoglycans also present in the native ECM) and integrin
ligands to the existing hydrogel [144].

The group of KS Anseth at the University of Colorado (CO, USA) developed synthetic PEG
hydrogels that can be modulated on demand. They synthesised monomers capable of
polymerising in the presence of cells rendering cytocompatible hydrogel structures [145].
By introducing a nitrobenzyl ester-derived moiety into the PEG backbone (Figure 23 green
part), the hydrogel can be cleaved via fs NIR light and thus spatially and temporally tuned
in their physical and chemical properties. Besides these topographical cues, the group was
also able to immobilize thiol-containing biomolecules within a click-based hydrogel [146].
Upon gel formation, the hydrogel was soaked with fluorescently labelled thiol-containing
biomolecules together with a water-soluble PI (eosin Y). 3D biochemical patterns were
created at high resolution (1 um X/Y, 3-5um Z). The process was repeated to provide
multiple adhesive signals relevant for many cell types. The same group synthesised
biological molecules containing thiol groups for photocoupling and photolabile moieties for
photocleavage to and from the PEG based hydrogel [54]. This way, they showed the
photomediated introduction of cell-adhesion ligands RGD as well as their removal using
different wavelengths of NIR fs laser (860 nm and 740 nm, respectively), all in the presence
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of cells. Embryonic fibroblasts were seeded onto specimens containing patterned islands
of RGD. Cells attached to these islands but detached within minutes upon their removal.
These constructs provide a dynamic simplified synthetic environment with full
spatiotemporal control where single factors can be varied selectively to explore a better
understanding of cell-material interactions in the native ECM.
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Figure 23 RGD peptide (black) fluorescently labelled with Alexa Fluor 488 (blue) bound to photocleavable
o-nitrobenzyl ether (green) and photopolymerisable alloc groups (red); the molecule can be reversibly
polymerised to a PEG based hydrogel via thiol/-ene photoreaction [50,54].

Figure 24 Two-photon patterned fluorescent peptide inside the preformed hydrogel (carried out at 850 nm
wavelength) and b) after cleavage of the red marked areas (740 nm wavelength), Scale bar 200 um, laser
scanning microscopy (LSM) images [50,54]

Besides the binding of growth factors to and from existing PEG matrix, researchers have
been able to build-up 3D structures and scaffolds from modified PEG monomers. So far,
commercially available, water-soluble initiators were not used to cross-link modified PEG.
Highly porous scaffolds out of PEGda (Mw 700) were fabricated using a commercial,
organo-soluble Pls (Irgacure 369, reaction mechanism in section 6.1.1, 5in Table 1,
hydrogel references in Table 2) [122] at 200 nm accuracy [123]. The unpolymerised residue
could be washed away with water to render complex 3D hydrogel structures. Their
cytotoxicity was evaluated using mouse fibroblasts, 3T3 cells and chondrocytes [121][123].
It could be shown that the PI content plays a key role in the biocompatibility of the constructs
post fabrication.
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Table 2 2PP hydrogel formulations and references

Monomer Aqueous Initiator Reference
Formulation
PEGda No Irgacure 369 [135][122][147][148]
No Michler’s ketone [123]
Yes WSPI [49]
HA-MA/Acrylamide = No Irgacure 369 [140]
Modified Gelatine Yes Irgacure 2959 [149][126]
PEGda/HEMA Yes AF240/Irgacure 651 [125]
BSA Yes Rose Bengal/modified [128][132][150]
Yes Methylene blue [53][151][152]
Yes FAD [153][131]
Lypholized BSA Yes Eosin Y [124]
Methylene blue [124]
Collagen Yes Modified rose bengal [132][129]
Yes Riboflavin [154]
Firbinogen Yes Rose Bengal [128][155]
Fibronectin Yes Rose Bengal [156]
Concanavalin A Yes Rose Bengal [156]
Cytoplasmic Yes Rose Bengal [129]

proteins in live cells

Claiming the low & of conventional dyes for 2PP in an aqueous surrounding (section 8.3),
Jhaveri et al. dissolved commercially availbale hydrophobic initiators (Irgacure 651 and
AF240) in water using a non-ionic, FDA approved surfactant (Pluronic F127) [125]. This
way, the successful one-step additive 2PP of simple 2D structures from PEGda (Mw 575)
and 2-hydroxyethyl methacrylate from formulations with water contents of up to 40 wt% was
reported.

Using novel efficient water-soluble initiators (section 12.2), we processed PEG based
hydrogels in a surroundings with up to 80 wt water content in the presence of living organisms.
The reader will find more details in section 9.2.2, 12.3.1 and 0.

8.4.2 Native proteins/ protein precursors

Since synthetic polymers generally lack of bioactivity, commercially available natural
polymers have been explored as substrates for 2PP hydrogels. In this respect, macromeres
derived from natural polymers are of interest [50][140].
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Campagnola and co-workers performed seminal work on 2PP fabrication of 2D simple
structures by using native bovine serum albumin (BSA) [128][132]. BSA is similar to human
serum albumin. It is a monomeric protein with high solubility in water and a lack of a
carbohydrate moiety. Being a product of the liver, it serves as carrier of ions, fatty acids,
metabolites, bilirubin, drugs and hormones [157].

The photo-induced cross-linking reaction of BSA is based on several oxidisable amino acid
residues (e.g. Tyr) present in BSA [158]. A detailed mechanism (e.g., di-tyrosine cross-
linking) is shown in Figure 25. The cross-linking reaction starts from the excitation of a
photosensitiser into the triplet state. These photoexcited species are expected to oxidise
tyrosine residues [158]. The resultant tyrosyl radical is isomerisation-stabilised and can
recombine with a second tyrosyl radical from another protein nearby. Therefore,
intermolecular cross-links can be formed between proteins.
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Figure 25 Mechanism of photocross-linking of native proteins [50]

Besides BSA, Campagnola’s group also cross-linked other proteins with oxidisable units
via 2PP. In this respect, it was possible to process native ECM proteins like collagen | [132],
fibrinogen, concanavalin A and fibronectin [156]. Different native proteins contain different
cell-adhesive ligands. After cross-linking the protein matrices, cell adhesion and migration
could be observed in response to chemical cues provided by collagen and fibrinogen in
contrast to BSA [159][155]. Also multiprotein matrices made from BSA and fibrinogen in a
1:1 molar ratio were built [155]. To isolate cellular processes, the same group later
fabricated channels and compartments inside live cells (starfish oocyte) cross-linking
endogenous cytoplasmic proteins [129].

The group of JB Shear from the Institute for Cellular and Molecular Biology from the
University of Texas (USA) found a variety of uses to engineer biological micro-scale devices
from cross-linked natural proteins. BSA and avidin microstructures were created in the
presence of cortical neurons without compromising cell viability using flavin adenine
dinucleotide (FAD) as photosensitizer. The neuron’s contact position could be guided with
micrometre-scale resolution [153]. To further explore responses of neuroblastoma-glioma
cells to physiochemical cues, they later fabricated large aspect ratio structures, manipulated
portable protein microparticles by fs-pulsed NIR light induced optical trapping and directly
patterned enzymes on existing matrices [53]. For creating real 3D guidance, structures for
dorsal root ganglions and hippocampal neuronal progenitor cells, BSA micropatterns were
fabricated inside an existing Hyaluronic Acid!' (HA) hydrogel. These structures were
decorated with laminin-derived peptides using avidin linkages to promote cell adhesion and

11 Hyaluronic Acid (HA) is an anionic nonsulfated polysaccharide existing in all tissues and body fluids
of vertebrates as well as in some bacteria. It is one of the major components of the ECM and favors cell
adhesion, proliferation and migration. It is widely used as wound-healing bioadhesive and is found in
various cosmetics and lotions [160].
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proliferation [131]. Hence, the researchers can interact with the biological tissue during its
development providing physical and chemical cues.

Another approach by the Shear group was to use protein microstructures as compartments
for cells and bacteria to study their behaviour in response to different stimuli. By
incorporation of microscopic thickness and density gradients in cross-linked proteins
containing poly(methyl methacrylate) particles, stimuli-responsive structures could be
fabricated that underwent large volume changes upon changes in the pH value [151]. The
fabricated microenclosures could trap, incubate and release Echerichia coli (E. coli)
bacteria (Figure 26). Harper et al. could recently physically isolate single cells from their
surrounding and entrap them in BSA microchambers. Cells remained accessible for
chemically cues through the permeable walls of the microstructures [152]. This approach
allowed studying a variety of cell functions ranging from single cell biochemistry to
perturbation and analysis of small populations of cultured cells upon their exposition to
chemical cues.

Figure 26 pH-responsive microchamber for controlled release of E. coli bacteria, abrupt changes in pH
(from 7 to 12.2) cause temporary compression of the internal chamber, releasing a few E. coli (b), or
eventually disrupting the substrate interface (c); differential interference contrast images [50,151]

Delicate microstructures can be fabricated out of native proteins such as BSA. The
mechanical properties can be adjusted altering the laser intensity necessary for the
fabrication [161]. However, the efficiency of di-tyrosine cross-linking of natural proteins is
quite limited when compared to the conventional chain-growth polymerisation of synthetic
polymers. In the former process, a minimum of two excited photosensitisers form two tyrosyl
radicals that have to couple with each other to form only one cross-link (section 8.3). Only
one radical is needed to start the chain-growth polymerisation in the latter approach, the
cross-linking of synthetic based polymers. In a recent report, precise BSA structures were
fabricated at a writing speed of only 6 um/s using a 100x NA 1.4 objective [124]. 2PP of
synthetic hydrogels can proceed at 10 mm/s using a 20x NA 0.4 microscope objective,
drastically reducing the fabrication time [49]. Though single cells and small cell clusters can
be addressed using cross-linked natural derived polymers as precursors, the creation of
millimetre-sized constructs, sizes suitable for a large variety of biological assays, is not
economically feasible. To get relevant samples still promoting cell adhesion and
proliferation, 2PP of natural precursors has to proceed faster.
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8.4.3 Modified natural polymers as hydrogel precursors

To achieve high reactivity and good biocompatibility of 2PP formulations, researchers have
turned to use chemically modified natural polymers. For instance, methacrylated
Hyaluronan (HAma) has been explored as hydrogel precursor in a recent study by Berg et
al [140]. In this work, HAma was prepared through a reaction between primary hydroxyl
groups of HA and methacrylic anhydride. While the 2PP feasibility was proved in this work,
writing speed (150 um/s) was very low. Furthermore, acrylate-based monomers (20 wt %
acrylamide and 1.2 wt % N, N-ethylene bisacrylamide, w/v) were added into the hydrogel
precursors, presumably because the photoreactivity of the HAma was not sufficient.

Ovsianikov et al. recently reported the 2PP of methacryamide derivatives of Gelatine
(GelMOD) using Irgacure 2959 as photoinitiator [126][149]. Gelatin is a proteinaceous
material hydrolytic degraded from natural collagen, the main constituent of the ECM. It is
soluble in warm water and solidifies reversibly to a transparent gel upon cooling [162].
Gelatin’s physiochemical properties are tailorable, it is bioresorbable in vivo and does not
show antigenicity. Hence, this translucent, colourless and flavourless biomaterial is an ideal
gelling agent for food, pharmaceuticals and cosmetics. The food legislation in Europe
classifies gelatin as food with the E number 441.

For 2PP, GelMOD was prepared through an amidation reaction between g-amino groups of
lysine units in Gelatine and methacrylic anhydride [162]. Complex CAD based scaffolds with
3D features were fabricated allowing a bioadhesive environment with accurate 3D
topography. The constructs preserved their enzymatic degradation capabilities after the
fabrication. In contrast to the AM of pure proteins, the writing speed could be as high as
10 mm/s allowing for shorter fabrication times. Mesenchymal stem cells were seeded on
the scaffolds, adhered and differentiated into osteogenic lineage [50].

To tackle the reactivity issue further, we synthesised the vinyl ester derivative of Gelatine
(GHve) and Hyaluronic Acid (HAve), which are supposed to be more cytocompatible and
enzymatically degradable. We processed them with novel 2PP optimised initiators (see section
9.1.2).

However, before we will assess their processability for 2PP, we will first briefly describe the
chemical structure of the materials in this work. Section 9 will be about hydrophobic and
hydrophilic Pls and precursors. We will talk about their chemical structure; give an insight on
their synthesis and investigate their biocompatibility, i.e. their potential for in vivo
polymerisation.

9 Processed Materials

9.1 Photoinitiators

In this section, we present novel, highly efficient Pls used for processing the formulations in

this work. The number of optimised 2PP Pls in general was so far quite limited. Applying

efficient water-soluble Pls for 2PP was not yet not reported. Hence, our first strategy was to

design and screen novel organo-soluble Pls and add subsequently add functional groups to

make them soluble in water. Accordingly, this subchapter has two parts: In the first part, we

present efficient oil-soluble Pls that form the basis of water-soluble Pls presented in the second
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section. It has to be noted, that R1, one of the presented oil-soluble Pls is not a constituent of
any formulations in this work. However, this molecule forms the basis of the water-soluble Pl
WSPI, presented in section 9.1.2, and is thus important to assess.

9.1.1 Organo-soluble PIs
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Figure 27 Organo-soluble 2PP Pls processed

R1 is a known, highly reactive D-n-D Pl known from literature [163]. It consists of an electron
tertiary amino electron donor and a bis(phenylbutadienyl)benzene bridge (Figure 27). Its
preparation requires a multistep synthetic route. The alkoxy side groups can act as additional
donors. A 6 of 900 GM and at 730 nm wavelength and ns pulse duration was reported.

M2CMK is one of recently published centrosymetric D-z-A-n-D PIs with different member rings
as central acceptor [164]. In these molecules, alkylamino groups act as donors, vinyl as =-
conjugated bridge and carbonyl as central acceptor. The long conjugation length, its
coplanarity and the presence of strong electron donors and central acceptors facilitate high 6.
Furthermore, the molecules can be easily synthesised in a one-step synthetic routine and
shows only low fluorescence quantum yields leading to a high population of active states for
polymerisation. MoCMK, in particular, is based on a benzylidene ketone with a central
cyclohexanone. Analogue molecules with central cyclopentanone as acceptors have
substantially higher 6 due to the increased planarity and therefore higher conjugation (see
section 7.2). Whereas the cyclopentanone molecule has a 6 of 466 GM, M.CMK has only
191 GM in chloroform when exposed to a 100 fs pulsed, 1 kHz repetition rate laser emitting at
800 nm wavelength.
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9.1.2 Water-soluble Pls

SN L
hﬁ W DMB /_/—\_/\“U
— ™
| A MeO O K/ﬁp_-_
WSPI o
0 0
= = ;
D_\r\ril O . 0 T\WD ) N%_ UlLJ\N O H/ O N\/ﬁ\@Na‘
Na® o o Na | I
G,Ck E,Ck

T o]
|y x/ /F'!I_ I a \"/ T Na
T} Q ‘ \i-_| ND_H\/\T O ‘ T\)J\DN

I Q,Ck | P,Ck
Figure 28 Water-soluble 2PP Pls, black: organo-soluble PI, blue: water-borne functional groups

To produce efficient water-soluble 2PA PIs, we modified the above described organo-soluble
compounds introducing water-borne functional groups. Suitable spacers like alkyl-chains are
required to avoid shifting their electronic structure.

A distyrylbenzene chromophore based on R1 with additional quaternary ammonium cations
was initially synthesised to study the solvent effects on the 2PA behaviour [165]. Niklas Pucher
from IAS synthesised WSPI (Figure 28) to employ it as potent 2PA PI with high 2PA initiation
efficiency in aqueous formulation. The introduction of the ammonium cations increased the
already complex preparation of R1 to a complicated six-step synthesis requiring various
purification procedures. Niklas Pucher elaborately described the compound’s preparation in
his PhD thesis [10].

To simplify the preparation and to increase the reproducibility, Zhgiuan Li and Marton Siklos
from IAS synthesised a set of water-soluble Pls based on the organo-soluble M>CMK
described in the last section. Different carboxylic sodium (G2CK, E.CK and P>CK) or
quarternary ammonium salts (Q.CK) were attached to the cyclic benzylidene ketone
chromophores (Figure 28). The 4-methylcyclohexanone based Pls G,CK and E,CK are direct,
water-soluble analogues of Mo.CMK, whereas P.CK has a cyclopentanone as central acceptor.
P>CK has a & of only 176 GM at 100 fs and 800 nm laser pulses, which is substantially lower
than that of its hydrophobic analogue (466 GM, see section 9.1.1). The § is strongly dependent
on the solvent and drops significantly in water likely due to interactions of the dissolved
molecule with the solvent such as hydrogen bonding or changes in the chromophore geometry
and/or multichromophore aggregation. However, G,CK and E,CK have a & of 163 and 201 GM
in water using a 100 fs pulsed, 1 kHz repetition rate amplified laser emitting at 800 nm
wavelength. As M>CMK, the hydrophobic analogue, has a é of 191 GM in chloroform, the
solvent effect seems to be weaker. The non-planarity of the cyclohexanone obviously reduces
the aggregation of optical units in water and provides a steric hindrance effect. The longer alkyl
chain of E;CK enhances the electron donating ability compared to G.CK. In addition, a red
shift derived from an increasing molecule length (see section 7.2) might increase the § at
800 nm wavelength [166]. The 5 of Q.CK is not known.
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9.2 Precursors

9.2.1 Synthetic precursors

9.2.1.1 Acrylate and methacrylate formulations
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Figure 29 Chemical structure of monomers used in this work; AC: acrylate, MA: methacrylate, VE: vinyl
ester and VC: vinyl carbonate

Acrylates (AC) are the most common monomers for photopolymerisation. They are based on
the structure of acrylic acid consisting of a vinyl group and a carboxylic acid terminus. Acrylates
and the less reactive but more biocompatible methacrylates (MA) are hydrophobic, liquid and
transparent materials and polymerise to thermoplast like polymers with a wide range of
physical properties. High reactivity makes them the ideal canditates for easy processable
photopolymer precursors [167].

ETA-TTA is an organo-soluble 1:1 mixture of ethoxylated (20/3)-trimethylolpropanetriacrylate
and trimethylolpropanetriacrylate (ETA-TTA), an ideally suitable 2PP formulation [49][50]. We
used it for testing novel organo-soluble initiators, high-speed structuring and as reference
formulation for toxicity assays.

PEGda is a commercial cross-linker consisting of a polyethylene glycol backbone
functionalised with two reactive acrylate at each end. For most of the experiments in this thesis,
we used PEG diacrylate (PEGda) with a molecular weight (Mw) of 700. The material is soluble
in aqueous formulations. Both organo-soluble and water-soluble initiators are feasible for
processing PEGda.

PEGdma is similar to PEGda besides it MA end groups. It is less reactive but more
biocompatible than PEGda. For preliminary structuring tests, we used these precursors with
Mws of 600, 700, 800 and 1000.

Formulation 3 is an organo-soluble 1:1:1 mixture of the commercial monomers bisphenol A-
diglycerolate dimethacrylate (Bis-GMA), diurethane dimethacrylate (UDMA) and 1,10-
decanediol dimethacrylate (DsMA) and is a composite formulation for restorative dentistry. We
used this formulation to evaluate the performance of novel Pls for polymerising methacrylates.

Skin irritancy and toxicity of AC and MA monomers limits their use for biomedical applications.
The acrylate double bond has a tendency to react via Michael addition to amino or thiol groups
of proteins. Moreover, an AC polymer degrades to high Mw poly ((acrylic acid), which is hardly
excreted from the body. The resulting local decrease of pH changes may lead to tissue
necrosis [168].
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Figure 30 a) acrylate-, b) methacrylate, c) vinyl ester and d) vinyl carbonate polymer precursors used in this
work.

9.2.1.2 Vinyl esters and carbonates

Vinyl esters (VE) are a series of alternative monomers with good cytocompatibility [168][169].
These monomers derive from a reaction of a vinyl donor (vinyl acetate) with carboxylic acid in
the presence of a catalyst (Hg-(ll)-acetate or PD-(ll)-salt) and are not commercially available
[167]. Comparative cytotoxicity studies on osteoblasts proved that VE monomers are at least
one or two orders of magnitude less toxic than their MA or AC references, respectively. VE
polymers degrade to low Mw poly(vinyl alcohol), a common FDA approved compound of many
biomaterials. In contrast to high Mw acrylic acid, released from unpolymerised AC,
unpolymerised VE groups release acetaldehyde that can easily be metabolised into acetic acid
in the presence of acetaldehyde dehydrogenase. In addition, VE have usually lower viscosity
than ACs and MAs allowing the incorporation of various biocompatible fillers.

VE are less prone to chain-growth reactions presumably due to resonance stabilisation, their
reactivity is lower than the AC references’. However, the UV polymerised AC and VE networks
show similar values for indentation hardness and modulus [167].

In the course of this thesis, we tested several VE components provided from IAS including the
hydrophobic and most reactive hexandioic acid divinyl ester (4VE) and two PEG based
polymers functionalised with VE groups (PEG divinyl ester-PEGdve with Mws of 250 and 600).
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For some formulations, we added Dithiolthreitol (DTT) as comonomer to increase the
occurrence of chain transfer reactions and thus higher reactivity.

