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Abstract

Additive manufacturing techniques enable the fabrication of sophisticated micro- and
nanostructures through computer controlled deposition of either energy, material or both. By
combining these techniques with biomaterials, microstructures suitable for cell culturing and
other biomedical applications can be created. Among these approaches, direct laser writing by
two-photon polymerization (2PP-DLW) is a highly accurate and flexible technique that can be
used for the processing of various synthetic and natural materials. 2PP-DLW is based on
nonlinear two-photon absorption, which enables selective photopolymerization and realization
complex three-dimensional (3D) microstructures in a single processing step.

This thesis focuses on the microfabrication of polymer-ceramic and hydrogel materials
by custom built 2PP-DLW laser systems. The main objective was to determine how 2PP-DLW
processing parameters affect the quality of microstructures aimed at cell culturing applications.
The optimal processing conditions for a commercial polymer-ceramic material Ormocomp”
were studied with the Irgacure™ 127 photoinitiator and a picosecond laser system. It was found
that the achievable Ormocomp® feature size could be reduced from microscale to nanoscale by
careful tuning of laser power and exposure time. Within the determined fabrication window, the
Ormocomp” microstructure dimensions could be tuned in a wide range by the choice of focusing
optics and processing parameters. With help of these findings, Ormocomp” scaffold structures
with a variable and defined degree of porosity and interconnectivity were successfully fabricated.
The 85% porous scaffolds supported the attachment, viability and growth of human adipose stem
cells in a six day culture.

Aimed at creating biomimetic microstructures, the 2PP-DLW processing of custom-
synthetized poly(amino acid) hydrogels (poly(AA)s) was studied and compared to commercial
poly(ethylene glycol) diacrylates (PEGdas). The acryloylated and methacryloylated poly(AA)s
combined with the Irgacure® 2959 photoinitiator were found applicable to 2PP-DLW over a
relatively wide range of processing parameters. Due to the wider fabrication window, the
dimensions of poly(AA) microstructures could be tuned more than PEGda microstructures.
Stable poly(AA) microstructures could be fabricated with 80% water content and with improved
3D fabrication performance with increasing acryloylation.

In the future, this work could be expanded to the fabrication of custom scaffolds for
different cell types and stem cell lineages. These types of structures could combine areas of
different chemical composition and porosity within a single scaffold. The poly(AA) hydrogels

could also be combined with cells to fabricate cell-laden 3D microstructures.
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1 Introduction

Cells sense and respond to their environment on the micro- and nanoscale and ideal cell culture
platforms should thus be constructed with features down to this level [1]. The traditional two-
dimensional (2D) culture conditions are often drastically different from the native, 3D
extracellular matrix (ECM) environment, which can lead to abnormal cell behavior [2].
Computer controlled microfabrication techniques, often referred to as rapid prototyping or
additive manufacturing, enable the realization of cell culture scaffolds with intricate 3D features
that can mimic ECM microarchitecture [3]. With these techniques, scaffold structures with
predefined properties can be fabricated within a few hours instead of days required by
conventional fabrication approaches [4].

Among additive manufacturing techniques, 2PP-DLW offers 3D microfabrication
capability with superior accuracy compared to other methods, such as UV laser stereolithography
and 3D printing [5]. 2PP-DLW is based on the nonlinear optical phenomenon of two-photon
absorption (2PA), which enables feature size of less than 100 nm [6] together with length scales
ranging to millimeter [7].

Different cell types require different type of materials as culture substrates. 2PP-DLW
can be used for the processing of a variety of materials ranging from synthetic photopolymers to
biopolymers, such as proteins [8]. This thesis presents the 2PP-DLW processing of polymer-
ceramic and hydrogel materials with custom-built laser systems. The first part of the thesis is a
literature review covering the principles and applications of 2PP-DLW with an emphasis on
biomedicine. The second, experimental part presents the work based on four original
publications. The experimental results are divided into three major themes: processing of a
commercial polymer-ceramic material Ormocomp”, fabrication of Ormocomp® scaffolds for
adipose stem cell culturing and the processing of custom-synthetized poly(amino acid)
hydrogels. The main results present the combined effect of different 2PP-DLW processing
parameters on microstructure quality, the response of adipose stem cells to highly porous and
interconnected Ormocomp” scaffolds and the comparison of the 2PP-DLW performance of

custom and commercial hydrogels.