Vinyl Carbonates (VC) also exhibits similar photoreactivity and mechanical properties
compared to AC references. VCs also consist of the biocompatible poly(vinyl alcohols)
backbone but the their synthesis is more easy and not sensitive to the presence of functional
groups. A reaction of amines or alcohols with commercially available vinyl chlorofomate gives
the desired carbonates in high yields [170]. In contrast to VE and MA, the degradation
behaviour can be easily tuned and the VC polymers do not release any acidic degradation
products. In this thesis, we evaluated the trifunctional cross-linker glycerol (glycerol trivinyl
carbonate - GVC) for its use in 2PP. It is a part of lipids and considered cytocompatible. The
UV polymerised GVC has the highest modulus among all measured substances. It is even
stiffer than the triacrylate reference TTA [6].

9.2.2 Natural based precursors

9.2.2.1 Hydrolysed Gelatine Vinyl Ester (GHve)

Xiao-Hua Qin from IAS synthesised the vinyl ester derivative of gelatin, which is supposed to
be cytocompatible and enzymatically degradable (see section 8.4.3). An aminolysis reaction
between g-amino groups of lysine units and an excessive amount of divinyl adipate rendered
low Mw gelatin (Gelatine hydrolisate - GH) functionalised with VE groups. According to proton
nuclear magnetic moment analysis, the degree of substitution of amino groups with vinyl ester
groups was 0.964% (~96.4 vinyl esters in 100 repeating units) [171]. As VE limits the efficiency
of chain-growth reactions compared to AC, thiol-ene click chemistry should raise chain transfer
reactions. Radicals generated from Pls abstract hydrogen from thiols. The resulting thiyl
radicals propagate across the carbon-carbon double bonds (enes) from the VE resulting in
carbon centered radicals [172]. This step-growth reaction, combines thiol and ene functional
groups while still enabling all the benefits of a rapid, photoinitiated radical-mediated process
[173]. Figure 31 shows the reaction mechanism.
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Figure 31 Mechanism of radical-mediated thiol-VE photopolymerisation [50].

To provide multiple free cysteine units for subsequent thiol-vinyl ester photo-click reactions, he
selected the reduced BSA (BSA-SH) as a model macrothiol. Since the extent of cysteine units
depends on the stochiometry between disulfide bridges and reducing agents, we tested
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varying ratios between thiol and -ene groups of VEs and different ratios between BSA-SH and
GHve to obtain hydrogels with different mechanical properties.
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Figure 32 Schematic of GH-VE and BSA-SH photocross-linking hydrogel networks using as precursors,
TCEP= tris(2-carboxyethyl)phosphine, DVA=divinyl adipate [50]

9.2.2.2 Hyaluronic Acid Vinyl Ester (HAve)

Vinyl Esters can be bound to the OH end groups of Hyaloronic acid (HA). As this molecule
provides more of these anchor points than GH, including an additional macrothiol in the
formulation is not requried. In addition, HA allows for a higher degree of substitution with VE
and thus presumably a higher photoreactivity. Furthermore, in contrast to BSA, it is bioactive
and supports cell attachment, proliferation and migration. We made preliminary structuring
tests using VE derivatives of low Mw HA (HAve) (see section 12.4.3).
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Figure 33 Synthesis of low Mw HA-ve [174]

Xiao-Hua Qin (IAS) prepared low Mw HA (Mw ~8 kilodalton) via acidic degradation of high Mw
HA (~1.3 megadalton) according to an established protocol [175]. The compound was then
synthesised through lipase-catalysed trans-esterification reactions between primary hydroxyl
groups on HA and divinyl adipate. By carefully tuning the reaction time and stoichiometry, a
wide range of substitution degree was accessible. For 2PP fabrication, we used HAve with a
substitution degree of 0.53 (53 vinyl esters in 100 repeating units) [174].

After this chapter on the photoinitiators and precursors that were used, we can now end the
theory part of this thesis. We know now, how 2PP is different from other AMTs, what has to be
considered in designing a two-photon absorbing molecule and how this relates to the
preparation of an efficient 2PP photoinitiator. We have heard about light sources and switching
devices that are required for illuminating the sample at desired spots within the volume.
Moreover, we had a look in the literature, and learned which biomaterials were already
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successfully processed with 2PP. After this section on the chemical structure and properties
of the components used in this work, we are now at the point, where we can turn our focus to
what has been done.

The next section will be about the two experimental systems that were available at the time
this thesis was written. One system was available straight from the beginning. We designed
the other one to face the 2PP specific challenge of long process times.

52



10 Experimental setups for 2PP

In this section, we will describe the two experimental setups used for the experiments of this
work. At the time of writing this thesis, these two systems were available at the IMST.

10.1 Micro 3-dimensional structuring device

The micro 3-dimensional structuring device (M3DL) is a prototype manufactured by the Laser
Zentrum Hannover (LZH). Klaus Stadlmann from the IMST optimised the initial design from
Sven Passinger (LZH) for the scope of producing waveguide connectors for optoelectronic
circuits.

Figure 34 shows the basic setup of M3DL. The 100 fs pulsed laser beam of a Ti:sapphire laser
(High Q laser) emitted at 810 nm wavelength at a repetition rate of 73 MHz and 400 mW power
output. It passed through an AOM. This shutter diffracted the laser beam leaving the first order
waves for the polymerisation. A M2 wave-plate together with a polarisation dependent beam-
splitter adjusted the intensity. A selectable microscope objective focused the beam into a
container with photopolymerisable formulation. Two high precision air-bearing axes (Aerotech)
moved the beam-focusing objective in the X- and Y-dimension. A similar air-bearing Z-axis
carried the formulation container. The mirror system ensured that the X- and Y-movement was
only parallel to the direction of the laser beam, so that the guidance of the beam was stable
throughout the whole structuring process. For the online process observation, a camera
viewed along the laser beam and got focused on the polymerisation spot through the same
objective used for focusing the laser. Mounting the axes on a hard stone frame ensured
appropriate damping of noises and vibrations. The whole setup’s base was an optical table
with an air friction damping, again to suppress vibrations. For controlling the machine, the axes
and the laser intensity power meter were plugged to an electronic device, which processed the
commands given by the control computer. A red LED lamp illuminated the sample preventing
premature polymerisation. An extensive setup description is given elsewhere [11,176,177].
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Figure 34 Setup scheme of M3DL [11].
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10.2 2PP Micro Processing system Mipro

With the scope of increasing the processing speed, we designed a novel 2PP system based
on an old setup from LZH. It was initially used for micro-stereolithography. A UV laser passed
through an AOM used for switching the beam and adjusting the laser intensity. A
galvanoscanner deflected the beam, which was focused onto the surface of the formulation
using a telecentric F-theta lens. Throughout the complete scanning field, this lens kept the
focal point in one plane to produce flat surface layers. Furthermore, it ensured an orthogonal
entrance angle from the beam to the surface of the formulation.
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Figure 35 Microstereolithography setup Mipro, a) optical setup, b) building platform

As SLA requires a flat surface, two piezo stages (Nanomotion) moved two linear axes
(Schneeberger) that carried a recoater blade. A linear encoder (Numeric Jena) measured the
position of the recoater. Like other stereolithography setups, the old Mipro setup followed a
bottom-up building approach, where the surface was exposed to the surrounding. A
piezoelectric stage (Steinmeyer) dipped the building platform into the formulation and moved
it away from the formulation’s surface during the building process. To ensure a correct position
of the surface and an associated constant layer thickness, another piezoelectric stage dipped
a compensating volume into the formulation. As the building platform moved down, it displaced
the liquid levelling up the formulation’s surface. Simultaneously, the compensating volume
moved up decreasing the submerged volume to the same amount as the building platform
increased it ensuring a constant vertical position of the surface. Although this setup ensured a
writing speed of 0.5 m/s and a resolution of 5 um in X, Y and 10 pm in Z, it suffered from
several disadvantages:

e Low convenience; it was hard to operate the vertically mounted touch-screen control
panel and to access the building platform.

e Insufficient mass compensation of linear axes. The moving parts of the building
platform and the compensating volume were strong and heavy. Hence, the axes had
to level up a large amount of weight, which had to be compensated. The applied gas
compression springs provided the intended effect but also damped the acceleration
capabilities of the axes reducing the possible setup-up time for producing the next
polymer layer.

e Only one large formulation container with a capacity of 79.38 cm?® was available. Quite
a large amount of formulation was necessary to produce only small polymeric parts.
The excess formulation had to be disposed. For testing new formulations, this was not
efficient and increased costs. In addition, as the processed organo-soluble formulations
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were exposed to the surrounding, the setup required a laboratory hood to get rid of
solvent fumes.

Though 2PP, in general, is a similar technique as SLA, the adaption of the old setup required
a complete redesign. Two new hardware components were bought; the heart of the new setup
was a laser from High Q Lasers, operating at 797.5 nm wavelength, 428 mW output power,
72 fs pulse duration and 73 MHz repetition rate. The diameter of the beam was 1.88 in X and
1.81 in Y. In addition, a hew acousto-optic modulator from AA Optoelectronics permitted a
diffraction efficiency of >85% and a transmission of >95% at VIS/IR. The galvano-scanner
manufacturer Scanlab changed the mirrors of the device for operating at NIR wavelength.
Similarly, all mirrors of the optical setup had to be changed. We tried to design a very simple
setup with low complexity to circumvent resulting limitations, to increase the reproducibility of
the fabricated parts and to reduce costs. After a short overview of the basic principle of the
novel 2PP setup Mipro (Figure 36 and Figure 37), we will describe its optical and mechanical
components and explain the underlying design reasons.
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Figure 36 Scheme of the new 2PP Mipro setup

In the new setup, the laser beam passed through the AOM (Figure 36 and Figure 37-1) leaving
the first order of diffraction for the structuring. The beam could be switched and controlled in
its intensity by applying waves of different amplitudes inside the crystal (see description of
AOMs in section 7.3.2). A pinhole (2) blocked the other beam orders from further propagation
in the setup. Leaving the pinhole, the beam was expanded six times of its initial 1.8 mm
diameter (3). The galvanoscanner deflected the beam before focusing it with a microscope
objective (6). We could choose between three objectives differing in their magnification and
numerical aperture (see section 10.3). To create 3D polymeric structures, the rotating mirrors
of the galcanoscanner (5) traced the focal point inside the formulation. A clamp carried the
formulation container and was mounted to a linear XYZ axes system (7). We adapted the axes
from the old setup (8) and used them to position the specimen clamp for creating the third
order of dimension (Z-axis) and to increase the limited field of view of the objective (see section
10.3). For online process observation, a CCD camera (9) monitored the polymerisation
process. The whole setup was mounted on the old setup’s hard stone frame to damp
vibrations. The laser power was measured behind the AOM (10).
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Figure 37 CAD drawing of 2PP Mipro setup; 1) Laser, 2) AOM, 3) Pinhole, 4) Beam expander, 5)
Galvanoscanner, 6) Microscope objective, 7) Specimen clamp, 8) XYZ translation axes, 9) CCD camera, 10)
Laser power meter.

In contrast to the M3DL setup, minimising the amount of mirrors and lenses reduced distortions
of the pulse width and ensured high beam quality when focused into the specimen. Figure 37
shows a CAD of the setup.

10.2.1 Power Adjustment

In contrast to M3DL, the laser power was not measured continuously during the fabrication
process. A laser power meter (Coherent) could be mounted between the pinhole and the beam
expander. An automatic software routine then calibrated the power values to the analogue
electric signal used for adjusting the amplitude of the acoustic wave in the AOM crystal. Once
calibrated, the operator removed the power meter from the beam path and the full laser
intensity of the AOM'’s first order could be used for structuring. No laser power was required
for the measurement and the beam did not have to pass any additional optic devices.*?

12 For power adjustement in M3DL, the laser beam had to pass a A2 waveplate and a beamsplitter,
increasing pulse length, costs and complexity relative to the Mipro setup.
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Figure 38 Power Calibration; 1) Laser, 2) AOM, 3) Power Meter

For adjusting the acoustic wave inside the AOM crystal, an analogue electric signal with a
potential of 0-5V supplied an AOM driver, which generated high frequency electric waves. The
transducer of the AOM converted these electric waves into acoustic waves. The electric
potential dictated the amplitude of the electric waves and hence also the one of the acoustic
wave. The acoustic wave, again, prompted the amount of intensity deflected (see operation
principle of AOMs in section 7.3.2). This resulted in a direct correlation (Figure 39a) between
applied electric potential and laser power output that was correct as long as the laser power
output was constant. By pushing the electric signal to the ground, the full intensity was on the
0" order, no deflection occurred. Two electric signals were used for the intensity adjustment
(height of the electric potential) and the switching (pushing the signal to the ground),
respectively. The driver card of the galvano-scanner delivered these two signals.
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Figure 39 a) Laser Power past the AOM over electrical potential def to the AOM driver; b) electric frequency
signal of the AOM driver at 3V input voltage

One was an active-low transistor-transistor logic (TTL) signal (GND or 5V) that was on high
when no intensity was required. This included standby, positioning of the linear axes and
positioning of the mirrors (jump mode) for creating the next polymer line(s). When it was off,
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the potential of the TTL was on GND, the adjusted intensity of the laser was deflected to the
first order and could be used for structuring (mark mode).

The driver card provided another analogue 0-10V signal that was independent of the operation
status (mark, jump or standby modes). This signal was used for the intensity adjustment.

To convert the logic and the analog signal of the galvano-scanner driver to a single analog O-
5V signal required for the AOM driver, we designed and assembled an optical-electric
transistor circuit with the following functions:

e Impedance and potential matching between galvano-scanner and AOM driver.

e Supply of sufficient current for the AOM driver.

e Optical separation of the TTL signal from the AOM driver to avoid high frequency
reflections potentially causing damage to the galvano-scanner driver.

e Brief circuit times to reduce delays between mark and jump phases of the galvano-
scanner.

A full elaboration of this optical circuit is beyond the scope of this thesis. Interested readers
will find more information in the Mipro setup documentation. In short, we could achieve 60 ns
circuit times at an average. This is already very close to the 10 ns switching capacity of the
AOM. Using this circuit, the (already minimised) cable length and the inertia of the mirrors were
considered as the only delaying factors between a jump and a mark phase.

For some experiments of this work, the AOM was not available since it was sent for
maintenance. We used the write/read head of a hard disk for beam switching. Figure 40 shows
a photograph of the adapted hard disc. When using this mechanical switch, we manually
controlled the laser intensity using a continuously variable neutral density filter. We will indicate
the experiments conducted with the mechanical switch in the dedicated passages.

Figure 40 Mechanical laser switch based on a hard disc; 1) laser impact point, 2) read/write head used as
switch, 3) connector cables for controlling the head, 4) electric coil, 5) rod for mounting
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10.2.2 Beam expander

For adequate focusing, the diameter of the beam has to fill the whole back aperture of a
microscope objective and its intensity distribution should be flat [19]. In the Mipro setup, the
beam was expanded such that the lower intensity shares did not pass the back aperture of the
microscope objective. Hence, the objective was “overfilled” and the lower intensity shares were
simply cut off to ensure a flat distribution prior to focusing (see Figure 41)
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Figure 41 Cutting off the lower intensity shares of an expanded beam (left distribution) at the back aperture

of a microscope objective (middle). The resulting homogeneous distribution (right distribution) ensures
appropriate focusing; d=distance from the focal point, I=intensity

Using a galvano-scanner for tracing the focal point within the specimen, a wide beam with a
flat distribution was required providing homogeneous intensity even at high deflection angles.
This facilitated the exploitation of the microscope objective’s whole field of view for structuring.
In the Mipro setup, a six-fold expansion increased the beam’s diameter to ~11.3 mm from its
initial ~1.88 mm. Two plano-convex lenses were used for the expansion (see Figure 42).
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Figure 42 Beam expander consisting of two plano-convex lenses; 1) focal distance 50 mm, 2) focal distance
300 mm

After passing the first lens, the beam became narrower reaching its smallest diameter 60 mm
behind the lens. Then it diverged again over a length of 300 mm. It was again collimated
passing a plano-convex lens with a focal distance of 300 mm. The relationship between the
focal lengths of these lenses determined the ratio of total expansion (300/50=6).

10.2.3 Galvano-scanner

The principle of the galvano-scanner-based movement of the focal point is straightforward.
There are two rotating mirrors deflecting the laser beam before it focusing it with the
microscope objective. The rotation of the mirror traces the focal point inside the liquid
formulation and leaves a polymer line. Precise positioning and movement of the mirrors
facilitates line-by-line scanning according to a layer of a predefined CAD (see section 6.2).
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Figure 43 visualises the basic principle of this approach. The galvano-scanner used in this
work, had a total travelling range of £32000 pixels in X and Y, respectively. The “Home”
Position, where the beam was diffracted to a right angle had the coordinates X: 0 and Y: O.
The distance travelled in unit length divided by the amount of pixels defined the maximum
resolution accessible with the scanner. We will define this ratio as the resolution factor. It is
dependent on the magnification of the used microscope objective (see section 10.3). The
maximum scanning speed of the galvano-scanner mirrors was 1000000 pixels per second. As
with the travelled distance, the scanning speed in unit length was also dependent on the
resolution factor.
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Figure 43 Basic principle of tracing the focal point with a galvanoscanner mirror in 2PP; the movement
from position a) to b) creates a polymer line inside the photopolymerisable formulation.

The galvano-scanner provided a set of positioning (jumping) and writing (marking) commands
for controlling the mirrors. Each command described a vector to be travelled consisting of a
number of equidistant pixels. The user set the pixel distance and the output period via the
control software (see section 10.2.6). The timing of the mirror movement and the laser
switching (see section 10.2.1) was very complex and the inertia of the mirrors played a
significant role. For this task, the control of the galvano-scanner offered several user-definable
delays, which ensured that turning off and on the laser happened at exactly the right time.

These delays were also important for exact positioning. As it would slow down the scanning
process significantly, there was no feedback control for the position of the mirrors. To ensure
precise scanning according to a user defined CAD required correct adjustment of the delay
parameters. Interested readers will find appropriate values and explanations in the Mipro
manual as well as in the galvano-scanner manufacturer manual.

A closer look to Figure 43 indicates a maximum mirror angle, where the beam is deflected
beyond the field of view of the microscope objective. This indicates that the travelling range of
the galvano-scanner was much larger than the field of view of the microscope objective.
Hence, the objective not only defined the resolution but also the maximum build size accessible
with the galvano-scanner. For microscope objectives used in 2PP, this is usually well below
1 mm. This also applies for the objectives used in this work, which are the topic of section 10.3.
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10.2.4 Camera for online observation

For online process observation, a CCD camera (IDS imaging, Figure 44-1) was mounted to a
camera objective with adjustable focus (2) (Avantar). It viewed through a half-transparent
dielectric mirror (3) that deflected the NIR light but permitted light of visible wavelengths to
pass. Similar to a light microscope, the camera recorded the field of view of the microscope
objective, the same spot used for structuring. This allowed the operator to observe the building
process online and to position the structures on the specimen. Most formulations contained
fluorescent initiators that emitted green or blue light upon two-photon exposure. Generally, this
already happened at intensities way below the polymerisation threshold (see section 10.3),
even before polymerisation actually occurred. It allowed localising the building spot. However,
in most cases the fluorescence was too bright, which caused an overexposure of the CCD
camera and a merely white image on the screen. A blue filter behind the camera objective
prevented the overexposure.
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Figure 44 Realisation of online process observation; 1) CCD camera, 2) camera objective, 3) half-
transparent mirror, 4) galvanoscanner, 5) objective

10.2.5 X-Y-Z- axes system and formulation container

The galvanoscanner could only build one layer of the CAD file at X- and Y-dimensions limited
by the field of view of the magnifying objective used (see section 10.3). A standard microscope
slide containing photopolymerisable formulation was attached to specimen clamp (Figure 45-
5) from upside down. Once the fabrication of one layer was finished, a linear Z-stage moved
the specimen up by the thickness of one layer until the galvanoscanner could fabricate the
next layer. As the X- and Y-axes (6 and 7) of the Mipro setup carried the Z-stage, it was
important to minimise the weight and to avoid an off-centre loading. This was especially
important for the Y-axis being the base of the assembly and carrying the most weight. We built
a lightweight stage consisting of an unmotorised linear axis (1) (Schneeberger), a piezoelectric
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motor (2) (Nanomotion) and a linear Encoder (3)
(Numeric Jena). An air pressure cylinder (4) (Airpel)
compensated the weight of the Z-axis. In Figure 45, the
encoder is not visible. It is located behind the specimen
clamp. The arrow indicates its location.

For creating larger structures than the maximum build
size of the respective microscope objective, we divided
the CAD file into several parts of obtainable dimensions.
The setup created these subparts in a sequential manner.
As soon as the fabrication was finished, the scanner went
into standby and the linear X- and Y-axes positioned the
specimen for the creation of the next subpart. In this
sequence, these subparts were stitched together to form
the entire desired polymer structure.