2 Literature review

2.1 Additive manufacturing

Combining cells and biomaterials with advanced microfabrication approaches is a growing area
in tissue engineering (TE) that holds great potential for recreating complex tissue architectures.
[4] These advanced techniques are referred to as rapid prototyping (RP), solid freeform
fabrication (SFF) or most recently additive manufacturing (AM) [3]. AM techniques are
characterized by the production of objects through sequential deposition of energy, material or
both [5]. The selective adding of materials layer-by-layer is specified by cross-sections of a CAD
(computer assisted drawing) model. This additive nature distinguishes these techniques from
conventional, subtractive machining and minimizes material waste [3, 9]. AM techniques enable
reproducible fabrication of microstructures with well-defined size, shape and physical and
chemical properties including pore size, porosity, pore interconnectivity, mechanical strength
and diffusion characteristics [3, 10]. TE constructs can be fabricated within a few hours instead
of days often required by conventional fabrication approaches, such as porogen leaching and gas
foaming [4].

AM techniques can be classified into thermal, mechanical or optical methods. Techniques
often also combine different types of processing approaches. [3] Based on the type of processing
system, AM techniques can also be divided into nozzle-, printer- and laser-based approaches [5].
Nozzle- and printer-based techniques use thermal and mechanical methods to directly deposit
cells and materials, whereas laser-based techniques deposit light energy in order to achieve the
desired effect. [3, 5] Nozzle-based techniques, such as fused deposition modelling (FDM), are
often based on melt extrusion [11]. The printer-based approaches of inkjet printing [12] and 3D
printing [13] have successfully modified commercial printing systems for the deposition of cells
and biomaterials.

Compared to dispensing techniques, laser-based AM techniques are generally more
accurate [3]. A laser (Light Amplification by Stimulated Emission of Radiation) is a quantum
device that produces a strong beam of coherent photons by stimulated emission [14, 15] The
light exposure by lasers can be used to manipulate cells, to remove material by ablation or to
crosslink photosensitive materials [3]. For cell printing, techniques such as laser induced forward
transfer (LIFT) and matrix-assisted pulsed laser evaporation direct writing (MAPLE DW) are
mostly used [16]. Selective removal of material by laser ablation can be used either to directly
create microstructures from bulk material [17] or as a complementary technique to achieve more

refined geometries [18] and improved fabrication accuracy [19]. Finally, methods such as



selective laser sintering (SLS), stereolithography (SLA), microstereolithography (USLA) and
2PP-DLW are used to create solid 3D microstructures from different starting materials. SLS is a
thermal method, in which a focused laser beam is used to selectively heat and sinter a material in
powder form [10]. SLA, upuSLA and 2PP-DLW are all optical methods based on
photopolymerization. They share the same basic principle of selectively curing photosensitive
materials according to 2D slices of a 3D CAD model. What is fundamentally different between
SLA and 2PP-DLW is the curing method and flexibility. In SLA, the material is cured layer-by-
layer and a new coat of the liquid material needs to be deposited after each layer. In 2PP-DLW,
3D patterns of essentially arbitrary complexity can be written directly inside the material

volume. [5] The principles of 2PP-DLW will be covered in detail in Sections 2.3 and 2.4.

2.2 Photopolymerization

Photopolymerization in the broad sense refers to the conversion of liquid starting materials to
solid macromolecules through light-induced reactions [20]. Photopolymerization is induced by
light in the UV, visible or IR part of the spectrum [21]. More specifically, the solidification of
materials by light exposure can occur with two different mechanisms: photopolymerization and
photocrosslinking [20]. Photopolymerization refers to the formation of macromolecules from
monomers or oligomers through polymerization chain reactions [22]. Photocrosslinking, on the
other hand, describes the formation of a 3D network through crosslinks between unsaturated
moieties of macromolecular chains [20]. In the case of multifunctional monomers,
photopolymerization and photocrosslinking may also occur simultaneously [22].
Photopolymerization and photocrosslinking differ significantly in their quantum yield, which is
the number of polymerized monomers to the number of incident photons. Photocrosslinking
requires the absorption of a photon in each propagation step and thus has quantum yield of less
than 1. Photopolymerization, in contrast, is caused by a chain reaction in which the absorption of
one photon can give rise to a quantum yield of several thousands. [21]

Selective photopolymerization of liquid starting materials is employed by the laser-based
AM techniques of SLA and 2PP-DLW, for example. The photosensitive starting materials are
composed of monomers and oligomers and are often referred to as photoresists or photoresins.
[21] Most of the commonly used monomers and oligomers do not possess photosensitive groups
with sufficient quantum yield. Consequently, low-molecular-weight organic compounds called
photoinitiators (PI) are utilized to initiate the photopolymerization chain reaction. [22] A PI is
chromophore-containing compound that is excited to a higher energy state by the absorption of

light. This is generally followed by cleavage that creates reactive initiating species, such as



radicals or ions. [20] Based on the type of initiation, photopolymerization can be divided into
radical photopolymerization and cationic photopolymerization. Examples of these include the
double bond addition of acrylates and the ring-opening polymerization of epoxides, respectively.
[22] In addition to a PI, a photosensitizer is sometimes used to enhance the excitation process
[20]. In this case, the sensitizer molecule first absorbs the incident light and then efficiently
transfers the excitation energy to the PI [23].