10.2.6 The control software

Peter Gruber programmed the control software of the Figure 45 linear X-Y-Z stage

Mipro setup. It combined the control of the linear axis with ~ assembly with specimen clamp; 1) Z-

the galvanoscanner driver. All axes and galvanoscanner o9 2) Motor, 3) Encoder, 4) air
g " ) g pressure cylinder, 5) specimen

parameters were accessible with this software. It clamp, 6) X-axis, 7) Y-axis

provided various standard structures, such as lattices,

lines and cylinders that could be arranged in rectangular and hexagonal shape and at a user-

defined distance between the single elements. STLs were sliced based on different selectable

slicing routines considering various processing modes. The software divided big STLs and

processed the subparts as described in section 10.2.5.

Once the user had chosen the total structure dimensions (or an STL file with defined
geometries was uploaded), she/he had to set process specific parameters including:

e Line Power: the power used to create the polymer lines of an object.
o Markspeed: the speed of the fabrication

e Line distance: the distance between the polymer lines of an object

e Layer-distance: the distance between the layers

e Number of layers

The software allowed the fabrication of several structures of the same kind at a certain distance
to each other. The user could choose one of the above-described parameters to be changed
by a certain amount from one element to the other. For example, it was possible to fabricate
an array of similar structures differing in their line power in X and in their markspeed in Y. A
qualitative analysis of these structures in the microscope facilitated a quick benchmark of
different material components in the formulation. This routine was useful for Pl screenings (see
section 12.1 and 12.2). Under the prevalent conditions, we could identify the processing
window and classify the component under investigation.

The software offered a range of other functionalities, which will not be explained in this thesis.
The reader will find more information in the Mipro manual. Some experiments of this work
required software tools not described in this section. The reader will find more information
before the respective passages.
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10.2.7 Photographs

In the last section of this brief setup description, we will show some photographs, from which
the reader will get an overview on the actual realisation of the Mipro setup. Some of the
components described in this section will be visible.

Figure 47 1) galvanoscanner, 2) microscope objective, 3) XYZ axes, 4) CCD camera and 5) sample
illumination
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10.3 Microscope objectives

Two objectives with equal magnification and different numerical aperture could be mounted in
both of the experimental setups used in this work. Before going into their specifications, we
will first theoretically describe the key parameters of microscope objectives. Furthermore, we
will investigate, how these parameters determine the resolution and shape of the structures,
we are going to fabricate.

Generally, a microscope objective’s key parameters are its magnification (M), its numerical
aperture (NA) and its working distance (WD). M describes the ratio between the appearance
of an object through the objective and its real dimensions. The WD describes the objective’s
actual focal distance. The manufacturer usually corrects this value for its use with a thin glass
coverslip (~0.2 mm) used in microscopy. NA is a dimensionless value for an objective’s
maximum angle of aperture for emitting or accepting light. It is calculated as the product of the
refractive index n and the sinus of the half-angle of aperture (see Figure 48). The smallest
resolvable detail is defined as the ratio between the wavelength and the numerical aperture.
In air, the NA can be ~1 at its maximum. For achieving higher resolution, high NA objectives
require immersion media like water or oil [11,176].

WD ‘

NA=n*sin(x)

. Rsol = -
NA

Figure 48 Explanation of the numerical aperture; F=focal point, Rsol=resolution power) [11]

In this work, two 20x magnification were used with NAs of 0.4 and 0.8, respectively. Both
required no special immersion media. The objective with an NA of 0.4 was a LD Plan Neofluar.
LD, here, stands for long distance. Plan refers to an installed correction of the field of curvature
aberration [11]. Neofluar refers to the special optical glass of the lens ensuring high
transmission for the entire visible spectrum. It had a working distance of 7.4-8.4 mm and could
be adapted to various cover glass thicknesses from 0 to 1.5 mm. Its transmittance of light at
800 nm was approximately 85% according to the manufacturer Carl Zeiss [178]. In the Mipro
setup, the accessible building size was ~600 um using this objective. The efficiency (ratio
between the intensity measured after and before the objective) was 30%. The 20x
magnification resulted in 10 pixels per pm and a maximum scanning resolution of 100 nm. The
maximum speed of the galvano-scanner was 5 m/s with this objective.

Of special interest is the theoretical maximum obtainable resolution. According to Zipfel et al.,
the equation for the minimum diameter that can be resolved (Figure 48) must be adapted for
the use in two-photon based applications. The following equations provide a good estimate of
the minimum diameter of the basic building unit in 2PP. The minimum dimensions in X and Y
are [19]:

e = 0.302 A
Xy~ JZNA
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for objectives with NAs < 0.7. The dimension in Z is:

05321 1 ]
z V2 n—vVnz—-NA:2

With an refractive index of 1 (air), the X- and Y-dimensions for the 20x NA 0.4 objective is
roughly ~453 nm and the Z resolution is ~3605 nm. A structured polymer line is thus widely
elongated in Z. The ratio between height and width is expectedly eight, which is in good
agreement with previous experimental work [11]. The volume can be calculated as [19]:

— /73 w2
Vapp = VIT° Wy, w, 9

and is roughly 1 um?2 for the described objective.

The other 20x magnification objective was a Plan Apochromat. Objectives of this kind have
high NAs and good flatness of field. They are widely used in confocal microscopy and are
recommended for 2PP. The WD was 0.55 mm. The objective was adjusted to a 0.17 mm thick
cover glass. The transmission efficiency at 800 nm wavelength was ~90% [179]. Compared to
the 20x NA 0.4 objective, we could obtain a slightly smaller building size of ~550 um in the
Mipro setup. The efficiency, however, was 60%. The process speed and the maximum
resolution obtainable was the same as with the NA 0.4 objective.

For NA > 0.7, the resolution in X- and Y is calculated as [19]:

0.352 1
ny = \/ENAO.Ql 10
which results in approximately 244 nm. The Z-resolution for this objective according to
equation 8 is roughly 752 nm. The height-to-width ratio of the basic building unit (voxel) is then
three, the expected exposed volume is with ~0.06 um? considerably smaller than the exposed
volume of the NA 0.4 objective.

Figure 49a) LD Plan Neofluar 20x NA 0.4 [178], b) Plan-Apochromat 20x NA 0.8 [179]

The above described voxel dimensions are simply rough estimates. The probability of a 2PA
and subsequent polymerisation can saturate near the focal centre while continuing to increase
in the wings of the focal volume. This causes a deviation from the calculated voxel dimensions.
It is thus dependent on several other factors than the NA including

e Laser power
e Pulse width
e Repetition rate
e Reactivity of the formulation
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e Sijze of the molecules inside the formulation

Zipfel et al., for example, calculated the influence of the 2PA cross-section (8, section 7.2) on
the relative increase in 2PA excited volume in two-photon microscopy (Figure 50). Whereas
the power has almost no influence in solutions containing fluorophores with a 5 of 1 GM, the
excited volume increases nonlinearly with the laser power in a solution containing a
fluorophore with a 6 of 300 GM [19].

Relative increase in effective
two-photon excitation volume

Power (mW)

Figure 50 Increase in 2PA excited volume dependent on the laser power for a 1 GM and a 300 GM
fluorophore calculated for a 1.2 NA objective, and a 200 fs pulsed 80 MHz laser source; the insert shows
the lateral plane for the respective fluorophores at 20 mw [19].

In 2PP, it is possible to achieve photopolymerisation in a very small volume, significantly
smaller than calculated. The laser intensity has to stay within the boundaries of polymerisation
as shown in Figure 51. The irradiation fluence and/or time at which polymerisation initially
occurs defines the threshold. It is dependent on all parameters described above. Precisely
controlling the intensity or irradiation time allows polymerising structures at resolutions below
the diffraction limit. Increasing the intensity, the voxel sizes increase as long as the upper
threshold is reached, at which the formulation gets overexposed and bubbles start to form
which subsequently results in damage to the polymer. Hence, it is important to stay within the
boundaries of polymerisation.
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Figure 51 Effect of the laser Intensity on the voxel diameter

Voxel Diameter
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Varying the laser powers and writing speeds, one can benchmark a photopolymerisable
formulation according to its lower and higher polymerisation threshold as well as its process
window. Leaving the testing protocol similar between the tested formulations provides a useful
method to compare different components regarding their reactivity. This is what we will further
call material screening (section 11.2).

However, before we report on screening the components described in section 9, we will first
address the necessary sample preparation protocol.

67



11 Structuring experiments

11.1 Preparation for 2PP structuring

As a fast screening procedure and low material consumption was favourable, we produced
structures with dimensions of only below 100 pum in height. Therefore, only a small building
volume was required. A suitable specimen was prepared placing a liquid formulation on a
microscope slide as depicted in Figure 52.

To prevent the liquid formulation from flowing down, an 18x18x0.17 mm? coverslip (Figure 52-
3) was put at 120 um distance from the slide (1). Two pieces of chemical resistant adhesive
strip (2) specified this distance. Using another two pieces, the coverslip was attached to the
layer of strip underneath (4). The space in between the slide and the coverslip constituted the
building area of roughly 18x10x0.12 mm? assuming that 4 mm of the coverslip laid on either
side of the adhesive strip spacers attached to the slide. Hence, in total, the required amount
of formulation was approximately 22 mm?2 of unit volume.

Using a syringe (5), 30 pl of liquid formulation was applied to the microscope slide. The drop
(6) was placed between the two spacers and right next to the coverslip. The liquid formulation
could soak into the space between slide and coverslip. After the full building volume was
completely filled up, the excess formulation not soaked into the building volume was removed.
Two additional pieces of strip were attached on either side of the coverslip (7), where the
building volume was exposed to the surrounding. This was especially important for water-
based resins as this prevented the water from evaporation and hence the formulation from
drying out and from getting unusable. The prepared specimen was then loaded into the
designated clamp on the XYZ axes system. The white arrows in Figure 52d indicate, where
the specimen was placed. After loading, the operator pushed down the Z-axis manually until
the focal point (tip of the red triangle above the microscope objective in Figure 52d) was located
in the building volume. 2PA, respectively the Pls associated fluorescence was then visible in
the online process observation. The blue arrow of Figure 52 indicates the manual movement
to position the focal point.

Figure 52 Specimen preparation and loading; a) strip spacers and coverglass on coverslip, b) fixation of
coverglass and pipetting formulation drop next to building volume, c) sealing of building volume, d) loading
of specimen onto the clamp
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Next, the operator enabled the axes for software-controlled movement. She/he moved down
the axis to position the focal point close to the surface of the microscope slide. This was then
considered as the reference position, where the fabrication of the first structure was intended
to start. The subsequent structuring process proceeded upside down. Fabricating in a layer-
per-layer approach, the Z-axis moved in the positive direction stacking the individual layers on
top of each other. As soon as the fabrication of one lattice was finished, the X- or Y-axis moved
to the intended position for the next element. The Z-axis moved to the reference position near
the microscope slide’s surface. This ensured all structure’s attachment to the slide and
supported keeping their arrangement. The user could assign the correct markspeed and laser
power values to the individual structures and further qualitatively assess the structures in the
microscope.

11.2 Speed-power screening via lattice array

Figure 53 Lattice structure with adjustable parameters; a) base area dimension, b) line distance, c) layer
distance

For evaluating the Pls and the precursors described in this work, we often employed one
assessment procedure to allow better comparability between the compounds. The assessment
was based on qualitatively categorising the optical appearance of standard lattice structures
(see Figure 53). Unless indicated otherwise, the applied objective, the structuring parameters
and the dimensions of the structure were kept constant for all assessments. We used the 20x
NA 0.8 objective to fabricate lattices with an intended base area (a) of 50x50 um?. In total, 40
layers were fabricated at a layer distance (c) of 5 um. The distance between the polymer lines
(b) was 10 pm resulting in six polymer lines per layer. We fabricated several similar lattice
elements in an array, where the markspeed and laser power varied in X and Y, respectively.

After the fabrication process, the specimen was immersed in a suitable solvent. The adhesive
strips including the coverslip were removed from the microscope slide carrying the lattices.
This procedure allowed removing the unpolymerised monomer residue. A check of the
structures in the light microscope (LM) gave evidence on the strength of the structure’s
attachment on the slide.

Attention must be paid to the attachment of the polymer structures on the glass slide.
Especially acrylate-based formulations suffer from shrinkage after the development. As the
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solvent evaporated, polymer structures often lost adherence to the microscope slide and could
not be associated to any particular writing speed and/or laser power. In this case, a qualitative
assessment was thus insufficient. Careful development including ensuring a horizontal position
of the slide in a still solvent bath, careful removal of the cover glass and safe transportation
and storage reduced the chances for the structure’s detachment. However, in many cases,
this issue could not be prevented. A functionalization of the glass slide with a methacrylic
surface as described by Niklas Pucher [10], helped to strengthen the adhesion. Such a slide
preparation recommend is recommended before conducting any screening.

When attached properly, the specimens manufactured in hydrophobic formulations were
investigated in the Scanning Electron Microscope (FEI Philips XL30). The hydrogel structures
were taken to the Laser Scanning Microscope (Zeiss LSM 700). We took pictures showing the
overview of all lattices produced as well as detailed shots showing four individual lattices at
once. We qualitatively assigned the produced structures to different quality categories. As the
level of detail differs between the SEM and the LSM, the quality categories are different for
hydrophobic and hydrophilic materials, respectively. The particular schemes will be presented
in the respective following sections of this chapter.

For the LSM analysis, we wanted to keep the sample hydrated, similar like in a biological
surrounding. Moreover, we wanted to keep the amount of water constant through which the
structures were analysed. Using the same LSM parameters, this ensured comparable auto-
fluorescence between different samples. The polymer’s fluorescence intensity gave insight into
its cross-linking density (see section 12.3.1.1). To ensure constant water depth to the
polymeric parts, we prepared the structured samples according to the protocol described in
the next section.

11.3 Preparation for investigations in the laser scanning microscope

Our intention was to observe the structures in a surrounding, which is similar to a physiological,
agueous environment. Hence, we again kept the structures in DI water for 12 hours until they
reached equilibrium swelling [123], where the restoring force of the polymer network limits its
swelling capability in the solvent [180]. A laser-scanning microscope (LSM) allowed direct
observation of the polymer’s auto-fluorescence when exposed to a cw-laser. Thus, it was
possible to investigate the lattices directly in the aqueous surrounding. Drying was not
required.

For transportation to the LSM and for subsequent investigation, the specimen was prepared
in a similar way as for fabrication (see Figure 54). First, the slide with the attached structures
was taken out of the solvent. Second, the water remaining on the slide around the structures
and on the adhesive strip spacers was dried with tissues. Third, we again laid a cover glass
on the spacers of the slide with the attached structures (a). After fixation of the cover glass,
we obtained an observation volume of 22 mm?3 (b). A drop of DI water was placed next to this
volume and was soaked in (c). The sample was now ready for transportation and observation.
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Figure 54 Sample preparation for LSM observation a) soaked structures (black) on dry slide with strip
spacers, b) coverglass fixation with spacers and application of DI water drop next to the observation
volume, c) volume soaks up the water, the sample is ready for transportation and observation.

After describing the experiments done, we can finally present their results. Similar as in the
chapter on state-of-the-art hydrogels for 2PP, we will divide the following chapter in two parts.
In the first one, we screened novel 2PP Pls described in section 9.1. The second section will
deal with precursors that can render polymeric constructs. The focus here, again, will be on
high process speeds and biocompatible hydrogels derived from formulations with high water
content.
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12 Material screening

The results of this section have to be seen from the major perspective of this thesis; to build
up biocompatible hydrogel structures with 2PP at high process speeds.

Using the novel Mipro setup, we therefore first processed organo-soluble formulations. Novel
Pls, synthesised at the IAS, were evaluated for their performance in high-speed 2PP
manufacturing. For comparing the initiators to previously synthesised compounds, we used
the standard monomers ETA and TTA in a 1:1 ratio for reference purposes. This monomer
was already well established in 2PP, especially from the work of Klaus Cicha and Niklas
Pucher [116,176,181,182].

Second, taking advantage of the results of the organo-soluble Pl screening, we tested the
water-soluble derivatives for cross-linking a standard acrylate monomer with a water-soluble
PEG backbone (PEGda). The chemical structure of these monomers is described in section
9.2.1.1.

Third, in the organo-soluble precursor section, we evaluated the polymerisation efficiency of
organo-soluble materials that likely can be turned into water-soluble components. In this
section, we especially searched for alternatives to potentially toxic acrylates

Fourth, in the water-soluble precursors section, we increased the water content of a PEGda
formulation to 80% to minimise potentially toxic influence of the monomers.

Fifth, we structured natural based polymers that were functionalised with the monomers found
in the third section.

12.1 Organo-soluble 2PP Initiators

We synthesised and benchmarked 2PP PlIs with different size member rings as central
acceptor groups. To allow a good comparison, mostly Klaus Cicha (IMST) screened all
components in markspeed-power arrays according to the aforementioned protocol [183].
These screenings were conducted with the M3DL setup at a constant writing speed of 50 um/s.
It could be shown, that especially the compound with the number 3e, here termed as M>CMK,
having the smallest & of all investigated initiators in this study, displayed much broader ideal
processing windows than other benzylidene ketone Pls with different central acceptors. The
processing window was comparable to the reference Pls R1, a component requiring a more
complex multiple-step synthesis (see section 9.1.1 for the chemical structure of Mo.CMK and
R1). As the goals of this study were not directly related to biocompatible, water-based
formulations, we will highlight here only the feasibility of this compound for structuring at high
writing speed on the new Mipro setup.

TTA and ETA in a 1:1 ratio (section 9.2.1.1) were mixed with M>CMK in a concentration of 6.3
x 10 mol Pl/g formulation (0.2 wt%). A screening according to above described protocol was
performed, where we varied the writing speed from 1 to 151 mm/s in the X-plane and the laser
power from 35 to 360 mW in the Y-plane. We used the 20x NA 0.8 objective for the structuring.
After the fabrication process, the specimen was immersed in ethanol for 4 hours and observed
in the LM. When attached properly, the dry structures were investigated in the SEM. The
structures were assigned to a classification scheme introduced by Klaus Cicha [176]. The first
class included good structures with straight fine lattice bars. Initiators favouring the fabrication
of a large number of these structures at a wide range of laser powers and writing speeds are
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considered high performing. Structures of class two have thicker bars and are slightly wavy.
These slight distortions are usually attributed to the development process rather than to the
fabrication process. Class 3 includes structures with defects. Yet, their intended appearance
can be recognised. These defects include holes or craters usually attributed to overexposure
and subsequent bubble formation. Lattices that do not resemble their intended design are
assigned to class four.

Class 4: .

structures not
identifiable or built
incomplete, hatch lines
stick together

Class 3: .

well identifiable
structures, small
mistakes (e.g. holes,
exploded regions by
overexposure) and
structures with thick
hatch-lines (growing
together)

Class 1: -

excellent structure,
fine hatch-lines

Class 2: D

good structures,
thicker hatch-lines
and/or slightly
contorted structures

Figure 55 Lattice classes for qualitative optical assessment [176]

The whole speed-power array of Mo,CMK can be seen in Figure 56. Almost all structures in the
column are pronounced and of good quality. No lattice top left, structured at the lowest speed
(2 mm/s) and the highest power (335 mW) can be observed. Presumably, too high intensities
caused bubble formation and explosions inside the formulation, which potentially displaced the
polymer. Another possibility would be a detachment based on shrinkage of the polymer during
development as previously mentioned. Regarding the array from the bottom left, this
presumably applies for the structure in row two column two and for the lattice in row three,
column three, too. These structures are not there, although elements produced at higher
speeds and with higher power are recognisable. Hence, the set parameters were likely suitable
for producing lattices. One more evidence of weak attachment is the element in row four,
column six, which stands on its side, though it was not produced in that way.

Despite the weak attachment of some structures, the array shows that almost all structures
are pronounced and can be classified into the first category (green). Some structures have
polymer inclusions and are thus associated to the yellow category. As the yellow structures
are randomly distributed within a field of green elements, these inclusions are likely a result of
the development process rather than of the structuring parameters. The qualitative
assessment shows that defined structures can be produced at laser powers as low as 35 mW
at 1 mm/s. Writing speeds of 151 mm/s are reached at 110 mW. At 135 mW, well-defined
lattices are fabricated at this speed. The laser power was measured before the 20x NA 0.8
objective. The laser power reaching the sample was 60% of the given values.
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Figure 56 Screening of PI M2CMK in ETA-TTA and qualitative assessment, 20x NA 0.8 objective; left: SEM
image, right: qualitative assessment

The results of this section indicate that M,CMK in ETA-TTA formulation facilitates precise
micro-fabrication at the highest process speeds ever reported in 2PP, which shows that a
major goal of this thesis could be achieved.

As a symbol for high writing speed and to show the 3D capabilities of the presented
formulation, we structured the model of an indy racecar based on the CAD file in Figure 57a.
This structure was 285x130x100 um? in dimensions and consisted of 100 layers at an average
of 200 polymer lines each. The distance between the lines was set to 1 pum. Despite the large
amount of polymer lines structured in total, the fabrication process only took close to four
minutes (see Figure 57b). The Z-axis needed 2/3 of the whole building time to level up. Thus,
the total structuring time (the time for fabricating one layer) was only ~2.6 minutes. Taking the
time used for positioning the mechanics without inducing any polymerisation, the focal point
was traced in the formulation at well above 80 mm/s. Due to inertia problems, this speed was

the limitation of the Mipro setup for this specific CAD structure. ETA-TTA including M>CMK
can be likely processed at even higher writing speeds.

00:03:58.9

~ High speed fabrication of race car
TUWien 903 vzem 452,465
] Arceraren < 2 e e

Figure 57 Micro-fabrication of indy racecar; a) CAD file, b) recorded fabrication process

Following a press release showing a video on the fabrication of the racecar, we received a lot
of attention all over the world. The full video of the fabrication process has been uploaded to
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YouTube (see Figure 57b). From its initial release in March 2012, the fabrication process had
more than 450000 viewers.'® The SEM images were published in a large variety of magazines
and newspapers!*. Two of the images are depicted in Figure 58.

T,

AccV SpotMagn Det WD Exp f——————— 100um | AccY SpotMagn ) Exp 7.|—|
200KV 40 297x SE 272 11 2011-02-23 ETA-TTA20x08 200KV 40 364x SE 272 11 2011-02-23 ETA-TTA 20x08

Figure 58 SEM images of racecar, ETA-TTA, M2CMK, 20x08

The results of this section indicate that the novel efficient initiators from the IAS can be
processed at the highest speed reported for 2PP. Together with the fast and precise
mechanics of the new Mipro setup, we could fabricate complex structures at a fraction of the
time conventional chemistry and mechanics would allow. However, the initiator’s capabilities
for high-speed fabrication is not yet fully exploited. Martin Schoiswohl, a bachelor student at
the time this thesis was written, conducted resolution experiments that revealed fabrication
speeds in the m/s range [184]. The initiator used was BsFL, a compound synthesised by Niklas
Pucher and extensively studied by Klaus Cicha [10,116,181,182]. As this compound facilitated
similar process windows as M,CMK [183], we can expect equivalent speeds using this
compound. We conclude that the reactivity of Pls synthesised at IAS is, by now, not the limiting
factor of 2PP writing speeds in organo-soluble acrylate formulations. As can be seen from the
initiator screening in Figure 56, the writing speed is of less influence than the laser power,
meaning that a broad spectrum of writing speeds are possible with the same laser power. To
tackle the speed issue further, mechanics with higher acceleration capabilities are required.

The second challenge to address is the biocompatibility issue. For processing hydrogel
formulations with high water content, it is necessary to find water-soluble Pls that can efficiently
cross-link relatively dissolved low-reactive, biocompatible precursors. As the & of two-photon
chromophores drops significantly in water [165], it is interesting to see how the well-performing
M.CMK and its derivatives with different size member rings and the reference compound R1
perform in aqueous solution. In the next section, we will investigate the performance of the
M.CMK derivatives G,CK, E>CK, P,CK and Q.CK as well as the water-soluble R1 derivative
WSPI for cross-linking the water-soluble cross-linker PEG-700-da in an aqueous surrounding.

13 Status 8 of February 2013, the full video can be seen on

http://www.youtube.com/watch?v=5y0j191HOkY

14 Journals like Popular Mechanics, Science Daily, Materials Today, BBC news, Engadget and

Discovery News picked up content from the related press release

http://www.tuwien.ac.at/de/aktuelles/news_detail/article/7435/. In total, there were 363 media reports in

20 different languages showing content of this press release all over the world. and picked up content
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12.2 Water-soluble 2PP Initiators

For most experiments in this thesis, we used the compound WSPI, (see section 9.1.2) as it
was the first one available. Niklas Pucher synthesised this compound in the year 2010
according to a known procedure [165].It is a derivative from R1 and initially used as high
performing chromophore in 2PM. Besides the experiments in this thesis, we do not plan to use
this compound further in 2PP. Compared to the 2PIs described recently [183], it requires a
difficult multi-step synthesis further challenged by introducing quaternary ammonium salts to
make it water-soluble. In this section, we thus explore the easy-synthesisable compounds
G2CK, E2CK, P2,CK and Q.CK in respect to WSPI. These experiments will be interesting for PI
selection in the future. The chemical structure of the compounds are described in section 9.1.2.

2 wt% of Pl was dissolved in a 1:1 ratio of PEG-700-da an deionised water. The sample was
prepared according to section 11.1 and screened following section 11.2. The speed
parameters were varied from 1 to 30 mm/s by steps of 1 mm/s. The power range was from 20
to 145 mW with process power changing by 15 mW with each element in the plane. In total,
30 elements in the X- and 6 in the Y-plane were fabricated, resulting in a total number of 180
lattices. After fabrication, the structures attached to the slide were rinsed in DI water for
12 hours. Still lying in the water, the sample was observed under the LM and the adhesive
strips attaching the coverslip to the spacers underneath, were removed. Special attention had
to be paid on the attachment of the structures to the slide (described in detail in section 12.1).
Hasty movements of tweezers and/or scalpels inside the water caused fluid flows that
potentially pushed the lattices from the glass. Working with aqueous formulations, one had to
be even more careful than with the organo-soluble ETA-TTA. Here also, the functionalization
of the specimens (see section 11.2) helped a lot and is strongly recommended in future
screenings.

After developing and preparing the sample according to section 11.3, we observed it in the
laser scanning microscope (LSM). A cw laser with 488 nm was focused through a 10x NA 0.25
objective. Wherever the focal point hit the 2PP-structured polymer, we could observe
fluorescence. In the surrounding water, the LSM detector did not record any bright spots.
Hence, without any addition of dyes, the fabricated PEGda based polymer showed auto-
fluorescence at sufficiently high laser powers. This is in good agreement with previous work
observing acrylate polymers in the LSM and allows creating images of the 2PP parts in an
agueous surrounding [185].

Keeping the LSM parameters constant, similar 2PP parts structured at different speeds and
laser powers fluoresced differently. With increasing laser power and decreasing writing speed,
the polymer appeared brighter, whereas the contrast to the surrounding decreased observing
parts structured at lower energy doses. As the polymer is usually more stable and dense when
fabricated at higher energy doses (see section 12.1), a higher fluorescence activity obviously
indicates denser polymer networks.

It is not clear, which molecules actually contribute to the auto-fluorescence of PEGda
hydrogels. As PEG is not expected to fluoresce, the attached acryl group could potentially be
responsible for the polymer’s visibility in the LSM. However, these groups usually fluoresce at
lower wavelengths (280-300 nm) [186]. Thus the PI, although not being bound to the polymer,
seems to be the driver for the auto-fluorescence. Its residues may remain within the polymer.

However, rinsing the polymer parts with DI water usually removes at least parts of the
remaining PI. The fluorescence would decrease with each rinsing cycle. However, this was not
the case in our experiments. Either the PI cannot be removed, or there must be some other
molecule driving the auto-fluorescence of PEGda based hydrogels.
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To support the hypothesis of attributing high fluorescent to high dense polymers, we observed
the same parts in the LM. The structures showing high contrast in the LM tend show high
fluorescence in the LSM (see Figure 59).
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Figure 59 Lattice array screening of 2 wt% WSPI dissolved in a 1:1 PEGda:DI water formulation; a) LSM
image, b) LM image

In this thesis, we thus considered the contrast of the parts as sufficient for relatively assessing
the impact of laser power and writing speed in one formulation. However, spectroscopy
analysis might reveal, which molecules actually contribute to the auto-fluorescence in PEGda
based hydrogels.

Applying the same screening for the other initiators G,CK and Q-CK, shows that they facilitate
different process windows for cross-linking the acrylate based hydrogel formulation (see Figure
60). G.CK shows the broadest processing window. Using the lowest power of 20 mW, process
speeds from 1 mm/s (lowest) until 13 mm/s are possible. Raising the power to 45 mW allows
fabrication speeds of up to 30 mm/s (highest). G2CK is quite sensible to overexposure. At
45 mW, the upper polymerisation threshold is already 4 mm/s, at 145 mW. Too high laser
powers potentially caused damage to the structures fabricated at lowers speeds than this
threshold. This potentially caused damage to the polymer structures which then lost adherence
to the glass slide. Yet, the structures produced with 145 mW at 11, 12 and 14 mm/s obviously
did not adhere to the glass slide. This might have two reasons; either the initiator was not
properly dissolved, the focus point hit an initiator causing overexposure and bubble formation.
This might have resulted in a damage to the structure and its subsequent detachement from
the slide. Another possibility might have been the lattices’ loss of adherence during
development. As this did not happen anywhere else than on the the edge of the array, |
presume the latter cause to be more likely.
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Figure 60 Process window of 2 wt% G2CK, Q2CK and WSPI in a 1:1 PEG-700-da: DI water formulation, joined
LSM images 10x

Q:CK shows an almost equally broad processing window. Yet, it is somehow shifted to higher
energy doses. Despite that the lattices structured with 20 mW and 1 mm/s cannot be seen, the
one produced at the same speed and higher power (45 mW) is there. Yet it seems distorted
and not well adhered to the glass. Similarly, the structures at 120 mW, 2 mm/s and 145 mW,
3 mm/s stand alone. If the formulation would have its upper polymerisation threshold at these
parameters, structuring at higher speed would have been possible. Yet, there is no structure
whatsoever to be seen at higher speeds. This give evidence that the upper polymerisation
threshold is not reached as displayed. Obvisouly, a lot of structures lost their attachement.
This can potentially be attributed to the bad solubility of Q.CK. In Figure 60, one can see many
structures with errors, bright and dark elements running through the lattices. This is attributed
to the initiator impurities that caused unexpected polymerisation and damage to the polymer
during fabrication. We thus conclude that Q.CK, despite its high potential for polymerising
water-soluble acrylate formulations, is deficient as two-photon PI.
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WSPI shows the smallest processing window of all investigated compounds. Here again, the
process window is shifted towards higher laser powers. At 1 mm/s, structures produced with
20 mW and at 45 mW of power are visible. At 2 mm/s, structuring is already possible using the
whole investigated power range. The upper right corner reveals the lower polymerisation
threshold. 30 mm/s is only reached at the highest applied power (145 mW). With 20 mW,
polymerisation until 2 mm/s is possible. At these parameters, however, the quality of the
structures is already quite weak. Despite its obviously lower reactivity compared to G.CK and
Q2CK, WSPIs solubility in the formulation is quite high. There is no evidence of any structure
that fell off the glass during polymerisation. Also the attachment to the glass is quite good
giving a distinct lower and upper polymerisation threshold.

Concerning the quality of the structures, we had to use a slightly different classification scheme
than applied in section 12.1. Due to the nature of the LSM, the above screening gave lower
resolution and thus lower insight into the structure’s quality than the SEM. We thus decided to
associate the lattices to a less distinct classification containing only three categories. Again,
the first class included excellent structures with straight fine lines. The single lines were
recognisable. Structures of class two are still good but are made of slightly wavy thinner or
thicker bars differing form their intended CAD dimensions. Class three includes structures with
defects that are still identifiable. These lattices have deviations deriving from burned polymer
parts and/or contain holes from overexposure. In addition, some structures of this category
contain thick (=5 um) polymer lines. In these structures, the single lines are not recognisable.
They grow together to form a fully solid polymer with dimensions substantially larger than
intended. For water-soluble formulations, we did not consider a class four, as the respective
structures were not distinct from those of group three. Figure 61 assigns example structure to
the aforementioned categories.

gl Green Category

+ Excellent structure
+ Straight Lines
+ Single lines recognizable

-
-
-
-
-
-
-
2

Yellow Category

+ Good structures
+ Wavy thin lines or thick lines
+ Sligthly contorted

Red Category

+ Well identifiable

+ Slight errors (burned polymer, holes
due to overexposure)

+ Thick lines grow together

o]
o]

Figure 61 Categories for performance screening of water-soluble Pls with associated example structures

With these criteria in mind, we assigned the lattices of the speed-power array in Figure 60 to
these categories. Figure 62 shows a comparison between the initiators. This graph further
confirms the above stated bad solubility of Q.CK in the formulation. Structures attributed to
class two and three are randomly distributed within the processing window. Due to the
inhomogeneity of this formulation, one cannot expect process parameters found in this
screening will work for in a similar formulation as well. Q.CK thus does not allow reproducible
structuring.
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Figure 62 Qualitative assessment of water-soluble Pl screening, G2CK, Q2CK and WSPI, 2 wt% Pl in 1:1
PEGda:DI water formulation, 20x NA 0.8 objective

In November 2011, at the time this screening was done, other water-soluble Pls were not
available. As experiments with WSPI were already running, we still concentrated on this
compound.

In June 2012, Zhiquan Li synthesised the water-soluble compounds P.CK and E,CK, which
were based on Mo,CMK and similar to G,CK. In the course of his bachelor thesis, Stefan Fritze
(IMST) screened these compounds according to the above-described protocol. The following
results were obtained in the course of his thesis [187]. They will soon be published in Zhiquan
Li’'s (IAS) manuscript on these water-soluble two-photon PlIs currently in preparation [166].

Besides the length of the alkyl chain attached to the molecule, E;CK had the same structure
as G,CK. P,CK was very similar too differing just in the size of its central acceptor. The 5 of
E>CK (201 GM) and P.CK (176 GM) was even higher than for G.CK (163 GM) in water. The
first experiments (not shown) revealed no significant difference in the Pls performance. A
larger range of speed and power values was required. After some pre-tests, we found an
appropriate power range from 60 to 410 mW increasing by steps of 50 with each element. The
speed was varied by 10 mm/s in a range from 1 to 101 mm/s. 11 lattices differing in their
fabrication speed were structured in the X-plane, whereas 8 elements were manufactured in
the Y-plane at different power values. The other parameters were the same as quoted in
section 11.2. The whole array could be observed at once in the LSM. Joining LSM images as
in the previous screening was not required. The process window of E;CK and P.CK in relation
to G2CK and Q.CK is shown in Figure 63.
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Figure 63 Process window of 2 wt% E2CK, P.CK G2CK and Q2CK in a 1:1 PEG-700-da: DI water formulation,
LSM images 10x

With its central cyclohexanone, E>CK (top left) is a derivative of M>CMK (section 9.1.1 and
12.1). As known from the screening of the organo-soluble derivatives, the obtainable process
window was already expected larger than those of P,CK with its central cyclopentanone. This
is evident in the bottom right corner of the array, where the applied speed values were high
and the power values low. At 110 mW, E>CK permits fabrication speeds of 11 mm/s, whereas
this power is not enough to trigger polymerisation in a similar formulation including P,CK.
101 mm/s, the highest applied writing speed is possible at 210 mW with E>CK, whereas
100 mW more are required processing P,CK. Yet, P,CK does not shift the process window to
higher power values. The upper polymerisation threshold is in fact almost equal to the E,CK
based formulation. E>CK, thus, seems to be a more efficient 2PP PI facilitating high writing
speeds at comparably low laser power.

Comparing this PI to the very similar G.CK, however, shows that E>CK’s longer alkyl chain
attaching the water-soluble moieties to the molecule indeed increase the 6 but does not render
this PI lower polymerisation threshold. This gets obvious regarding the bottom right of the E2CK
and G.CK arrays. At 110 mW, for example, the lattice structured at 11 mm/s is bright and thus
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well pronounced in the G>CK array, whereas it is a lot weaker using E>CK. Taking a closer
look at the G>CK screening, a very dark structure fabricated at 21 mm/s in the same row gets
apparent. This proves that the lower polymerisation threshold is higher with E-CK than with
G2CK. The two lattice rows at higher powers give further evidence to this conclusion. A lot
more structures towards high writing speeds are obvious in the row of 160 mW in the G,CK
array. E2CK'’s lattice fabricated at 210 mW and 101 mm/s is a lot less pronounced than the one
in the G.CK array.

The upper left part of both arrays, however, illustrates that the longer alkyl chain of E;CK shifts
the process window towards higher powers. The upper polymerisation threshold in E;CK
based formulations thus exceeds the one of an equivalent formulation containing G>.CK. After
all, we can conclude that the novel Pls do not outperform the already reported.

At first glance, the reference molecule Q.CK (bottom-right) does not show a broad processing
window at the applied parameters. A closer look, however, shows that this Pl favours the
lowest polymerisation threshold of all investigated compounds. At 160 mW, already, this
formulation facilitates processing at the maximum investigated writing speed (101 mm/s).
Though investigated at the same LSM parameters, the lattices at 210 and 260 mW appear
brighter than in any other array. However, the structures produced with higher writing speeds
cannot be seen. From the online structuring of this formulation, from the LM observation after
fabrication (images not shown) and from the previous results expressed in this section, we
cannot attribute this to a low upper polymerisation threshold. The dark structures top left in
Q:CK’s array constitute a significant larger processing window than displayed. Obviously, the
structures detached from the glass, which is again a result of Q.CK’s poor solubility and a
damage to the polymer during fabrication. As previously reported, the explosions and formed
bubbles in the formulation potentially rendered week attachment of the structures to the glass.
In any of our six attempts, we could not prevent the structures from detaching, even with very
careful handling. In addition, we observed a significant decline in Q2CKs solubility with time.
Thus we had to order new samples every few weeks, whereas the other Pls stayed dissolved
in the formulation over months.

Regardless of its bad solubility, Q.CK is quite efficient. This is noteworthy since it consists of
the same hydrophobic base molecule as P,CK (see section 9.1.2). As P,CK is the least
performing of all PlIs investigated here, we can attribute this performance to the water-soluble
moieties of Q.CK; the quaternary ammonium salts. WSPI| uses the same strategy for its water-
solubility and is among the best soluble of all compounds. Hence, for future designs of efficient
water-soluble Pls, introducing quaternary ammonium salts as water-soluble moieties should
be considered.

In Figure 64, we classified the structures according to the three categories mentioned earlier.
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Figure 64 Qualitative assessment of water-soluble PI screening, E2CK, P2.CK, G2CK and Q2CK, 2 wt% Pl in
1:1 PEGda:DI water formulation, 20x NA 0.8 objective

Here we clearly see that the lower polymerisation threshold is a lot higher in the formulation
including P>CK than in the one with E-CK. Regarding the quality of the structures, we do not
see any distinct difference in the upper polymerisation of the investigated formulations. In the
green marked sections of P.CK’s array, we see some red marked lattices. Usually, the
assessment reveals minor but continuous quality changes rather than single elements of bad
quality randomly distributed. We thus conclude that the formulation was slightly
inhomogeneous. Potentially, the solubility of the cyclopentanone based P.CK is worse than of
its cyclohexanone counterparts. This is quite in agreement with the bad solubility of Q.CK,
which consists of the same hydrophobic core molecule.

Despite its lower polymerisation threshold, the amount of good quality lattices produced with
G2CK is less than with E2CK. The latter compound’s green category even starts at lower energy
doses, i.e. at lower laser powers and/or higher writing speeds. Comparing the rows structured
at 210 mWw, for example, shows that good quality structures can be produced at 61 mm/s using
E>CK, whereas only at 21 mm/s using G.CK. Also the green category of Q.CK starts at lower
energy doses than the one of G,CK.

From the results of this section, we conclude that E-CK is the most suitable PI for cross-linking
PEGda. It provides the largest processing window for structuring good quality lattices. G,CK
comes next providing an even larger processing window than E-CK, although not facilitating
the production of high quality structures throughout the whole range. P2CK offers a much
smaller processing window than G2CK and E2CK but is still substantially better performing than
conventional xanthene dyes. Q.CK suffers from bad solubility and is not recommended as a
2PP PI. However, the introduction of quaternary ammonium salts as water-soluble moieties as
in Q2CK should not be disregarded. Apart from its bad solubility, this Pl seems better
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performing than all other compounds despite its presumably low reactive core containing a
central cyclopentanone acceptor.

Among the better performing compounds based on M>CMK and its derivatives, G.CK was the
first one available. Using this initiator, we showed the potential of these kind of initiators for
cross-linking hydrogels with high water content in precise 3D shape. AS a symbol for high
hydrophilicity, we structured complex overhanging parts based on the CAD frog shown in
Figure 65a. We used a formulation containing 50% water and 2 wt% G.CK, the same
formulations used for the aforementioned screening. The CADs intended dimensions were
200x170x94 um3. As for the PI screening, we used the 20x NA 0.8 objective for structuring.
The polymer line distance was set to 0.5 um, guaranteeing an overlap of the lines and a
resulting fully solid structure. The Z-distance was set to 1 um. The speed was set to constant
15 mm/s, whereas the power was varied from 100-240 mW. The array of hydrogel CAD parts
can be seen in Figure 65b.