In the most common case of radical photopolymerization, the light exposure excites the
PI molecules to a higher energy state, which results in cleavage of the molecules and the
formation of free PI radicals. This first step is called initiation. [20, 24] In the next step of
propagation, a PI radical attacks the double bond of a monomer and transfers a high energy
radical electron to the end of the monomer. This creates a highly reactive monomer, which reacts
with another monomer to create an activated dimer, which again reacts with a monomer. The
chain reaction continues to build the polymer until the final step of termination, in which the
active centers of two growing chains meet and combine by forming a covalent bond.
Alternatively to combination, termination can also through disproportionation, which involves
the transfer of a hydrogen atom from one chain to another to form two separate terminated

polymers. [25] The typical steps of radical photopolymerization also given by Equation (1)-(3)

h * .
Initiation: Pl —> P —> PI (1)
, : .M .M :
Propagation: PI +M —— PIM ——> PIMM ----- > PIM _ 2)
Termination: PIM‘nJr PIM‘mH PIMn+mPI (3)

in which PI is the photoinitiator molecule, PI” is the photoinitator in the excited state, PI" is the
photoinitiator radical, M is the monomer and M’ the monomer radical [20, 24]. In addition to the
reactions described above, other processes such as chain transfer and chain inhibition can occur

and complicate the mechanism of radical polymerization [26].

2.3 Direct laser writing by two-photon polymerization (2PP-DLW)

2PP-DLW is an additive manufacturing technique, in which laser-induced photopolymerization
enables the fabrication of 2D and 3D microstructures. The technique is based on the nonlinear

optical phenomenon of simultaneous two- or multiphoton absorption (2PA or MPA). [27] 2PP-



DLW was first demonstrated by Maruo et al. in 1997 [28]. 2PP-DLW is typically realized by
tightly focusing a pulsed laser beam into a photosensitive material deposited on a glass substrate.
Inside the material, PI molecules are excited by 2PA or other nonlinearities to form radicals,
which initiate the polymerization chain reaction within the focal volume of the laser beam. [29,
30] This results in the polymerization of so-called voxels (volume elements), which are the basic
building blocks of 2PP-DLW microstructures [31]. By scanning the laser focus relative to the
sample or vice versa, microstructures are formed by overlapping voxels according to CAD-
models. Unlike traditional photolithography and soft lithography techniques, microfabrication by
2PP-DLW requires no masks, molds or stamps and three-dimensional microstructures of
virtually arbitrary complexity can be fabricated in a single processing step [30, 32]. After the
selective illumination, samples are developed by washing off the non-irradiated material with the
appropriate organic solvents [8].

Lasers are used in 2PP-DLW in order to achieve high enough intensities needed for two-
photon excitation [33]. Mode-locked lasers that emit photons intermittently in high intensity
bursts instead of a continuous beam are generally used [34, 35]. The most widely used laser type
in 2PP-DLW is the Titanium:Sapphire femtosecond (fs) laser operating at infrared wavelengths,
typically 780 nm, with a repetition rate of 80 MHz and pulse duration of a few tens to a few
hundreds of femtoseconds [8] It has been recently shown, however, that also continuous-wave
[36] and picosecond (ps) lasers [37-42] are applicable to 2PP-DLW.

In 2PP-DLW, the polymerization is restricted to the close vicinity of the laser beam focal
spot, where the required threshold intensity is exceeded [43]. Due to this highly confined nature
of the 2PA phenomenon, 2PP-DLW is an inherently 3D fabrication method that can reach
feature sizes below 100 nm [6]. The smallest features are many times smaller than the
wavelengths of the commonly used laser beams [44]. Compared to competing AM techniques,
the unique combination of sub-micron accuracy and intrinsic 3D fabrication capability makes
2PP-DLW the most universally applicable microfabrication tool to date. The widely used
techniques of UV laser stereolithography [45, 46], 3D printing [47, 48] and laser sintering [49,
50] also enable 3D fabrication but with minimum feature sizes limited to a few microns or half a
micron at best [51]. Furthermore, although lithographic techniques such as electron beam or
atomic force lithography offer superior accuracy, they can only produce 2D structures. [52]
Compared to short wavelength radiation or charged particles, visible light is also less energetic
and easier to generate and work with [44, 53].

Due to the nonlinear nature of 2PA, threshold behavior is typical to 2PP-DLW [24, 43].

Two types of material specific processing thresholds can be determined, namely the



polymerization threshold (Py,) and the damage threshold (Pp) [54]. In practice, the Pp is simply
defined as the power at which bubbles and microexplosions start to appear. The occurrence of
this optically induced damage can be observed using a video camera and an online monitoring
system [54, 55]. The Py, however, has been defined in the literature as either the minimum
power at which a feature becomes visible during the polymerization process [56, 57] or the
smallest power with which the fabricated structures, such as polymerized lines, can survive the
development process [30, 54, 55, 58]. A lower Py is linked to a better two-photon
photosensitivity [59]. However, it should be noted that both of these methods inherently
overestimate Py, to some degree because features fabricated very close to the threshold power are
not necessarily visible under a microscope, let alone able to survive the development rinses. The
actual polymerization thresholds can thus be lower than the values measured by these
approaches. [56] The power range between the polymerization and damage thresholds is the
fabrication window, which can be characterized by the relative dynamic power range (Pp/Py,).
[54, 55, 60] A larger dynamic power range is generally considered beneficial for 2PP-DLW as it
enables more substantial tuning of feature size [41, 61].

Perhaps the main drawback of 2PP-DLW is the low fabrication throughput that stems
from the high precision and the serial voxel-by-voxel nature of single beam scanning. To address
this issue, several different strategies have been introduced. Voxel size and thus scanning speed
can be increased by the choice of laser power and the numerical aperture (NA) of the objective
lens [52]. Processing time can also be reduced by optimal 3D design strategies that minimize
scanning steps [62]. The so-called contour scanning technique, in which only the outer shell of
the microstructure is formed by 2PP-DLW, also makes the process considerably more efficient.
After contour scanning, structures can be reinforced by solidifying the inner part by UV light
exposure, for example [22, 63, 64]. Contour scanning can also be extended to multipath
scanning, which enables the fabrication of microstructures that are more resistant to deformation
[65]. Even higher throughput has been demonstrated by parallel scanning with multiple focal
spots [66-72] and by combining 2PP-DLW with micromolding [73-78].

As a highly accurate 3D microfabrication technique, 2PP-DLW has found numerous
applications in fields such as optics, microelectronics and biomedicine. In the field of optics,
2PP-DLW has been used to create photonic crystals [79-82], wave guides [83-85] and
microlenses [64, 86], whereas conductive wires [87] and mechanical oscillators [88] have been
fabricated for micro-electromechanical systems (MEMS). The use of 2PP-DLW in biomedical

applications, such as microneedles [89], cell growth guidance patterns [90], tissue engineering



scaffolds [91] and even macroscale implants [92], has been rapidly increasing in recent years.

These applications will be discussed in detail in Section 2.7.

2.3.1 Two-photon absorption

Two-photon absorption is a third-order nonlinear optical phenomenon in which an atom or a
molecule is excited from ground state to a higher quantum state by the simultaneous absorption
of two photons [33, 93]. The absorption can also occur with more than two photons, in which
case the phenomenon is referred to as multiphoton absorption [8]. 2PA was first theoretically
described in 1931 by Maria Goppert-Mayer [94] and experimentally confirmed by Kaiser and
Garrett [34] in 1961 after the emergence of lasers. 2PA has found applications in analysis
methods such as laser spectroscopy and two-photon fluorescence microscopy as well as in data
storage and microfabrication in the form of 2PP-DLW [8, 33].

The process of 2PA can be described by the attenuation of a beam of light incident on a

2PA material [95, 96] as

op
E = —O'N¢2 (4)

where ¢ is the photon flux (number of photons per unit area), z is the distance into the medium,
N is the number of ground state PI molecules per unit volume and o is the 2PA cross-section.

The photon flux is related to beam intensity I (power per unit area) and photon energy E by

I
= _ 5
=7 5)
where E = ho is given by the reduced Planck’s constant h and the angular frequency of the

incident light ®. Substituting Equation (5) in (4) gives
— = NP (6)

The incidence of 2PA is thus proportional to the square of the light intensity, which makes it a
nonlinear process. The 2PA cross-section 6 describes the strength of the 2PA process. In contrast
to the linear single photon absorption (1PA) cross-section which is a constant, 2PA cross-section

increases linearly with laser intensity. [97] The unit of ¢ is called Goppert-Mayer and 1 GM =



10°° cm®s photons'molecule™” [95]. The 2PA cross-section is proportional to the imaginary part
of the third-order susceptibility x(3), which describes third-order nonlinear polarization of a
material under an electric field [96, 97].