Figure 65 Fabrication of a CAD frog in a 1:1 PEGda: DI water hydrogel formulation containing 2 wt% of
G2CK using a 20x NA 0.8 objective, a) CAD, b) fabricated array at 15 mm/s at different laser powers (100-
240 mW), stacked 3D LSM image [166]

For fabricationg lattices, the lower polymer threshold of this formulation was not reached at
100 mW and 15 mm/s. For the fabricating the CAD, however, we obtained polymeric parts at
these process parameters (Figure 65b first structure from the bottom left). This is attributed to
the low polymer line distance. The voxel overlapped during the fabrication process, which still
rendered sufficient energy for polymerisation.

In this picture, we also see the broad processing window of G2CK. We get well-defined
structures over the complete applied power range (100-240 mW). However, the cross-linking
density gets higher (brighter images due to increased auto-fluorescence) and the parts’
dimensions increase with increased laser power. The highlighted structure in Figure 65b is
shown in detail in Figure 66. We scanned the cross-sections of the part until the plane of its
polymeric base. Thus, it cannot be seen in this picture, whereas it is obvious in Figure 65b.
For better resolution, we scanned this part three times and computed the average auto-
fluorescence with the LSM software.
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Figure 66 CAD part structured in PEGda based hydrogel formulation, 180 mW, 15 mm/s, 20x NA 0.8
objective, stacked 3D LSM image [50]

In this section, novel optimised 2PP initiators enabled us to fabricate at fabrication speeds of
150 mm/s, the highest speeds reported in 2PP. Modifying these PIs to water-soluble
analogues facilitated the processing of formulations with 50% water content. Similarly to the
organo-soluble derivatives, these compounds enabled fabrication speeds of over 100 mm/s in
a water based formulation. The reactivity is indeed comparable to organic based formulations
[116].

12.3 Synthetic Precursor Screening

In the last section, we discussed the efficient initiation of organo-soluble and water-soluble
monomers. We exclusively focused on acrylates, attached either to a hydrophobic
trimethylolpropane or to a hydrophilic polyethylene glycol. We compared different initiators
regarding their reactivity for cross-linking these two precursors but we did not yet characterise
the resulting polymer. Moreover, we did not search for alternatives to acrylates. As described
in section 8.4.1 and 9.2.1.1, acrylates show a tendency towards Michael addition to polymers
and are thus not recommended for biomedical applications.

A major contribution of this thesis was the first application of an optimised 2PP PI for cross-
linking aqueous formulations, we will stick to acrylates in the first section of this chapter. We
will see how far we can augment the water content inside the formulation while still being able
to produce high quality structures at high writing speed. Second, we will search for alternatives
to acrylates. The commercially available methacrylates will be the topic of our first
investigation. Then we will proceed with vinyl esters and vinyl carbonates, biocompatible
monomers suitable for UV polymerisation (see section 9.2.1.2). Finally, we will process protein
precursors modified with these biocompatible monomers and show their potential for in situ
cross-linking in the presence of living cells and tissues.
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12.3.1 Polyethylene glycol diacrylate (PEGda)

12.3.1.1 Dimension deviations of manufactured structures compared to the CAD

We initially applied the 2PP P1 WSPI for cross-linking PEG-700-da (see section 9.1.2). Four
formulations with varying PEGda concentrations were prepared (50, 40, 30, and 20 wt%,
respectively). All formulations contained 2 wt% of WSPI. The solvent M9 *was an aqueous
buffer media used to maintain nematodes of the species Caeonorhabditis elegans. This buffer
media did not significantly affect the polymerisation process. Structuring was possible at the
same performance as with deionized water. However, the buffer media was important to
exclude any solvent-based influences on the biological tissue under investigation. It was thus
required for toxicity analysis and polymerisation in the presence of living organisms, which will
be part of section 0. For the structuring tests, we left the conditions equal as for in vivo
polymerisation.

The experiments conducted and results of this section have recently been published in the
Journal of Biomedical Optics [49]. This sub-chapter will be an excerpt of this publication.

To measure the influence of the water content in the formulation on the dimensions of the
obtained parts, we fabricated 15x140x21 pm? rod-like structures (Figure 67) into the four
formulations. For this experiment, we used the M3DL setup (see section 10.1) and the 20x
NA 0.4 objective (section 10.3). The focus was traced in the Y-direction only leaving polymer
lines parallel to the Y-axis. Nineteen polymeric lines at a distance of 0.8 um to each other
(Figure 67 distance a) were structured. As the diameter of one polymer line was thicker, this
resulted in an overlap of the exposed volume and in a fully dense polymeric structure. The
distance between the six polymer layers was set to 3.5 um (Figure 67 distance b). The writing
speed was set to 10 mm/s of and the laser powers ranged from 140 mW to 260 mW at an
increment of 20 mMW. Six elements were structured in each of the four formulations.

Objective

<-Laser focus

Figure 67 Fabrication of rod-like structures (15x140x21 um3 X/Y/Z), layer distance 3.5 um (labelled b), layer
distance 0.8 um (labelled a), 20x NA 0.4 objective [49]

15 M9 buffer is a standard media for maintaining C. elegans. It contains 3 g KH2POa, 6 g Na2HPO4, 5 g
NacCl, 1 ml 1M MgSO4 and H20 to 1 litre [188].
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After fabrication, the structures were rinsed with M9 buffer to get rid of monomer residues.
Then, they were allowed to swell in the buffer media for 24 hours, to finally reach equilibrium
absorption [123]. Every rod structures were observed via LSM individually using a 50x NA
0.8 objective and a cw laser of 488 nm wavelength. The LSM images were joined together
to finally show the influence of laser power and water content in Figure 68 [49].

Water content increasing [%]

Laser power decreasing [mW]

Figure 68 Rods structured using different water contents and average laser powers, LSM images, 50x [49]

The four different formulations are plotted in the Y-plane indicating the impact of the water
content. No stable structures could be obtained in formulations with 90% water content. The
X-plane shows structures manufactured in the same formulation but at different laser
powers. This plane thus shows the impact of the laser power on the rod width. The power
was measured before the 20x NA 0.4 objective. The actual power in the focal point is thus
60% less (see efficiency of the 20x NA 0.4 objective in section 10.3).

As the initiator content and the LSM measuring parameters were kept constant in this
experiment, we can attribute the fluorescence of structures to the varying monomer
contents and laser powers. We thus take the brightness of the structure as an indicator for
a difference in the density of the polymer network resulting from the two parameters varied
in this experiment.

Qualitatively, an increase in width is obvious with an increase of the intensity applied, which
is most striking in the 50% formulation. This is in good agreement with previous work [38]
and can be explained with the increase of the 2PA affected zone of the voxel with increasing
laser intensity. The larger the voxel, the thicker the polymer lines and the larger the
dimensions of the fabricated 3D construct [49].

The deviation changes with increasing water content are not so clear at the first glance. They
seem to follow a different, more complicated nonlinear trend. To assess these differences, we
further quantitatively investigated the rod widths. For this task, we calculated the width of a
polymer line using the LSM fluorescence distribution over the distance of the scanned plane
as depicted in Figure 69.
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Figure 69 Comparison on rod width measurements, CAD rod structure according to Figure 67, 240 mW,
50% water a) LSM 50x b) LM 50x c) Calculated view over the intensity distribution [49]

The LSM measurements (a) appear thinner than those done with LM (b). The depth of field
in the LSM scan is good showing precisely the width of the investigated layer. Layers of
other planes could be wider but not quite evident in the image. In contrast, the depth of field
in the LM image is weak, showing nearly all layers of the fabricated part. However, the
image is blurred making it hard to define the actual interface between the cured hydrogel
structure and the surrounding buffer media. This is particularly evident structuring with lower
laser power in formulations with higher water content [49].

With lower laser power and higher water content, the cross-linking density gets weaker, making
it hard to differentiate the surrounding from the polymer. Therefore, an exact measurement of
the width is not possible.

The fluorescence distribution in contrast shows the LSM images in a quantifiable manner.
We defined the distance of the scanned plane where 10% of the maximum intensity is
observed as the threshold that separates the fluorescence noise from the beginning of the
polymeric structure. Similarly, the end of the polymeric structure is defined as the distance
where the fluorescence falls below this threshold. Following this principle, the experimental
data was evaluated in an automated procedure to exclude any subjective influences [49].

An excel macro automatically created the diagrams shown in Figure 70. Each one of these
figures displays the widths of the rods (X-plane) structured at different laser powers (coloured
graphs) in terms of their observed fluorescence in the LSM (Y-plane). The difference in the
observed fluorescence of the four figures, in contrast, is attributed to the different water content
of the four formulations under investigation.
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Figure 70 LSM intensity distributions over distance of the scanned plane; each one of the diagrams shows
the impact of the laser power on the rod widths of one PEGda/water formulation containing 2 wt% WSPI,
the fluorescence is measured in LSM specific dimensionless units

At 50% water content, the observed fluorescence is more than twice as high as in the other
formulations (see also Figure 68). In addition, the change in the fluorescence with increasing
laser power is only obvious regarding the structures produced in 50% water. The fluorescence
changes with both, power and water content are not obvious regarding the structured rods’
fluorescence of the other formulations.

The difference between the single graphs’ right and left point of intersection with the X-axis
constitute the width of one rod. Regarding the rod widths, the impact of the laser power is also
most obvious in the formulation containing 50% water. The width of the widest rod, produced
with 260 mW of power is ~22 um; the smallest obtained at 160 mW is only slightly above 11 pm
wide. This shows that a decrease in the laser power by 100 mW can result in a width decline
of over 100% processing this formulation. There are only minor differences in the width of the
rods produced using the formulations with higher water contents. The observed deviations are
within 2-3 um. However, the structures seem to be much wider.

Figure 71 summarises the charts in Figure 70 addressing only the width impact of the laser
power and the water content. It specifies the width deviations from the intended 15 um set in
the CAD.

The largest width deviation can be seen in formulations with 60% water content (+70%
width increase at 260 mW). Rods fabricated in formulation with 70% and 80% water content
show a minor dimension deviation. Formulations with 50% water content, however, facilitate
the fabrication of parts with the best agreement to the CAD model (best fit at 220 mW) [49].
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Figure 71 Rod width deviations plotted against laser power in PEGda formulations with different water
contents, 2 wt% WSPI [49]

The different dimensions obtained in formulations with different water contents are best
explained with the polymeric cross-linking density of the fabricated parts. A high monomer
content of 50% renders a stiff network, which absorbs little water. The auto-fluorescence of
the observed parts is higher in the LSM (Figure 68 and Figure 70). Defined structures with
single polymer lines are visible. The polymer network is stiff; its low elasticity limits the
absorption of water.

At 60% water content, the polymer’s cross-linking density is still high but the network is
more permeable. The restoring force of the polymer’s elasticity against water absorption,
equilibrium absorption is shifted towards higher water contents. However, formulations with
even higher water content (70% and 80%) should render the polymer network even more
permeable. Yet, structures fabricated seem to be narrower. This potentially happened as a
result of the oligomerisation of the constructs’ outer contour polymer lines. The oligomerised
monomers can diffuse in the surrounding making the polymer lines thinner reducing the
swelling effect.

To conclude, the effects of monomer concentration and laser power are complex and
cannot be said to be fully inverted.

The object’s deviations from the CAD model due to swelling and shrinking can limit the
resolution advantage of 2PP. However, knowing precisely the objects’ dimension deviations
when processing a specific formulation, one can compensate the CAD model accordingly.

Using commercially available 1PP PlIs, the compound PEGda alone was already
successfully cross-linked via 2PP at higher energy doses and lower processing speeds
without water content in the formulation [121,123]. Here we showed 2PP fabrication of CAD
structures at only low laser power and in formulations with only 20% water content. This
shows the high efficiency of WSPI showing high efficiency for cross-linking PEGda.

Due to mechanical limitations of the M3DL setup, the maximum writing speed was 10 mm/s.
However, the materials presented are likely to be processable at higher writing speeds [49].

In this section, we simply assessed the appearance of the fabricated polymer. We thus decided
to manufacture simple structures without overhanging features. For the scope of fabricating
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biocompatible parts that provide an adequate surrounding for cells, the question now arises
whether we can manufacture complex scaffolds with these formulations.

12.3.1.2 3D structuring

We investigated the differences in the photoreactivity and in the 3D capabilities of two of the
aqueous formulations. To get an impression of the changes in the obtainable process window,
we chose the lowest (50%) and the highest (80%) water content for our experiment. We
designed a porous 280x280x225 um? large CAD depicted in Figure 72a. This scaffold is a
small version of an already successful 2PP scaffold for tissue engineering [149]. We thus
considered fabricating according to this design as appropriate for investigating the feasibility
of the presented formulations for manufacturing biologically relevant topographies.

As the maximum height of the CAD exceeded the building volume, we had to replace the
adhesive strip spacers of the specimen (see section 11.1) with a silicon mask (Sigma-Aldrich)
giving us a building volume of @6x1 mm? (see Figure 72b). First, we laid the mask in ethanol
for ¥ hour. Then we put the spacer on the slide and let the ethanol evaporate. This ensured
good adherence of the mask to the slide. Afterwards, we pipetted the formulation into the
building volume, i.e. the round clearance of the mask. In addition, we put a small drop of liquid
on one side of a coverslip. We then carefully placed the coverslip on the silicon mask avoiding
the inclusions of air into the building volume. We removed the excess formulation with paper
tissues. The specimen was then ready for processing.

The M3DL software did not allow producing an array of CAD structures varying in their writing
speed and laser powers. Furthermore, inertia problems limited the processability of the
formulations at higher writing speeds. We decided to use the Mipro setup for the experiments
described in this section.

e ]

Figure 72 a) CAD scaffold 280x280x225 pum?3, b) sample preparation for @6x1 mm? building volume

To compare the results to those of the previous section, we again applied the 20x NA 0.4
objective for structuring. The polymer line and layer distances, too, were set to the 0.8 um and
3.5 um reported earlier. As for fabricating the rods (see Figure 67), we chose a fabrication
strategy, where we traced the focal point only in the Y-axis. Bars of the scaffold extending in
the X-direction were thus fabricated of transversely oriented small polymeric lines that were
placed next to each other. In total, 21 3D CAD scaffolds were structured at different laser
energy doses in the two formulations containing the lowest (50%) and the highest (80%) water
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contents, respectively. We altered the laser power (60-300 mW by steps of 40 mW) and the
fabrication speed (1-10 mm/s by steps of 3 mm/s).

As stated in the Pl screening sections 12.1 and 12.2, we considered the lower threshold as
the power value at which we primarily observed polymerisation at a given fabrication speed
[116] as well as an appropriate structuring window [133] could be found.

50% Water

Figure 73 a) Speed power array of fabricated scaffolds in a PEGda formulation containing 50% water;
horizontal left to right: 300-60 mW by steps of 40 mW, vertical top down: 1-10 mm/s by steps of 3 mm/s,
LSM images 20x b) stacked 3D LSM image of white marked scaffold in a) [49]

Figure 73a illustrated that stable structures were obtained at 60 mW at 1 mm/s, 100 mW at
4 mm/s, 140 mW at 7 mm/s and 220 mW at 10 mm/s, respectively. Below these thresholds,
polymerisation was still possible, though the polymeric network was not stiff enough to keep
the fabricated part in the preformed shape. At 60 mW and fabrication speeds above 7 mm/s,
no polymerisation was obtained. Above 260 mW at 1 mm/s, the energy dose was too high
resulting in damage to the structures and their loss of adhesion to the glass slide. Similarly,
the energy dose was too high at 300 mW at 4 mm/s.

At low energy doses, only the pillows remained attached to the glass (e.g. at 100 mWw,
10 mm/s). The fabricated logos with details in the um region on the pillows (see detail in
Figure 73a), were pronounced in nearly all scaffolds. Yet the freely suspended parts of the
structure were not stable enough and therefore deformed and lost their adhesion to the
pillows under their own weight.

Some of the connectors appear wavy and thin most distant from the pillows. As every layer
of a structure was created line-by-line, the connector was growing in thickness during the
fabrication process. Commencing the fabrication, it consisted of one single line and of 50
lines in the end (connector thickness 15 um divided by line distance 0.3 um). Thus, the
connector is week at the beginning getting its full strength in the end. This can result in a
deformation of single lines during the fabrication process. At higher energy doses, however,
the deviation is less [49].
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80% Water

Figure 74 a) Speed power array of fabricated scaffolds in a PEGda formulation containing 80% water;
horizontal left to right: 300-100 mW by steps of 40 mW, vertical top down: 1-10 mm/s by steps of 3 mm/s,
LSM images 20x b) stacked 3D LSM image of white marked [49]

Figure 74 illustrates the fabrication of scaffolds in formulations containing 80% water. The
process window was shifted. Stable structures were obtained above 180 mW at 1 mm/s,
220 mW at 4 mm/s and 300 mW at 7 mm/s, respectively. At 10 mm/s polymerisation was
still possible. However, the freely suspended parts are not stiff enough and deform similar
to processing formulations with higher monomer content at low energy doses. Here, the
deformation of the connectors is more obvious. As described previously, the connectors
grow during the fabrication process. Processing formulation with higher water content, the
single polymer lines are even weaker and thus the deformation is larger. The longer the
fabrication process, the more time available for the construct’s deformation. At higher speed
and higher power, the structures would thus fit the CAD better. The structure fabricated at
1 mm/s and 300 mW is stable (see 3D stacked LSM image in Figure 74b). No damage
resulting from the laser power was recognisable. Thus, the fabrication of scaffolds at higher
writing speed is likely possible at higher laser power than 300 mW [49].

Concluding this section, we showed that fabricating complex CAD scaffolds with topographies
suitable for biological applications is possible with all of the presented formulations. The
objects were fabricated at average laser powers as low as 140 mW at up to 80% water content
and at speeds of 10 mm/s.

The performance of the presented formulations is comparable to standard organic-based
formulations, where appropriate 3D structures were built at 50 mW and 0.8 mm/s [116] (The
experiment was done using the same 20x NA 0.4 objective). The experiments revealed a
competitive threshold of 60 mW at 1 mm/s for 3D fabrication in a formulation containing
50% water [49].

However, as we know from section 9.2, the cytocompatibility of acrylates is still in doubt. They
are good Michael acceptors which makes them potentially cytotoxic or even carcinogenic
[50,169]. Especially for the scope of polymerising in situ, living tissue and cells would be
exposed to unpolymerised acrylate groups, which would form cytotoxic acrylic acid as
degradation product. Although the PEGda formulations presented in this section allow very
high water contents in the formulation and perform extremely well in 3D structuring, we have
to find more biocompatible precursors.
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12.3.2 Polyethylene glycol dimethacrylate (PEGdma)

Methacrylates (MA) are generally less reactive than their acrylate (AC) references. The
additional methyl in a MAs increases steric hindrance effects. As a result, the necessary
activation energy for breaking the double bonds of ACs is lower. The emerging radicals are
more stable and the kinetic and thermal energy during polymerisation is higher, which makes
it to proceed much faster. However, MA do not show the AC’s tendency towards Michael
addition to peptides and are thus less toxic for cells and biological tissue [167].

We conducted preliminary experiments structuring the MA monomers attached to a water-
soluble PEG backbone. The molecular masses of the investigated precursors were 600, 700,
800 and 1000 (see section 9.2.1.1 for the chemical structure of PEGdma). We used the M3DL
and the 20x NA 0.8 objective for structuring. Similar as in section 9.1, we structured
50x50x40 um? lattices at different laser power and writing speed. Results of the structuring
tests are depicted in Figure 75.

Figure 75 a) PEG-1000-dma, 0.2wt% R1, online process observation b) PEG-800-dma, 0.2 wt% B3FL, LM
image 10x ¢) PEG-800-dma, 0.2 wt% R1, LM image 5x, scale bars 50 um

Figure 75a shows an online picture of a structuring attempt with a formulation containing PEG-
1000-dma and 0.2 wt% R1. This formulation had to be heated up to 60°C before it could be
processed. At room temperature, this formulation rapidly changed its state to solid. Distinct
structures could only be obtained at very low writing speed (10 um/s). Power did not have a
strong impact on the processing window. At 70, 80, 90 and 100 mW of power, structuring was
possible. Higher processing speeds, however, could not be accessed at any of the power
values applied. To get rid of the monomer residue, this sample had to be heated up to 60°C
again. In neither of our attempts, the structures withstood this procedure.

Figure 75b shows a LM image of a structuring attempt using PEG-800-dma and 0.2 wt% of
the initiator BsFL. Indeed, this formulation stayed liquid at room temperature, but it was not
processable. The power was either too low for polymerisation or too high, which caused
damage to the polymer network. Changing the initiator to R1 did not prove any better. The
outcome is depicted in Figure 75c.

To increase the reactivity, we decreased the Mw of the PEG backbone to 600. Further, we
added 10 wt% of Glycerol-dimethacrylate as comonomer and increased the initiator content to
0.5 wt% R1. 0.1 wt% of the stabiliser Pyrogallol*®l had to be added to avoid Pls precipitation.

16 Pyrogallol is a derivative of benzol, a trivalent phenol with three vicinal hydroxygroups. In this case, it
is used as a stabiliser to prohibit oxidation of thiols with aerial oxygen.
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However, this strategy did not bring the desired success. Other than expected, we could not
observe any polymerisation at any speed or power.

These discouraging results give evidence that PEGdma alone is not processable, even when
applying very efficient 2PP PIs for cross-linking. However, there is evidence that
polymerisation occurs processing some of the presented formulations. It is now important to
know whether at all, MAs are processable.

12.3.3 Formulation three

Formulation three is a hydrophobic viscous liquid consisting of a 1:1:1 ratio between bisphenol
A-diglycerolate dimethacrylate, diurethane dimethacrylate and 1,10-decanediol dimethacrylate
known for its applicability in restorative dentistry. The chemical structure of the formulation’s
components is described in section 9.2.1.1. We added 0.5 wt% of R1 to the formulation. For
2PP processing, we used the M3DL setup and the 20x NA 0.8 objective. We structured a
slightly different array to the one described in section 11.2.

The structuring results differed from those of ETA-TTA (section 8.4.1 and 9.1.1). The lateral
and the axial dimensions of the obtained polymer line were much larger in formulation three.
Hence, we first searched for appropriate design parameters for the lattices for a given writing
speed and power rather than investigating the process window. The size of the lattices was
initially set to 100x100x30 um?, leaving all other parameters of the lattice equal. Setting the
writing speed to constant 300 um/s and the power to 30 mW, we increased the layer distance
in X and the line distance in Y. Five elements in the X- and eight in the Y-plane were
manufactured at a distance of 50 um to each other, respectively. The height of the structures
produced changed from 20 to 68 um in X, the distance between the polymer lines ranged from
5to 3.3 um in Y. After structuring, we developed the sample in ethanol and investigated the
lattices in the SEM. The array is displayed in Figure 76.
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Figure 76 structuring of formulation 3; a) overview of lattice array, layer distance range 1-1.6 pm, line
distance changes from 3.3 to 5 um, b) layer distance 1 um, line distance 5 pm, c) layer distance 1.5 pm, line
distance 3.3 um, 30 mW, 300 um/s, 20x NA 0.8 objective

The first lattice produced with 5 um line and 1 um layer distance is shown in Figure 76 b). The
element seems well defined. The lines are equidistantly arranged. However, the structure has
slight distortions from its intended design. Especially on the top of this lattice, some of the
polymer lines seem bent. This effect becomes stronger going from the centre to either of the
outer walls of the structure. In addition, the structure appears wider on the bottom, where it
was attached to the glass. Hence, the outer walls bend towards the centre of the structure.
This characteristic is an indication for a strong shrinkage of the polymer during development.
When we look at structure c, this gets even more obvious. The lattice’s height increases with
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the layer distance. The upper layers are now more distant from the glass and thus, the
polymer’s support is weaker and it is more exposed to shrinkage. This even leads to the
structure’s detachment from the glass starting from the outer walls towards the centre. Further
increasing the structure’s height leads to a complete detachment from the glass as obvious on
Figure 76a looking towards the bottom of the array. This is indeed the case with acrylates, too
(see section 12.1), but the observed shrinkage of structures produced with formulation 3 by far
exceeds that obtained in ETA-TTA.

We can therefore say that processing formulation 3 is generally possible but special
modifications to the formulation are required. However, we could not find a processable MA
based water-based formulation. Form previous experiments we know that Vinyl Esters (VE)
show better cytocompatibility than MA and are also more reactive in UV polymerisation
[167,169]. Perhaps we can find a VE based formulation with a higher performance than the
MA based ones. Potentially, a functionalization of VE with PEG will render a water-soluble low
toxic but sufficiently reactive formulation.

12.3.4 Hexandioic acid divinyl ester (4VE)

We prepared a hydrophobic formulation conteining 71.5% 4VE and 28.5% Dithiolthreitol (DTT)
for increasing the formulation’s reactivity. 0.4 wt% of R1 and 0.1 wt% of the stabilizer Pyrogollol
was added for 2PP processing. One lattice (300x100x20 um?) with a line distance of 5 um and
a layer distance of 3.5 um was fabricated at a writing speed of 10 um/s and a power of
100 mW. We used the old M3DL and the 20x Na 0.4 objective for structuring. An online picture
shot during the structuring process is depicted in Figure 77a; the structure after the
development can be seen in the LM in Figure 77b.

Figure 77 a) Shrinkage of layers during fabrication, online process observation, b) lattice after development,
LM 20x, scale bars 30 um

Here the polymer shrinks already during the fabrication process. Layers that are more distant
from the glass (4™" layer) are substantially narrower than the layers underneath. The shrinkage
is especially obvious between the 1% layer sticking on the glass and the 2" layer that is only
bound to the polymer, i.e. the layer underneath. This is also obvious in the LM image of Figure
77b, where one can clearly see the outer walls bent to the centre of the structure.

Changing the molecular mass of the DTT and changing the ratio between DTT and 4VEs did
not give any better results. However, the absence of DTT rendered this formulation completely
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unprocessable. As expected, this leads us to conclude that the DTT indeed increase the
reactivity of the formulation. As stated in section 9.2.2, Vinyl ester limits the efficiency of chain-
growth reactions compared to AC. The thiols additionally favour step-growth reactions while
still maintaining the ability of the formulation to perform radical-mediated processes [173]. We
could not perform structuring tests with these compounds alone, as they were not stable
enough. Yet, they are suitable cytocompatible monomers for increasing the reactivity of a VE
based formulation.

It was suggested that the shrinkage effect can potentially be reduced attaching the VE groups
to a PEG backbone and moreover, at higher molecular weights, this backbone can also render
the precursor water-soluble. Thus, we will investigate the processability of different PEG
vinylesters (PEGve) in the next section.

12.3.5 Polyethylene glycol vinyl ester (PEGve)

As it proved successful, we again used DTT in combination with hydrophilic PEG-600-VE in a
2:3 ratio. 0.5 wt% of R1 and 0.1 wt% of Pyrogollol was added for structuring. We structured
similar lattices as described in the previous section at 120-300 mW by steps of 15 mW and 10-
250 pum/s by steps of 40 um/s using the M3DL setup and the 20x 0.4 objective. All structures
were visible online and did not show any shrinkage. However, the structures dissolved in the
formulation after a while and were not visible any more. We thus could not develop the
structures. The polymer was too week. Increasing the Pl content to 1 wt% and raising the
stabilizer content to 0.5 wt% facilitated higher reactivity and more stable structures. The
polymer could be developed and investigated in the LM (not shown). However, the initiator
was inhomogeniously dissolved which caused explosions and damage to the polymer.

Decreasing the Mw of the PEG backbone to 250 made the precursor insoluble in water.
However, it substantially increased its reactivity. We prepared a 2:3 mixture of DTT and PEG-
250-VE including 0.5 wt% R1 and 0.1 wt% Pyrogallol. The obtained structures did not show
any substantial shrinkage during structuring. However, after the development, the polymer
lines deformed and the structures collapsed. The SEM images can be seen in Figure 78.
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Figure 78 Processing window of 2:3 DTT:PEG-250-VE, 0.5 wt% R1, 0.1 wt% Pyrogollol, 20x NA 0.4 objective,
b) structure indicated with white error in a, SEM images

Due to shrinkage, only the contours of the elements produced at speeds higher than 10 pm/s
are visible. Increasing the power does not allow for higher writing speeds. The structure
produced with 120 mW (labelled with a white arrow) seems in best accordance to the CAD
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relative to the other lattices. However, a closer look to Figure 78b, shows that also this lattice
collapsed and deformed drastically.

To conclude, 2PP of VE is possible. Although processing 4VE was far from satisfactory, a
functionalization of PEG performed substantially better than PEGma, where we could not
obtain any developable structure. As VEs do not undergo Michael addition to proteins, they
are potential candidates to be covalently bound to native protein-based precursors. These
modified natural proteins, described in section 8.4.3 are promising candidates for
biocompatible 2PP precursors that can ultimately be applied in the presence of cells and
tissues. However, before we continue with VE modified natural proteins in section 12.4, we will
first draw our attention to another promising biocompatible polymerisable compound known
from stereolithography and digital light processing.

12.3.6 Glycerol Trivinyl Carbonate (GVC)

According to Heller et al. [6,170], the trifunctional cross-linker glycerol trivinyl carbonate (GVC)
renders polymer networks with a higher modulus than even TTA. Furthermore, as it is a part
of lipids, it is considered cytocompatible. The chemical structure can be seen in section 8.4.1.

For 2PP, we included 1 wt% of BsFL. As the formulation was provided for an initial proof-of-
concept. Hence, we did not process a full speed-power array. Online, presumably suitable
processing parameters of 75 mW of power and 100 um/s of speed were found. As in the
previous section, the size of the structure was 300x300x20 pum. This time, we used the 20x
NA 0.8 objective and a layer distance of 5 um. The polymer line distance was again set to
5 um. Phase contrast LM images of two elements are depicted in Figure 79.

Figure 79 Lattices structured using GVC, 1 wt% BsFL, 20x NA 0.8 objective, Phase contrast LM, scale bars
100 pm

Though the process parameters were just rough estimations, we obtained well-defined
structures, similar to those obtainable with ETA-TTA. The holes in the lattices are a result of
poorly dissolved initiator inside the formulation. Reducing the initiator content and/or changing
the initiator will expectedly improve the quality.

From the perspective of structuring, GVC is very promising. Yet, favouring VEs, GVC will not
be in the focus of this thesis anymore. However, if this compound is indeed cytocompatible as
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described [6] and if its synthesis is easier than that of VEs [170], | would strongly recommend
its use as future cross-linking unit in synthetic or modified naturally precursors.

12.4 Modified Natural Precursor Screening

In section 8.4.2, we presented results on cross-linking unmodified natural proteins using water-
soluble xanthene dyes. We heard that the first successful two-photon cross-linking of Bovine
Serum Albumin (BSA) goes back to the early year 2000 [128], long before synthetic monomers
were processed [115]. As any synthetic modification certainly influence the biocompatibility of
natural precursors, it should be clarified, which benefits these modified precursors provide
compared to their natural derivatives. In this respect, let us assess the different photochemical
reactions that can cross-link natural proteins.

12.4.1 Assessment of photochemical reactions in protein cross-linking

Generally, unmodified natural proteins can be cross-linked via two types of reactions:

¢ Indenaturation, proteins or nucleic acids precipitate as they lose their structure present
in the native state. External stresses as ph changes, presence of inorganic salts,
organic solvents or heat are the cause of such processes [189].

e Protein cross-linking is distinct from a denaturation process. Upon activation of
available xanthene dyes, the protein itself acts as co-initiator and cross-linker at the
same time. Two radicals are required to make one cross-link.

If we apply too high laser powers, most of the energy is converted to heat and the protein
denatures. For this, no initiator is required. Using the 20x NA 0.8 objective ,we structured
simple lattices with 50x50x20 um? at 1 um layer distance and 0.5 um polymer line distance in
a BSA formulation containing 75% PBS buffer!’. We applied a laser power of 200 mW and a
writing speed of 1 mm/s. In the online process observation (

Figure 80 Cross-linking of aqueous protein formulations dissolved in 75% PBS buffer, a)
denaturation of BSA, b) Cross-linking of BSA, 0.5 wt% Eosin Y, ¢) polymerisation of BSA-SH
16% GHve 9% 0.5 wt% WSPI; scale bar 50 um, LM images

a), the structure appears significantly different from the surrounding. The precipitation is not
limited to the area, where the laser focused was traced through. Moreover, the part is not
stable. It deforms within minutes after the fabrication. Besides denaturation, no changes in the
protein’s appearance at any laser power and writing speed are possible.Adding 0.5 wt% of the
commercially Eosin Y to the formulation enables us to induce a different reaction (

Figure 80 Cross-linking of aqueous protein formulations dissolved in 75% PBS buffer, a)
denaturation of BSA, b) Cross-linking of BSA, 0.5 wt% Eosin Y, c¢) polymerisation of BSA-SH
16% GHve 9% 0.5 wt% WSPI; scale bar 50 pm, LM images

b). At 100 um/s (the lowest speed available at the Mipro setup), we can structure a lattice at
80 mW. Compared to the precipitate structure in Figure 80a, the appearance of this lattice
does not significantly contrast from its surrounding. However, after fabrication it does not

17 Phosphate buffered saline is an isotonic buffer solution widely used in biological research. It is non-
toxic to cells and has the ability to maintain their osmolarity, contains sodium chloride and phosphate
and sometimes potassium chloride and phosphate [190]
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change its shape. From what can be seen in the online picture, the dimensions fit to the CAD.
The observed process seems to actual cross-link the BSA protein rather than inducing simply
denaturation. However, larger writing speeds are not accessible. They require larger laser
powers, which immediately lead to denaturation as shown in Figure 80a.

Figure 80 Cross-linking of aqueous protein formulations dissolved in 75% PBS buffer, a) denaturation of
BSA, b) Cross-linking of BSA, 0.5 wt% Eosin Y, ¢) polymerisation of BSA-SH 16% GHve 9% 0.5 wt% WSPI;
scale bar 50 um, LM images

Real protein polymerisation is shown in Figure 80c. Here, the same lattice was structured in a
formulation containing 9% hydrolysed Gelatine modified with VE, 16% of reduced BSA (BSA-
SH, see section 9.2.2.1) and 0.5 wt% of WSPI. The structure shows more contrast to the
surrounding than the cross-linked BSA structure in Figure 80b. Yet it does not change its shape
after the fabrication like the precipitate in a). Although Gelatine is generally less feasible for
protein cross-linking than BSA, the presented formulations has been fabricated at 10 mm/s
and 80 mW. The underlying chemical reaction in this cross-linking process is obviously more
efficient than denaturation or protein cross-linking. In contrast to the other processes, the
presented modified natural biopolymers allow for real polymerisation likely involving only one
radical to make one cross-Ilink.

However, it is still unclear, if VE polymerisation is just predominantly involved in cross-linking
or if it completely replaces this process. Ovsianikov et al. were the first reporting successful
2PP processing of the acrylamide modification of Gelatine (GELmod) at process speeds of
10 mm/s using the commercially available water-soluble 1PP PI Irgacure 2959 [149]. Upon
activation, this type | initiator dissolves into radicals that directly break the double bonds of
monomers. Mechanisms as direct or indirect hydrogen abstraction from the proteins as (see
section 8.3) are unlikely to occur. However, as we could already process GELmod using the
type Il initiators G.CK and WSPI at even higher writing speeds and lower laser powers (data
not shown), a simultaneous cross-linking of proteins cannot be precluded.

In any case, the modification of proteins is generally a very promising approach for increasing
the efficiency of polymer formation. On the one hand, higher accessible writing speeds can
lead to the economic fabrication of biological relevant sample sizes. On the other, significantly
lower polymerisation thresholds can facilitate processing at only moderate laser powers, not
compromising the viability of living tissues and cells.

In what follows, we will present the screening of two native protein based precursors
functionalised with polymerisable VE units. First, we will draw our attention to Gelatine. We will
see how the reduced Gelatine functionalised with VE (GHve, see section 9.2.2) will perform in
2PP structuring. Furthermore, we will find out, how introducing different amounts of reduced
bovine serum albumin (BSA-SH) inside GHve based formulations will change the reactivity
and the 3D capabilities of the formulation. In addition, we will investigate how this ratio tailors
the mechanical properties and the degradation of the resulting polymer structures.
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Furthermore, we will see the impact of different ratios between thiol and -ene groups to assess
the efficiency changes in thiol-ene click chemistry?*8,

In the second section, we will deal with VE modified Hyaluronic Acid (HAve) as described in
section 9.2.2. As HA is a disulphide-rich protein, it may provide enough anchor points for VE
units and may not need a co-monomer for facilitating efficient click-mediated chemistry.

12.4.2 Hydrolised Gelatine Vinyl Ester (GHve)

Gelatine is a proteinaceous polymer hydrolytic degraded from natural collagen, the main
constituent of the natural extracellular matrix (ECM). It is soluble in water and proved already
as an ideal backbone for creating biocompatible 2PP precursors [50,126,149].

Xiao-Hua (IAS) prepared low Mw Gelatine (Gelatine hydrolisate — GH) functionalised with VE
groups. Radical chain-growth VE polymerisation alone is not quite efficient. However, as we
know from the results of section 12.3.4, thiol-ene click chemistry can increase the reactivity of
the formulation performing radical step-growth via chain transfer reactions [173]. As stated in
section 9.2.2, Gelatine can be modified with VE units but it cannot be modified to provide
sufficient thiols for such reactions. Another co-monomer is required as model macrothiol. We
selected the reduced BSA (BSA-SH) as thiol provider.

For the experiments in this section, the AOM was not available. Instead, we used a mechanical
switch based on a hard disc for switching the laser beam and a continuously variable neutral
density filter for adjusting the laser power manually (see section 10.2.1, Figure 40). A screening
according to section 11.2 was not possible as the fabrication of lattices required fast switching
between jump phases (movement of the galvanomirrors to the start position of the next
polymer line) and the mark phases (fabrication of the polymer line). Yet to continue with the
experiments, we had to test the formulations fabricating specially designed CAD files. The
design had to meet the following requirements:

e Short jump phases; in the ideal case, the fabrication of one layer should be possible
without switching off the laser beam

¢ Insufficient switching times, i.e. delays between starting and stopping the fabrication
and switching the laser beam on and off should not change the appearance and quality
of the structure.

e To demonstrate the 3D capabilities of the formulation, the structure should have
overhanging features.

We thus decided to fabricate structures based on a design adapted from a previous reported
successful 2PP scaffold used for bone tissue engineering [123]. The CAD file is shown in
Figure 81.

18 see section 9.2.2 for more information on the thiol-ene click chemistry
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Figure 81 CAD of porous 3D scaffold produced for evaluating GHve/BSA-SH formulations; a) dimensions
of one layer in um, point C is the centre of the next layer; b) 3D picture of produced structure, 3 layers were
stacked on top of each other at a defined offset of 94 pm in Y and 50 pm in X

One layer of the structure was made out of seven hollow cylinders. The inner and outer
diameter were set to 100 um and 200 um, respectively. One cylinder was located in the centre
of the layer. The other six cylinders surrounded the central one in a hexagonal-like
arrangement. To ensure their attachment to each other, the cylinders overlapped by 5 um.
This geometry rendered the centres of the other cylinders situated on a virtual circle of 190 um
radius from the centre of the layer (see Figure 81a). Hence, the angle between the centres of
two outer cylinders from the centre of the layer was 60°. In total, three 25 um high layers were
fabricated at a geometry-defined offset to each other. Connecting the respective centres of
two adjacent outer triangles with the layer centre formed an isosceles triangle. The location of
its circumcentre defines the centre of the next layer (Figure 81a, point C). The third layer
overlaps with the first layer, as shown in Figure 81b. The total dimensions of the whole scaffold
was thus @580x75 umé.

Each cylinder was fabricated individually. The linear X- and Y-axes moved to the position of
the next cylinder and sequentially placed the structures and layers to the geometry-defined
centre positions mentioned earlier. In contrast to previous structures reported in this thesis,
these structures were made of polygonal lines. The X- and Y- mirrors moved simultaneously.
The fabrication of one cylinder layer started from the inner and finished at the outer diameter.
Laser switching was only required at these two positions, which enabled writing speeds far
beyond those of lattice type structures when using the mechanical switch. However, an
elaborate screening revealing ideal process parameters was not possible. We set the speed
to constant 15 mm/s, adjusted the laser power with the density filter and simultaneously
regarded the polymerisation process in the online process observation. We increased the
power until we reached the upper polymerisation threshold, where we first observed bubble
formation. We again lowered the power until we could fabricate at close to this threshold
without causing damage to the polymer. Concluding from section 12.3.1, these process
parameters likely rendered the stiffest and most dense networks obtainable with the
formulation under investigation. However, we can quite likely optimise the quality of structures
presented in this section when applying an AOM for switching.

For structuring, we used the Mipro setup and the 20x NA 0.8 objective. The formulations
contained 75% PBS buffer®, 25% GHve/BSA-SH ratio and 0.5 wt% of WSPI. As the long terms

19 Phosphate buffered saline is an isotonic buffer solution widely used in biological research. It is non-
toxic to cells and has the ability to maintain their osmolarity and contains sodium chloride and phosphate
and eventually also potassium chloride and phosphate [190].
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stability of the formulations was not good, we structured them straight after preparation. We
prepared a specimen according to section 11.1 and mounted it to the Z-stage. The polymer
line and layer distance of the structure were set to 0.3 um and 1 um, respectively, which gave
a total number of 333 polymer lines per layer (100/0.3) and 25 layers per cylinder. Straight
after fabrication, we observed the structures in the LM and carefully developed them in PBS
buffer. We prepared the specimen for LSM analysis according to 11.3. All structures were
observed in the LSM straight after polymerisation. This was required for G/B1 (see next
section) as it degraded within hours. For better comparison between the formulations, we
conducted all experiments according to the same protocol. Significant changes in the
dimensions observed here are likely to be much larger at equilibrium absorption of the hydrogel
(see also 12.3.1.1).