In ordinary 1PA, the number of excited molecules is constant in any transverse plane of a
laser beam and absorption occurs everywhere along the light path [8]. AM techniques based on
1PA, such as stereolithography, are thus essentially planar processes and 3D structures have to
be fabricated 2.5 dimensionally by solidifying one layer at a time [33]. Due to the quadratic
intensity dependence, 2PA is confined to the immediate vicinity of the focal spot of the laser
beam, an area with the greatest photon intensity [8, 35]. This confinement of the 2PA excitation

enables true 3D processing, as depicted by Figure 1.
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Figure 1. The principles of single-photon (1PA) and two-photon absorption (2PA) based laser

processing.

Two-photon excitation can occur via two different mechanisms: sequential or
simultaneous 2PA. In sequential 2PA, the absorption of the first photon excites the photoinitator
to a real intermediate state with a typical lifetime of 10™*to a 10 s. From this state, the molecule
is then excited to a higher energy level by the absorption of another photon. [21, 24] The
existence of a real intermediate state signifies that the material absorbs the wavelength of the
incident photons [26]. Sequential 2PA does not require the use of coherent light and can be
regarded as two sequential single photon absorptions [21]. In the second mechanism of
simultaneous 2PA, there is no real intermediate state and the material is transparent to the
wavelength of the laser beam [26]. Instead, the absorption of the first photon creates a virtual
intermediate state and only if the second photon arrives within the short lifetime of this virtual
state, usually in the order of 107" s, can the molecule be excited to a higher energy state. [24]

Under normal conditions, the rate of simultaneous 2PA is extremely low as it depends on both
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the spatial and temporal overlap of the two-photons at the virtual intermediate state. [24, 98]
However, with high intensities of light, such as the ones provided by focused laser beams,
simultaneous 2PA can be induced [24]. From here on, simultaneous 2PA is referred simply as
2PA.

In 2PA, each photon has half of the energy (hv/2) of the gap between the two energy
levels, which is given by hv = E; — E|, where h Planck’s constant, v the frequency of light and E,
and E; are the energies of the upper and lower energy levels. [24, 26, 93] This type of 2PA is
referred to as degenerate 2PA, distinguishing it from non-degenerate 2PA, in which the two
absorbed photons have different energies and frequencies. Most 2PA applications, including

2PP-DLW, are based on the degenerate process. [23]

2.3.2 Mechanisms of 2PP-DLW

As described in Section 2.2, the standard view of 2PP-DLW is that the photoinitiator molecules
are excited by nonlinear 2PA or MPA and then dissociate to form radicals that initiate the
polymerization and selective solidification of the photopolymer [22, 99]. Although this
description forms a basis for many of the experimental findings, the underlying mechanisms of
the initiation and polymerization processes are not known. [55, 99] To date, the term two-photon
polymerization (2PP or TPP) has been widely used to describe this laser processing technique in
addition to various other terms, such as two-photon and nonlinear lithography. Due to possible
contributions of other mechanisms in addition to 2PA, the more general term of direct laser
writing (DLW) has recently been introduced to the 2PP literature [32, 36, 100]. However, the
term direct laser writing alone is somewhat ambiguous as it can also refer to other laser-based
techniques, such as LIFT or MAPLE DW [16]. For this reason, the term 2PP-DLW is used in
this work to distinguish the fabrication technique from other laser-based direct write approaches
and to highlight the nonlinear nature of the process. Similar terms such as direct laser writing via
photopolymerization or two-photon induced photopolymerization can also be found in the
literature [32, 100].

The specific mechanisms of 2PP-DLW have recently been under intensive study. Several
studies have proposed that thermal effects due to local heat accumulation contribute significantly
to the polymerization process with materials such as epoxy-based SU-8 [101], hybrid polymer-
ceramic material SZ2080 with the Pls Irgacure® 369 and Michler’s ketone [41, 102] and
pentaerythritol triacrylate (PETA) with Irgacure®” 369 [103]. However, another study with PETA
and Irgacure® 369 found no evidence of a heat accumulation effect on polymerization [55]. Also,

recent in situ measurements with PETA and the PI Irgacure”™ 819 by the same group revealed no



significant temperature increase under typical writing conditions [99]. Instead, notable
temperature increase was observed together with microexplosions and local heat accumulation
was thus proposed as a damage mechanism for acrylate-based photopolymers. The damage
process was considered to be highly nonlinear and could be explained by either direct
vaporization of the monomer or by avalanche photoionization and subsequent plasma formation.
[55, 99] Based on the most recent reports, heat induced polymerization does not seem to be
significant in the 2PP-DLW of acrylate-based materials with common photoinitiators. However,
in the absence of more comparative studies, the effect of heat accumulation on the
polymerization of other types of materials cannot be excluded.

In addition to heat accumulation, linear avalanche ionization has been recently proposed
as the mechanism dominating over of the nonlinear multiphoton excitation of photoinitiator
molecules [41, 102]. In this process, nonlinear 2PA and multiphoton ionization act as seeding
mechanisms and produce the initial density of energetic free electrons for the subsequent
avalanche ionization [102, 104] Juodkazis et al. observed this type of behavior for the polymer-
ceramic material SZ2080 in combination with the Irgacure® 369 and Michler’s ketone
photoinitators and with both picosecond and femtosecond lasers. [41, 102] They concluded that
avalanche ionization dominates over 2PA in most conditions at tight focusing of 30-300 fs laser
pulses [102] and at high repetition rates (> 500 kHz) with ps laser pulses [41]. Recently, the
same group also demonstrated PI-free processing of SZ2080, PEGda and polydimethylsiloxane
(PDMS) using controlled avalanche [105].

The theory of multiphoton ionization was recently studied further by Fischer et al. [55]
by modeling of a photoresist system composed of PETA with and without Pls (Irgacure® 369,
Irgacure® 819). According to their work, the polymerization of pure PETA was consistent with a
highly nonlinear, multiphoton ionization dominated process. However, in combination with the
common Irgacure® photoinitiators, the classical 2PA process was found to dominate at laser
frequencies above 100 kHz. Higher nonlinearities, such as multiphoton ionization, became
dominant only at low frequencies below 10 kHz.

In the light of recent studies, it is clear that the process of 2PP-DLW is much more
complex than has been previously thought. It seems likely that multiple competing mechanisms
can contribute to the polymerization process depending on the materials and the processing
conditions used. Formulation of a comprehensive theory requires more comparative studies with
different types of materials, e.g. polymer-ceramic and acrylate photopolymers, and laser

processing parameters to be performed.
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2.4 Fabrication accuracy of 2PP-DLW

The resolution of 2PP-DLW can be associated with the basic concepts of optics and microscopy.
For a conventional diffraction-limited optical system, the classic Abbe and Rayleigh criteria

apply. The Abbe diffraction limit states that the maximum lateral (xy) resolution is given by

A

by = 3NA

(7)

in which A is the wavelength of the incident light and NA is the numerical aperture of the
imaging lens [106]. This means that two objects can be resolved if they are separated by distance
equal to or larger than the Abbe limit of the imaging system [107]. The Rayleigh criterion can be
derived from the response of an imaging system to a point source or an object, which is called
the point spread function (PSF) [108]. Due to the finite size of the optics, a point source of light
produces not a point but an intensity distribution in the focal plane, which is the PSF. The PSF of
a lens is affected by diffraction and aberration. The so-called full-width-at-half-maximum
(FWHM) of a PSF is the diameter at one-half of the maximum intensity and is a measure of the
imaging systems sharpness. [107] In the common case of a planar wavefront incident on a
circular aperture, the resulting distribution is a so-called Airy diffraction pattern with alternating
circular bright (maxima) and dark zones (minima) [109]. The bright central core inside the first

minimum of the Airy pattern is called the Airy disk, radius r of which is given by [109, 110]

A
=0.61— 8
r VA (8)

The radius of an Airy disk is also the resolution limit according to Rayleigh. The Rayleigh
criterion states that minimum distance between the intensity maxima of two resolved point
sources is the radius of an Airy disk. [111] This means that the central intensity peak of one
source coincides with the first minimum of the other, resulting in central a minimum between the
two intensity distributions [107]. In contrast to the Rayleigh criterion, the Sparrow criterion
states that the resolution limit is reached when the minimum is just about to appear [112]. The
Sparrow limit is closer to the Abbe value and is approximately two-thirds of the Rayleigh limit
[112]. All the above mentioned resolution criteria deal with the lateral xy-direction. In the z-

direction, the resolution limit in a diffraction-limited system is given by [113]
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where n is the refractive index of the microscope objective medium, which is most commonly
immersion oil.

Based on the Abbe diffraction limit, Fischer and et al. have recently redefined the terms
of resolution and feature size in 2PP-DLW. In accordance with the Abbe condition, they define
the resolution of 2PP-DLW as the minimum center-to-center distance between two adjacent yet
separated features, whereas feature size is the dimension of a single, isolated structure, such as a
voxel, for example. [29, 114] These definitions are also used in this work. Prior to the work of
Fischer et al., the concepts of resolution and feature size had not been clearly defined in 2PP-
DLW and were in most cases used interchangeably [115-117]. In fact, most reports of the
resolution of 2PP-DLW have actually studied feature size instead and will be covered
accordingly in this work.