12.4.2.1 Varying the ratio between BSA-SH and GHve

We started with the assessment of formulations differing in their GHve to BSA-SH ratios. The
composition of the investigated formulations is shown in Table 3.

Table 3 Formulations with different BSA-SH and GHve ratios

Label GHve BSA-SH WSPI PBS Thiol/-ene
G/B 1 15% 10% 0,5wt% 75% 2/10

G/B 2 10% 20% 0,5wt% 70% 1/10

G/B 3 0% 25% 0,5wt% 75%

G/B 1 was the least reactive of the investigated formulations. We structured at a power of
330 mW. Though this power already led to bubble formation and damage to the polymer in the
intersecting areas between the cylinders, the polymer was very week and immediately
dissolved in the buffer media. In the LSM, the structure was hardly discriminable from its
aqueous surrounding (image not shown). We thus tried a different fabrication strategy; we
lowered the fabrication power to 305 mW and processed every layer twice. This means that,
after the fabrication of one layer, we did not move with any axis. Instead, we traced the focal
volume through the already polymerised part again. This strategy provided a considerably
higher cross-linked polymer. The 2D and 3D LSM image of the scaffold can be seen in Figure
82.

Figure 82 Scaffold produced from formulation G/B 1, a) 2D and b) stacked 3D image, X- and Y-divisions
100 pm, Z division 20 um, LSM 10x
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The structure is in good accordance to the intended CAD. Optical measurements revealed that
the outer diameters of the cylinders were 196 pm, the inner diameters was 91 at average. The
structure thus shrunk only very slightly from its intended 200 um and 100 um outer and inner
diameter, respectively. In addition, the dimension of the upper layers did not differ from the
ones underneath in any quantifiable manner, which suggests that the cylinders did not bend.
The structure stayed in its prescribed 3D shape. We thus conclude that the polymer is stable
and does not require any support from the glass slide as other VE based formulations do (see
section 12.3.4). However, the standard deviation of the outer and inner diameters is +13 pm
and =11, respectively, which is quite large. This can be attributed to the holes inside the
polymer. They are randomly distributed within the polymer and are not specifically located at
the position of most laser exposure. We would expect an increased probability of damage at
the positions of intersection between the cylinders, where the focal point was traced through
the formulation 4 times. As this is not the case, we presume that these holes derived either
from a deformation of the polymer or from the initiator, which was potentially not
homogeneously dissolved in the formulation.

G/B2 contains double the amount of BSA-SH and 5% less of GHve. Thus, the total water
content in this formulation is 70%, 5% less than that of the other formulations. In effect, we
made a mistake during preparation, which rendered this specimen not really comparable to
the others. However, for future research the results are worth mentioning here as an example
for increasing the protein content in the formulation above 25%. This formulation was more
reactive than G/B1, so we structured every layer only once. The power was set to 200 mW.
The outcome is depicted in Figure 83.

Figure 83 Scaffold produced from formulation G/B2, a) 2D and b) stacked 3D image, scale bars 500 pum,
LSM 10x

As can be seen from these pictures, the polymer is rather stable. It holds its 3D shape
precisely. The outer diameters are 19 um larger than intended. The inner diameters, however,
are exactly 100 um. This can have two reasons: On one hand, the applied laser power
potentially increased the 2PA-affected zone of the voxel, rendered thick polymer lines and
therefore larger cylinder dimensions. On the other hand, the structure could likely have soaked
up water between sample development and observation in the LSM. In addition, the
overhanging structures probably bent under their own weight causing their deformation. The
standard deviation of the outer diameter is less but total deformation is larger compared to the
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structure produced from G/B1. The structure obtained with G/B2 has outer and inner diameters
that differ by approximately 6 pum. We thus expect the dimension deviations to be a result of
swelling and thick polymer lines.

We can see even more holes than in the G/B1 structure. This indicates limited solubility of the
initiator in the formulation. Likely, WSPIs solubility decreases with increasing protein content
in the formulation. The inner walls of the structure seem to be frayed indicating a deformation
of the polymer at the beginning of the fabrication process. The polymer was weak at the
beginning of the fabrication getting its full strength in the end. This can result in a deformation
of single lines during the fabrication process as observed structuring PEGda in section
12.3.1.2.

G/B3 was a reference formulation consisting of 25% BSA-SH. The power applied was only
100 mW. The result of the structuring can be seen in Figure 84. Only the most overhanging
cylinders in the second and in the top layers are a little bent. Similar to G/B2, the outer
diameters exceed the intended dimension by 19 um, whereas the inner diameters show no
significant deviations. The structure is thus a little larger than intended. Again, we think this is
a result of swelling and thick polymer lines. In contrast to G/B2, the inner walls are not frayed
indicating that even single polymer lines in the beginning of the fabrication process are stable
enough to hold their shape. In the LSM, this polymer appears very bright. These facts give
evidence that not only G/B3 is the most reactive among the formulations investigated. In
addition, the polymer consisting of BSA alone also has the highest cross-linking density.

Figure 84 Scaffold produced from formulation G/B3, a) 2D and b) stacked 3D image, X- and Y-divisions 100
pm, Z division 20 pm, LSM 10x

To conclude this section, we see an increased reactivity with increasing BSA-SH content in
the formulation. BSA-SH facilitates the best structuring results. Increasing the protein content
to over 25% is not recommended as the initiator lacks solubility in formulations with higher
protein content.

BSA is already well established in 2PP micro-fabrication (see section 8.4.2). However, BSA
based formulations conventionally contain commercially available xanthene dyes as
photoinitiators. As a result, BSA could not be processed at writing speeds beyond 1 mm/s
[150]. Using WSPI as PI, we here report fabrication speeds of 15 mm/s using an 800 nm
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wavelength laser. It is very likely that we can process this formulation at even higher writing
speed.

As BSA is known to be a biocompatible component, the question is whether GHve is still
attractive for 2PP of biocompatible formulations since it obviously only reduces the reactivity
of BSA. However, though BSA is widely used, it is well known that, in contrast to Gelatine, it
resists cell adhesion due to the negative charge on its surface [191]. Preliminary cell studies
proved that GHve/BSA-SH based hydrogels were cytocompatible with MG63 cells. Cell
attachment could be adjusted by tuning the relative ratio between GHve and reduced BSA.
These results showed that GHve supported cell adhesion [50,171]. It is thus worth to further
improve GHve based formulations as they are potentially suitable to be polymerised in the
presence of living cells and tissues. Improving the thiol/-ene ratio potentially increases chain-
transfer reactions and thus improves the reactivity of GHve based formulations. With a given
content of the macrothiol BSA-SH, we investigated the performance of different thiol/-ene
ratios in GHve based formulations. The goal was to increase the reactivity without reducing
the biocompatibility.

12.4.2.2 Varying thiol/-ene ratios

We tested formulations with 16% GHve, 9% BSA-SH and 75% water. Again 0.5 wt% of WSPI
was added for 2PP. The presented formulations varied in their thiol to carbon-carbon double
bonds of the VE units. With the following experiments, we wanted to investigate the impact of
this ratio on the efficiency of the thiol-ene click chemistry mediated step-growth reactions. As
in the experiments of the last section, we kept all process parameters constant and set the
power to slightly below the upper polymerisation threshold. The following Table 4 gives an
overview of the investigated formulations. The results of this section will soon be published in
Xiao-Hua’s (IAS) manuscript currently in preparation [171].

Table 4 Formulations with different thiol/-ene ratios

Label GHve BSA-SH WSPI Solvent Thiol/-ene
T/E1 9% 16% 0,5wWt% 75wWt% 1/10
T/E2 9% 16% 0,5wWt% 75wWt% 2/10
T/E3 9% 16% 0,5wWt% 75wWt% 4/10
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Figure 85 Scaffold produced from formulation T/E1, a) 2D and b) stacked 3D image, X- and Y-divisions 100
pum, Z division 20 pm, LSM 10x [171]

T/E1 was fabricated at 280 mW. The result of the fabrication process can be seen in Figure
85.

The structure appears very bright, which we again attribute to a dense polymer network. The
inner walls of the cylinders where the fabrication started seem to be frayed, indicating a
deformation of the polymer at the beginning of the fabrication process similar to the formulation
G/B2. Some parts of the structure have cracks. However, no cracks can be observed at the
overlaps between the cylinders (where the focal point was traced through twice). Therefore,
overexposure is not the cause. The cracks either derive from a deformation of the polymer or
from inhomogeneous dissolved photoinitiator. The overall structure is swollen. The outer
diameter is 22 um (£2 um) wider than the CAD. The inner diameter is almost 100 um (£4 um).

TE/2 seemed more homogeneous but less reactive. The highest accessible laser power was
200 mW. The result of the fabrication process is depicted in Figure 86.

Figure 86 Scaffold produced from formulation T/E2, a) 2D and b) stacked 3D image, X- and Y-divisions 100
pm, Z division 20 pm, LSM 10x [171]

The structure is well defined. The deviations from the CAD are minor compared to formulation
TE/1. The outer and inner diameter exceed the CAD dimensions by +12 um and +1 pm,
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respectively. However, the network is less stable than that of the structure produced with T/E2.
The overhangs of the structure flow down. In contrast to TE/1, no cracks or frayed parts can
be observed. The polymer seems to be more stable. In addition, the reproducibility is better.
The outer and inner diameters vary by 2 um, respectively.

TE/3 allowed the fabrication of microstructures at a power of only 75 mW, the lowest power
used for polymerisation of GHve/BSA-SH formulations so far. However, the produced scaffolds
could not be developed due to insufficient long-term stability of the formulation. The
unpolymerised proteins fell out rapidly and conglomerated around the produced structures
making it impossible to get rid of the monomer residue without destroying the parts. However,
we obtained LM images straight after polymerisation, which are shown in Figure 87.

Figure 87 Scaffold produced from formulation T/E3, a) array of scaffolds, LM 2.5x b) close-up of highlighted
partin a, LM 10x

From what can be observed in the LM, the part looks quite well. The cylinder layers are
perfectly arranged and no deformation can be observed. However, the structure seems quite
swollen, as nearby elements already overlap. As the set distance between the structures was
50 um. it is expected that the structures produced with this formulation swell quite rapidly.

As soon as the AOM was available again, we investigated the lower and higher polymerisation
threshold of T/E1, 2 and 3 structuring 50x50x40 um lattices with 0.3 um polymer line distance
and 1 um height. To compare the results to those from this section, we set the speed to
constant 15 mm/s and varied the power.
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Table 5 Lower and upper polymerisation threshold of GHve/BSA-SH formulations with different thiol/-ene

ratios [171]
Label. | Thiol/-ene | Lower [mW] | Higher [mW]
T/E1 |01 75 375
T/IE2 |0.2 100 300
T/IE3 |04 50 125

Increasing the thiol to —ene ratio, the process window gets narrower. A decrease in the upper
polymerisation threshold is obvious. However, the lower polymerisation threshold first raised
with increasing the thiol to —ene ratio and then decreases again. This is quite unexpected.
Potentially there was a mistake in the experiment and it should be repeated.

What we can conclude from this section is that though the formulations presented are based
on natural proteins, the reactivity can be compared to potentially toxic PEGda based hydrogels
structured using the same initiator at higher concentrations (see section 12.3.1 and [49]). In
contrast to BSA alone, the addition of GHve can increase cell adhesion and render these
formulations potential candidates for polymerisation in vivo. With varying the thiol/-ene ratios
in the formulation, the degradation rate, the stiffness of the polymer and the reactivity and 3D
capabilities for 2PP can be tailored.

However, for the experiments in this section, we still required a BSA content of 16%, which
might reduce the biocompatibility of the formulation. Maybe we can find a precursor that has a
sufficient number of free disulphide bridges acting as macrothiol and at the same time
providing sufficient anchor points for cross-linkable VE units.

12.4.3 Hyaluronic Acid Vinyl Ester (HAve)

According to section 9.2.2.2 and similar to the procedure presented in preparing GHve, Xiao-
Hua prepared the low Mw of Hyaluronic Acid and substituted the free lysine units using divinyl
adipate. However, the degree of substitution was 0.53 and thus much less than in the GHve
based formulations reported before. 0.5 wt% photoinitiator was dissolved in PBS buffer. The
HAve was added to give a 10% concentration. Dithiolthreitol (DTT) was added to this solution,
making the functionality ratio between thiols and -enes 20%, a similar ratio as for the T/E2
formulation described in section 12.4.2.2. For the proof-of-concept of this formulation, we
structured a CAD file of the TU Logo (100x100x20 um® and a Ying-Yang Logo
(100x100x10 um?3) at a polymer line distance of 0.5 um and a layer distance 1 um. Both of the
structures were produced at a speed of 1 mm/s and a power of 80 mW using the 20x NA 0.8
microscope objective. We did not develop the structures but only observed them online as
shown in Figure 88.
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Figure 88 a) TU Logo (100x100x20 um?3) and b) Ying-Yang Logo (100x100x10 um?) structured in HAve based
formulation, online process observation, 20x NA 0.8 objective, scale bars 50 um

These structures only represent the very first attempt in the structuring of HAve. However, we
are quite confident that this material has a high potential for in situ polymerisation, since HA is
one of the major components of the ECM. It favours cell adhesion, proliferation and migration
and can be found in various lotions and wound healing bioadhesives. In contrast to GHve
formulations presented in the last section, this formulation does not require BSA, which
potentially lowers the incentive for cell adhesion and proliferation. Furthermore, only 10% of
reactive precursors in the formulation are required, which shows the formulation’s high
reactivity. The development of modified HA based formulations for 2PP is still at an early stage.
We will see how these formulations will unfold their practical potential in future experiments.

By now, we have tested many potential 2PP specialised Pls as well as many precursors, either
synthetic or naturally derived that perform differently in 2PP. From other research fields, we
know that many of the compounds used for the synthesis of the presented materials are very
attractive. Moreover, Gelatine and HA precursors have good applicability for cell encapsulation
as well as for creating tissue engineering scaffolds. However, for 2PP in the presence of cells
and tissues, we have to prove that all components of this process, Pls, NIR light, precursors
and process by-products are biocompatible. Furthermore, we have to prove that our
modifications to Gelatine and Hyaluronic Acid did not compromise their biocompatibility and
their properties as ECM analogues. It is now important to determine, how cells and/or living
biological tissues experience this artificial dynamic environment. In addition to the challenges
known from seeding approaches [192], we have to deal with many additional factors potentially
compromising the biocompatibility:

e The toxiciy of the unpolymerised precursors

e The toxicity of the unpolymerised PI

e The toxicity of the formed radicals upon activation
¢ Photochemical and/or photothermal effects

Let us thus explore how some of the presented formulations affect the viability of living
organisms. The next section will introduce the roundworm Caenorhabditis elegans, the test
organism of this work. We will see how the ingredients of an unpolymerised formulation in
different concentration affects the viability of the animal. Furthermore, we will see at which
energy levels, through which mechanisms and on which principle NIR laser light causes stress
to the animal.
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13 Toxicity analysis

The following chapter was partly published 2012 in the Journal of Biomedical Optics [49].

For any successful in vivo application, biocompatibility on cellular, tissue and organism level
is essential. Testing is mostly done using cultured cells, but this requires an expensive
infrastructure. In addition, stress responses in cells are often not visible via direct
microscopic observation and cell viability cannot be easily defined in terms of a single
physiological or morphological parameter [112]. Before investing in cell laboratories, employ
biologists and adapt machines to fit biological conditions, we had to pre-determine the
biocompatibility of the presented materials on biological systems that are easy to maintain
and do not need special sterile conditions. Multi-cellular organisms are feasible test
organisms that already become popular as pre-screening models [193].

Caenorhabdtis elegans (C.elegans) is a nematode (roundworm) that can serve as
inexpensive and ethically acceptable high-throughput and real-time biosensor for animal
organisms in predicting acute lethality in mammals [194]. Several publications focus on the
effects of chemicals on wild-type nematode survival (LC)?°, development and mutagenicity
[195-197]. As C. elegans uses chemosensation to find food, avoid noxious conditions,
develop appropriately and mate, it has to sense chemicals that penetrate the cuticle,
exposing its sensory cilia to the environment [197]. We consider the choice of C. elegans
as a model organism appropriate to provide the practical basis for a proof of concept for
applying 2PP in a biological surrounding [49].

In this chapter, we will examine the topic of biocompatibility from two different perspectives;
the materials’ side including the impact of the unpolymerised monomers and the initiator on
the living animals and the impact of the laser light required for polymerisation. For getting
insights into the former, we will perform LCs assays showing the toxicity of PEG-700-da in
different concentrations. Similarly, we will investigate the effects of the initiator WSPI
separately at a concentration used for structuring in 12.3.1. In the second section, we will refer
to observations from the literature, where a threshold is presented, below which focused
pulsed NIR laser light can be applied in the presence of living organisms and cells without
compromising their viability. Referring to these results, we will get insights whether
photodamage is likely to occur at intensities required for polymerisation. To relate the results
of this section to the biocompatibility of 2PP, we will refer to the the Dorland’s Medical
Dictionary definition for biocompatibility as the “quality of not having toxic or injurious effects
on biological systems*[198].

20 The average lethal concentration LC is the statistically calculated concentration of a substance that
causes death to the exposed animals during and after the investigation period.
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13.1 Biocompatibility of monomers and initiators

In this section, we will investigate the biocompatibility of PEGda and WSPI. Pure M9 buffer
media and the hydrophobic ETA-TTA (section 9.1.1) will be taken as references, respectively.
The toxicity of components other than PEGda are tested on cells and are not part of this thesis.
Interested readers will find more information in manuscripts that are currently in preparation
[166,171,174].

13.1.1 Preparation and Experimentation

The C. elegans animals were cultured using standard techniques [199]. N2 wild type
nematodes without any genetic modifications were used for the LCsp assays. To ensure that
all animals were of the same age, we had to synchronise the population. Via hypochlorite
digestion of worms only the eggs survived. The unstaged C. elegans cultures with adults
were incubated for 5 min in bleaching solution (10% 5M NaOH, 20% chlorine bleach) until
adult worm corpses were completely dissolved. Eggs were collected by centrifugation (3400
g, 2 min, 20°C, Hermle Z383K), washed with M9 buffer and seeded onto fresh plates. After
letting worms hatch and grow to adulthood, worms were washed off the plates with M9
buffer.

500 pL of this synchronised population in M9 buffer (15 worms/uL) were pipetted into a
centrifuge tube containing 500 uL of double concentrated formulation (without initiator). In
total, we investigated 4 different formulations, containing 10%, 20%, 40% and 60% M9 in
PEGda, respectively. Mixed with the worm emulsion, this resulted in concentrations of 50%,
60%, 70% and 80% M9 in PEGda formulations, the concentrations used for structuring in
12.3.1. The 3 reference tubes contained 500 uL worm suspension and 500 pL pure M9
buffer. After 15 min of exposure, the emulsion was centrifuged (3400 g, 2 min, 20°C, Hermle
Z383K). The pellet was washed with 4 mL M9 buffer and centrifuged. 20 uL of cleaned
worm pellet (300-400 worms) were pipetted onto three 35 mm wide agar lawn petri-dishes
each.

The biocompatibilty of the initiator was investigated separately. 4 wt% of WSPI (double the
amount used for structuring) was dissolved in M9 buffer, mixed with the worm emulsion and
treated equally.

In addition to the pure M9 references, we also investigated the impact of the organo-soluble
formulation ETA-TTA (see section 9.1.1).

We determined the biocompatibility of the compounds employing a movement assay for
adverse effects on exposed animals described in [200]. We defined an animal as dead
when it completely lacked motion after a recovery phase of 20 minutes. The duration of this
phase has been shown to be sufficient to exclude the possibility of non-moving but living
animals regaining their mobility [49].

As shown in Figure 89, six petri-dishes carrying the exposed worms (3) were placed into a six-
well plate and covered with caps. Three petri dishes contained worms that were exposed to
the formulation. The three other were reference probes, containing worms exposed to pure M9
buffer media only.
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Figure 89 Setup for LCso analysis, 1) camera, 2) retainer, 3) petri dish carrying exposed animals, 4) 6-well
plate, 5) CCD display

A digital camera (Canon Power Shot SX2001S, 1) was mounted to a specially designed retainer
(2). This device ensured a constant distance to the specimen (3). Its top (see Figure 89b)
facilitated precise fastening of the camera to the six-well plate. When taking a photograph of a
specimen, the picture always showed the same spot with the movement of the worms being
the only variable. The focus of the camera was set such that the worms moving on the agar
plate appeared sharp. A computer screen (15.6” TFT 1920x1080 pixels, 5) showing a white
image ensured homogeneous illumination of the sample. Every three minutes after the
exposure, the caps of the specimens (3) were removed and two high-resolution (4x3
megapixels) were taken of each specimen, respectively. The delay between the pictures was
set to 1 second. During this time, the agar of the petri dish absorbed the liquid leaving the
worms on the lawn.

The worm'’s viability was determined measuring their mobility and impetus to move [200].
Comparing photographs taken at different times, visibly moving worms were considered
alive [49].