As discussed in Subsection 2.3.1, 2PA is a nonlinear process proportional to the square of
the light intensity. The quadratic intensity distribution of 2PA is narrower than the PSF of one-
photon exposure, which results in a more confined light-matter interaction volume. [32, 114]
This effect is also referred to as optical nonlinearity [8, 32]. In addition to the narrower PSF,
2PA benefits from negligible absorption beyond the focal point, which further decreases the
achievable feature size [8]. In addition to optical nonlinearity, the so-called chemical
nonlinearity and material linearity also contribute to the fabrication accuracy of 2PP-DLW.
Chemical nonlinearity is also referred to as the threshold effect. It causes polymerization to occur
only within the region of focal volume with highest intensity and sufficient radical concentration.
[8, 32] The threshold effect is caused by the presence of radical quenchers, such as dissolved
oxygen molecules [8, 32, 43]. The third factor reducing feature size is material nonlinearity,
which means that polymerized features can further shrink in size during the development phase
due to the removal of weakly crosslinked portions of the polymer network [32].

The combined effect of optical, chemical and material nonlinearities during 2PP-DLW
has enabled the fabrication of voxels and lines with dimensions well below the Abbe diffraction
limit. [32] In fact, in a threshold material system, feature size is not fundamentally diffraction-
limited and diffraction is simply a measure of focal spot size [43, 114]. Infinitely small features
could in theory be produced by tuning the exposure dose close to the polymerization threshold.
[43, 114] Resolution, however, is fundamentally limited by diffraction in a so-called “non-
forgetting” photoresist. This means that despite the existence of a threshold, exposure with below

threshold intensity can still contribute to the polymerization once the threshold is exceeded by
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broadening the effective interaction volume. In a perfectly “forgetting” photoresist, resolution
and feature size would indeed be interchangeable terms and the distance between to features
could be arbitrarily small. However, commonly used materials are “non-forgetting”, which limits

the achievable resolution. [114]

2.4.1 Effect of processing parameters

The size and shape of voxels are influenced by both the properties of photopolymerizable
material and the laser processing parameters. Material properties include PI concentration,
radical quantum yield, viscosity and photosensitivity of the photoresist and the concentration of
radical quenchers. [8, 118] Takada et al. showed with the commercial urethane acrylate resin
SCR500 that feature size can be reduced by increasing the concentration of radical quenchers
[119]. For (meth)acrylate resins, it has been shown that the addition of a PI and an increasing PI
concentration notably lower the polymerization threshold [56, 58, 120]. The damage threshold,
however, has been found to remain largely unaffected by the increase in PI concentration.
According to Fischer et al., damage threshold thus seems to be governed by the properties of the
monomer instead of the PI. [55] On the other hand, decreasing the PI concentration has been
shown to decrease voxel size and thus improve fabrication accuracy [119]. The optimum PI
concentration therefore depends on the intended application and whether minimum feature size
or greater fabrication window is desired.

The effect of photoresist sensitivity on feature size is not yet fully understood. Xing et al.
demonstrated smaller voxels with a highly sensitive photoinitiator due to a decreased
polymerization threshold [120]. It should be noted, however, that they did not compare the
performance of the sensitized resin to an unsensitized resin. Recent studies have found that
smallest feature size is achieved with unsensitized resins [55, 102], possibly due to higher order
nonlinearities [55]. However, using unsensitized resins is often not practical due to much higher
polymerization thresholds and limited dynamic power range [55].

Processing parameters including laser wavelength, pulse width, repetition rate, power,
exposure time and NA of the objective lens all affect the achievable feature size and resolution.
A shorter laser wavelength reduces the diffraction limit of a focal spot in accordance with the
Abbe and Rayleigh limits. Multiple studies have also shown that using shorter laser wavelengths
can be beneficial due to lower polymerization thresholds and thus increased fabrication windows
[41, 102, 121]. The effect of pulse width is less clear. Tan et al. recently studied the 2PP-DLW of
a commercial polymer-ceramic material Ormocomp” and found that increasing laser pulse width

from approximately 200 fs to 700 fs linearly increased the polymerization threshold and voxel
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size [122]. However, Malinauskas et al. showed with a ps laser system and SZ2080 that
increasing the pulse width from 8 ps to 25 ps slightly lowered the polymerization threshold.
They also found that increasing the pulse width notably lowered the damage threshold and thus
reduced the available fabrication window. [41] More comparative studies are thus needed to
determine effect of pulse width on 2PP-DLW.