We repeated this experiment five times, for four formulations with different PEGda
concentrations, one formulation with the initiator. Every experiments involved the preparation
of six agar plates (three with exposed animals and three reference probes) carrying 300-400
worms each. None of the animals survived the exposure to ETA-TTA in the first experiment.
This is quite in accordance with previous work [11] and was thus quite expected. ETA-TTA
obviously kills all animals within seconds after the exposure. As this was quite clear, we
performed one experiment on one specimen only.

13.1.2 Analysis

We changed all pictures to black and white and sorted them according to the protocol. In the
previous section, we mentioned that two pictures each were shot for every specimen and
observation time, respectively. We counted the worms present on the first image. After that,
we inverted the second image that was shot one second after the first. This reversed black
and white of this image. The modified second image was adjusted to 50% opacity and laid
over the first one. All details of the image, which did not change within 1 second, became
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invisible. Hence, dead worms were not shown on this merged image. Alive worms, however
were shown twice, one black worm (worm of first image) and one white worm (worm of second
image).

Showing the first image only, we counted the total number of worms. Overlaying the second
image, we counted the white worms visible. The ratio between these two values determined
the survival rate. Figure 90 shows the necessary steps for preparing the images for analysis.

Figure 90 Toxicity analysis a) Monochromatic Image 1, b) Counting total number of worms, c) inverting
second image, d) adjusting second image to 50% opacity and overlaying the first image, counting number
of alive worms

The ratio of alive worms to their total number determined the survival rate. To simplify the
analysis, we only considered two observation times, 15 min and 18 min for each specimen,
respectively. As it was expected that worms do not always move, the higher survival rate
observed was taken for the LC analysis. Evaluating all pictures would be a slightly more exact
determination. However, as the counting was done manually, the effort needed for a thorough
assessment does not justify the obtained accuracy benefit. A software tool counting the
number of dead or alive worms would facilitate an easy and more accurate LC value.

Each of the 300-400 worms in one specimen can be tracked with this assay. Hence, we believe
that a simple live/death statement is just a small fraction of the possible functions such an
analysis can provide. Over a period of 18 min, this protocol enables the observer to measure
the total distance travelled and to benchmark the kind of movement (random or straight away
from the site of exposure). In addition to the movement, this assay allows to evaluate the
appearance of the worms (curly or straight) and the time when they increasingly start to move
(end of paralysation past exposure). However, quantitative observations of this kind again
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require appropriate software tools. As we will not continue our work with C. elegans in the
future, we shall limit ourselves here to deal with a simple live/death assay. The outcome is
presented in Figure 91.

13.1.3 Results of LC assay
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Figure 91 Percentage of worms alive plotted against decreasing concentrations of PEGda in M9, worms
kept in the uncured resin for 15 min; black line: PEGda in buffer media at different concentrations (triple
measurements), blue line: buffer reference, red line: ETA-TTA reference. Each data point represents and
individual measurement performed with 300-400 worms. Data points in one vertical row represent
experiments done at the same time with the same population. LCso and LCo values are highlighted [49].

As already stated, the non-aqueous ETA-TTA virtually immobilised all worms, whereas the
survival rates progressively raised using decreasing amounts of PEGda in buffer media. At
approximately 52% water content, 50% of the worms survive when exposed for 15 minutes
(LCso). Considering the buffer reference, the survival rate increased by 33%, 35% and 15%
when raising the water content from 50- 60%, 60-70% and 70-80%, respectively. At 79%
water content, no difference to the reference was found (LCy).

The biocompatibilty of the initiator WSPI was investigated in a control experiment. Worms
in buffer media containing 2 wt% of WSPI (the concentration used for structuring in 12.3.1)
was 84% (+ 4%) at an exposure time of 15 min. The survival rate of worms in buffer
reference was 93%. The animals showed no quantifiable reaction to the exposure in the
investigated period.

These results indicate that, in contrast to standard 2PP formulations like ETA-TTA, PEG-
based hydrogels dissolved in buffer media show higher biocompatibility. For the applied
exposure time, the toxic influence of the initiator seems low.

The photopolymerisable formulation contains M9 buffer media, the monomer PEGda and
the initiator WSPI. From these components, PEGda only has a quantifiable toxic influence
in the investigated timeframe. Therefore, we consider the monomer as good proxy for the

115



total biocompatibility of the formulations for the investigated timeframe. For this work, we
will further quantitatively define a material as being biocompatible if the survival rate of C.
elegans in the investigated formulation exceeds 50% measured against reference animals
held in pure M9 buffer media (LCsp) at an exposure time of 15 minutes [49].

After getting an insight into the biocompatibility of the individual components of the formulation,
we now need to know whether the focused laser beam will compromise the viability of C.
elegans during polymerisation. Hence, in the next section, we will deal with photochemical and
photothermal caused stress for the organism.

13.2 Photodamage

This chapter was published in 2012 in the Journal of Biomedical Optics [49].

Optical absorption coefficients of biological tissues reflect the absorption of proteins, DNA,
melanin, haemoglobin and water. The variation of their optical activities is strongly
dependent on the wavelength [112]. In the NIR region, water is the most important tissue
chromophore. It begins contributing significantly to tissue absorption at A2900 nm [111].
Thus, the heating of the tissue increases with the wavelength. Light below 800 nm,
however, increasingly causes photochemically induced stress inside biological tissues. The
damage caused is significantly higher using light with wavelengths below 800 nm. Hence,
compared to UV light, NIR light and light of 800 nm in particular, seems to be more suitable
for inducing polymerisation in the near vicinity of biological tissues.

Potentially, laser induced photodamage can have a negative effect on biological material.
In previous experiments, researchers investigating cell regulations made use of fs, NIR
laser pulses to selectively ablate intracellular components in live cells without altering
neighbouring structures or compromising cell viability. Focusing 100 fs pulsed 800 nm
wavelength laser light tightly (100x NA 1.4 objective) beneath cell membranes, pulse
energies of 1.5 nJ at process speeds of 5 um/s were reported as being necessary to induce
ablation [113]. With laser surgery, pulse energies above 2 nJ of a tightly focussed (64x
NA 1.4 objective) fs laser beam are necessary for severing single axons of C. elegans [34].
In contrast, it could be shown that two-photon photodegradation of PEG hydrogels with
embedded cells can be done at pulse energies below 1.5 nJ, maintaining high cell viability
and causing no non-specific intracellular ablation [114].

For our experiments processing PEGda based formulations, we expected laser induced
photodamage on the organism to be very unlikely due to the following arguments:

e Given the 30% transmission efficiency of the 20x NA 0.4 objective used for
structuring PEGda based formulations in section 12.3.1, the maximum pulse
energy in the focal volume is 1.2 nJ at laser power maximum of 300 mW used for
structuring, which is well below the reported pulse energy maximum of 1.5 nJ.

e The larger the NA, the smaller the volume illuminated at the focal point and the
lower the energy required to reach the intensity threshold for ablation [113]. With
the 20x NA 0.4 objective, we can expect a higher energy threshold as that being
necessary for non-specific ablation.

e The reported pulse energy threshold of 1.5 nJ was assessed for scanning of
5 um/s. The processing speeds used for cross-linking PEGda was 1-10 mm/s,
which means that the exposure time to the beam was shorter by a factor of 200-
2000.
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To double-check this, we exposed several specimens of C. elegans to the focal point of the
objective at the maximum intensity for 2-3 seconds. This did not lead to any quantifiable
effects compared to non-exposed controls [49].

After knowing appropriate process parameters and formulation compositions to successfully
fabricate microstructures in a biological surrounding, we can now bring everything together. In
the next section, we will demonstrate polymerisation in the presence of a living organism of
the species C. elegans.
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14 In-Vivo writing

Parts of this section were already published in 2012 in the Journal of Biomedical Optics [49].

A conformable proof of applying 2PP in a biological surrounding requires visual evidence
for the formation of a polymerised construct and an evidence for the animal being alive at
the same time. Thus, as we investigate the biocompatibility via movement assays of C.
elegans in the last chapter [200], an online process observation of a 2PP structuring
procedure with an embedded C. elegans would combine both perspectives. However, as
the animal cannot be immobilised for this purpose, the experiment places several
requirements to the formulation:

e A stiff and dense polymer network is necessary, which the animal cannot easily
damage.

e The viscosity must be high to limit the movement of the worm, facilitating an easier
positioning and tracking without the need of the animal’s immobilisation.

e The emerging polymer network must have a different refractive index compared to the
uncured residue. Otherwise, it would be hard to recognise single polymer lines online.

To meet these requirements, we decided to polymerise a construct around a living C.
elegans using a formulation containing only 50% water.

A 15 mg droplet of agueous M9 buffer containing C. elegans was mixed with double
concentrated PEGda based hydrogel (100% PEGda, 4 wt% WSPI) at a ratio of 1:1
rendering a formulation with 50% water content containing C. elegans. A woodpile structure
(200x200x35 pum3, 10 layers at a distance of 3.5 um, 50 polymer lines per layer) was
fabricated close to the surface of a glass slide and around a living nematode. The speed
was set to 10 mm/s and applied the 20x NA 0.4 objective for structuring. During fabrication,
the focal point was traced through the animal’s body attaching the polymer lines to the
cuticle. After fabrication, the specimen was rinsed with M9 buffer. The specimen could swell
for 24 hours and was afterwards observed in the LSM. The LSM pictures are depicted in
Figure 92 [49].

Figure 92 C. elegans captured in a woodpile structure with 200 um side length (line distance 4 um, layer
distance 3.5 um, 10 layers, writing speed 10 mm/s, laser power 220 mW, 20x NA 0.4 objective, 50% water
content) a) LSM image 20x, b) detail of white marked section in a), c) stacked 3D LSM image [49]

As the polymer seems deformed in the bottom right part of Figure 92a, we can assume that
the worm moved during the fabrication process and slightly deformed the structure. This
indicates that the animal was alive during the fabrication and that the polymer was attached to
the outer cuticle. The video of the online process observation of a slightly different structure
(supplementary section of [49]) more clearly shows that C. elegans survives a ~15 minutes
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structuring process in a PEGda formulation containing 50% water and 2 wt% WSPI.
Furthermore, it gets evident that the voxel can be traced through the body of the animal without
triggering any specific reactions. We can thus assume that the laser light used for structuring
does not seem to affect C. elegans, as already claimed in the previous section.

Though it is evident that polymerisation in the presence of living organisms is more
biocompatible in formulations with 80% water content (see section 13.1.3), the experiment
would not clearly show a 2PP process in the presence of a living organism. A higher
monomer content is necessary for visual evidence, but not for successful polymerisation in
principle [49].

With this final proof-of-concept, we have reported all relevant experiments that were done
during this PhD thesis. We have presented the 2PP performance of novel hydrophobic and
hydrophilic Pls as well as investigated novel precursors that can potentially render
biocompatible polymer constructs suitable for in vivo polymerisation. We have described the
evaluation protocols developed for optically assessing the quality of the constructed parts.
Furthermore, based on PEGda, we have introduced a protocol for toxicity analysis observing
the movement of C. elegans and have finally attached a PEGda polymer to a living animal.
However, there are yet many questions to be answered. Will Gelatine and Hyaluronan based
formulations be substantially more biocompatible than PEGda? Do these materials really have
properties similar to the natural ECM? Can experiments using C. elegans be related to
experiments with cells or tissues? Will cells withstand polymerisation and adhere to the formed
polymer, grow and proliferate? In other words, are there suitable materials that are bioactive
rather than just biocompatible? And finally, will cells respond to dynamic cues provided by
2PP? In the final section, we will provide an outlook on possible research directions.
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15 Perspectives

With the highly efficient two-photon Pl WSPI dissolved in M9 at concentrations suitable for
2PP micro-fabrication, we have seen no difference in the survival of C. elegans compared to
the reference. However, we did not investigate the impact of other initiators. Will they be more
toxic? A manuscript related to the synthesis, efficiency and the biocompatibility of novel
initiators referred to above will be published soon [166].

So far, we focused on the toxicity of a non-active Pl in solution; however, we did not investigate
the toxic influence of the initiator upon its activation and its interplay with other components
during polymerisation. It is quite likely that the necessary radicals for polymerisation cause
stress to living biological tissues and cells. Although the model organism in this work survived
the polymerisation process and obviously did not show any reactions to the laser exposure,
we must consider this issue. Especially the cells and tissues uptake of Pl molecules and their
subsequent activation in the polymerisation process might be problematic. We will focus on
this matter in the short future. Appropriate initiator designs will potentially overcome related
toxic effects.

From what is known from literature and from other research fields such as cell encapsulation
studies, the natural protein based hydrogels have a very high potential for in vivo
polymerisation. In this thesis, successful precise micro-fabrication of 3D constructs in Gelatine-
based hydrogels has been shown. The same vinyl ester modification of Hyaluronic Acid has
been reported and will likely perform similarly in 2PP but will be more biocompatible. However,
though the biomaterials Gelatine and Hyaluronan might be well suitable, their modification for
2PP might compromise their applicability as biomaterials. Hence, the respective non-
polymerised and polymerised formulations will have to show their biocompatibility first. Toxicity
analysis based on MG63 cells are under way [171,174].

For conventional one-photon polymerisation, the materials properties of many presented
polymers or, at least, for many components of the presented formulations have been
extensively investigated [139,167,169,170]. These results cannot be directly linked to 2PP
parts, as the fabrication process is entirely different. For 2PP in particular, we only have
presented assessments based on the produced parts’ optical appearance in this thesis.
Although these protocols are easy to use and fast, their quality relies on the subjective view of
the evaluator. Interpreting and concluding the results in respect to material characteristics
requires experience and is often prone to speculations. A quantitative measurement that
reflects material properties like elastic modulus, stiffness, hardness, strength and the like is
quite difficult due to the small sizes of the structures. Klaus Cicha (IMST) has done seminal
work in this field [116,181]. Similar protocols have to be developed for 2PP hydrogels, too.

As we were mostly concerned with the suitability of the materials for 2PP, we only scratched
the surface of the biological assays that are required. Suitable toxicity assays for investigating
the impact of initiator, monomer and laser light independently and in their interaction during
polymerisation have to be developed. Furthermore, an examination of their behaviour on the
formed constructs is necessary.

Ultimately, if all previous steps were successful, we can tune this environment dynamically
changing the cross-linking density locally to finally get a better understanding of the cell-cell
and cell-matrix interactions existent in nature.

With these perspectives, we will leave it up to following researchers to tackle in vivo writing up
further. We hope we could convince the reader that due to its versatility and possible operation
at biocompatible wavelengths, 2PP has a high potential for an application in the presence of
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living organism and cells. It likely can provide a dynamic control of a biological environment,
which will potentially allow building effective ECM analogues.
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16 Conclusion
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Figure 93a) Racecar fabricated at high writing speed, ETA-TTA (1:1), 0.2 wt% Initiator M2CMK, SEM image;
b) porous scaffold fabricated in formulation containing 80% water, 20% PEGda, 2 wt% initiator WSPI,
stacked LSM image; c) capturing of living Caenorhabditis elegans in woodpile structre, PEGda formulation
containing 50% water, 2 wt% WSPI, LSM image

Two-photon polymerisation (2PP) is a versatile technique that has been used to create
microstructures for a variety of applications including optoelectronics, photonics and micro-
mechanical devices. Since it allows an operation at biocompatible wavelengths, 2PP has a
high potential to induce polymerisation in the presence of living tissues and cells, where
dynamic environments similar to the natural extra-cellular matrix (ECM) can be created.

In this thesis, we wanted to get closer to achieving the goal of in vivo polymerisation. We dealt
with two major bottlenecks of 2PP: the long process times and the limited availability of
biocompatible formulations. We designed and realised a novel two-photon polymerisation
(2PP) setup based on a galvano-scanner. This novel setup allowed to process a variety of
formulations at the highest writing speed reported in the field of 2PP. Together with efficient
photoinitiators synthesised at the Institute of Applied Synthetic Chemsitry (IAS), precise
microsctructures could be fabricated at speeds above 100 mm/s (Figure 93a).

The water-soluble derivatives of these initiators enabled us to polymerise complex porous
scaffolds in aqueous poly(ethylene glycol diacrylate) (PEGda) formulations with water contents
of up to 80%, the highest water contents reported in 2PP. Such structures could be
reproducibly fabricated at 1 um resolution and writing speeds as high as 100 mm/s (Figure
93b).

As acrylate are potentially toxic for cells and tissues, we turned to vinyl ester (VE) and vinyl
carbonate based formulations as biocompatible alternatives with sufficient reactivity. We report
the successful modification of bioactive natural proteins like gelatine with VE units.
Formulations based on these photopolymerisable precursors allowed the precise micro-
fabrication of complex 3D scaffolds. Tuning the ratio in this formulation between thiols and -
enes allowed us to increase the reactivity of the formulation while tuning the degradation
behaviour and cross-linking density of the formed polymer.

Using C. elegans as model organisms, we investigated the biocompatibility of a PEGda based
hydrogel formulation’s individual components. The novel water-soluble initiators presented in
this thesis, do not seem to affect the animals. We could perform 2PP in the presence of a living
nematode. The structure was attached to the animal, which survived the fabrication process
(Figure 93c).
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Finally, we highlighted some potentially attractive directions and challenges materials research
will face in the future to ultimately create dynamic bioinspired environments, which potential
can mimic key attributes of the natural ECM.

123



17 Abbreviations

1PA

1PP

2PA
2PM
2PP

3D

373

4VE

AC

AM

AMT
AOM
Bis-GMA
BSA
BSA-SH
C. elegans

CAD
CAD-CAM

CCD
cw
DsMA

DLP
DTT
ECM
enes
ETA
ETA-TTA
FAD
FDA

fs
GelMOD
GH
GHve
GM

GND
GVvC
HA
HAma
HAve
IAS
IMST
IR

One-photon Absorption

One-Photon Polymerisation
Two-photon Absorption

Two-photon Microscopy

Two-photon Polymerisation

Three Dimensional

Standard fibroblast cell line
Hexandioic Acid Divinyl Ester
Acrylate

Additive Manufacturing

Additive Manufacturing Technologies
Acoutso-optic modulator

Bisphenol A-Diglycerolate Dimethacrylate
Bovine Serum Albumin

Reduced BSA

Caenorhabditis elegans is a nematode (roundowrm) and a common model
organism in biological research and in toxicology
Computer Aided Design

Computer Aided Design-Computer Aided Manufacturing is a procedure, in
which the design is directly transferred to manufacturing and where
manufacturing problems can be simulated during design.

Charge-Coupled Device

Continous Wave

1,10-Decanediol Dimethacrylate

Digital Light Processing

Dithiolthreitol

Extracellular Matrix

Carbon-Carbon double bonds

Ethoxylated (20/3)-Trimethylolpropanetri Acrylate

1:1 mixture of ETA and TTA

Flavin Adenine Dinucleotide

Federal Drug Administration

Femtosecond

Methacrylamide derivatives of Gelatine

Hydrolysed Gelatine

VE derivative of Gelatine

Goppert-Meyer is a unit for measuring the & of a molecule, it is measured in
10°° cm* photont

Ground Potential of Electric Circuits

Glycerol Trivinyl Carbonate

Hyaluronic Acid

Methacrylated HA

VE derivative of HA

Insitute of Applied Synthetic Chemistry, Vienna University of Technology
Insitute of Materials Science and -technology, Vienna University of Technology
Infrared
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LC

LCo
LCso

LM
LSM
LZH
M3DL
M9

MA
MG63
Mw

NA
Nd:YAG
Nd:YLF
NIR
PEG
PEGda
PEGdma
PEGdve
PI

RGD
SEM
SESAM
SLA
STL format

Ti:Sa
TTA
TTL
UDMA
uv
VC

VE
VIS
Voxel

Lethal Concentration is a statistically calculated concentration of a substance
causing death to exposed animals after the investigation period.

LC for a survival rate of 100%
LC for a survival rate of 50%

Light Microscope

Laser Scanning Microscope

Laser Zentrum Hannover

Micro three-dimensional structuring device
Aqueous buffer media used to maintain nematodes of the species C. elegans
Methacrylate

Human Osteosacroma Cell Line

Molecular Weight

Numerical Aperture

Neodym Doped Yttrium Aluminium Garnet
Yttrium Lithium Fluoride

Near Infrared

Poly(Ethylene Glycol)

PEG diacrylate

PEG dimethacrylate

PEG divinyl ester

photoinitiator

Arginine-Glycine-Aspartic acid

Scanning Electron Microscope
Semi-saturable absorber mirror
Stereolithography

is a data interface that approximates a 3D object's surface via triangles. It is
commonly used in AMT

Titanium Sapphire
Trimethylolpropanetriacrylate
Transistor-Transistor Logic

Diurethane Dimethacrylate

Ultraviolet

Vinyl Carbonate

Vinyl Ester

Visible

A Volumetric Pixel is the basic building unit in 2PP

The 2PA cross-section 8 is an efficiency measure for a molecule's ability for
two-photon absorption.
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