The effect of laser repetition rate has recently been under intensive study. Malinauskas et
al. studied this by using a picosecond laser system with the repetition rate ranging from 200 kHz
to 1 MHz. For SZ2080, they found that the best fabrication accuracy was achieved with the
highest repetition rate combined with short pulses. Increasing the repetition rate was also found
to linearly increase the fabrication window. [41] Emons et al. have also reported reduced voxel
size for another polymer-ceramic resist with the repetition rate of 80 MHz compared to 1 MHz.
However, the direct comparison in this study was somewhat questionable since two different
laser systems and different writing conditions were used. [123] Contrary to these results, Fischer
et al. have recently showed that increasing the repetition rate from low (4 kHz) to high (80 MHz)
does not change the feature size scaling in a sensitized acrylate resist system. The resolution,
however, was found to be significantly higher at the low repetition rate due to effects of higher
order nonlinearity compared to high repetition rates. It was also demonstrated that at higher
repetition rates the pulse energies needed for polymerization are lower due to accumulation of
the exposure dose over many pulses. [55] These studies highlight the complex nature of 2PP-
DLW processing as parameters scale differently depending on the laser and material systems
used.

Perhaps the most dominant processing parameter in 2PP-DLW is the laser dose, which is
a product of average laser power (P) and exposure time (t). Exposure time is reciprocal of
scanning speed. Voxel size can be decreased either by lowering the laser power or by shortening
the exposure time [103]. The only exception to this has been reported by Stocker et al. for a class
of photoinitiators including malachite green carbinol hydrochloride, which have a proportional
velocity (PROVE) dependence [53] According to linear exposure theory, voxel size is often
assumed to be proportional to PNt for N-photon absorption process (N = 1 for 1PA and N = 2 for
2PA, etc.) when other processing parameters are not varied [36, 124]. However, deviations from
this theory have been observed. Sun et al. studied the urethane acrylate resin SCR500 and found
that voxel aspect ratio, that is the ratio of height to width, is more sensitive to an increase in
power than in exposure time. They proposed a model, in which voxels form by two different
mechanisms. The initial “focal spot duplication” is defined by threshold power relative to the

laser beam PSF. At long exposure times, this is followed by radical diffusion-dominated “voxel
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growth”, which is analogous to dark polymerization. [125] DeVoe et al. have observed similar
behavior with SU-8 and an acrylate resin [126]. These findings demonstrate that the dependence
of voxel shape on laser dose is more complex than the simple P*t model.

The NA of the objective lens also significantly affects the achievable feature size of 2PP-
DLW. Tighter focusing with higher NA produces a narrower PSF, which lowers the
polymerization threshold and decreases voxel size. At low laser powers, high NA focusing
produces smaller voxels in both the lateral and longitudinal directions. [60] However, when the
power is at intermediate to high level, a low NA has been shown to produce laterally smaller
voxels. This is because low NA focusing (NA < 1) distributes the laser power to larger focal
volume with the threshold intensity level closer to the peak of the PSF than with high NA
focusing (NA = 1.4, for example). This makes the active polymerization area vertically expanded
and laterally very narrow, leading to the formation of elongated and slim voxels. [58, 60] Low
NA focusing can thus be used to fabricate high aspect ratio structures with a single scan [127,
128]. Low NA focusing is also useful in the fabrication of large-scale 3D structures as the
increased voxel size enables the use of higher scanning speeds and reduces the overall

fabrication time [129].

2.4.2 Feature size and resolution

The feature size of 2PP-DLW is usually determined by studying either voxels or lines, which are
essentially joined voxels. Voxels are generally ellipsoidal in shape [130]. However, as the laser
power, irradiation time or both are increased, the side peaks of the laser beam’s Airy pattern can
begin to contribute to the polymerization process. In this case, the voxels are no longer
ellipsoidal but can have a more irregular, multi-part structure instead. [131] In the literature, a
variety of different terms have been used to describe voxel shape. In this work, the term height is
used for the vertical voxel dimension and width for the horizontal dimension, that is, the voxel
diameter. For accurate feature size measurements, the so-called truncation effect has to be taken
into account. This refers to the variation of voxel height depending on the extent of focal spot
submersion in the substrate. Complete voxels can be produced by the so-called ascending scan
technique first reported by Sun et al. [130] It involves performing a point by point exposure of a
material while the laser beam focus position relative to substrate surface is raised and translated.
In this manner, a critical height can be found at which complete yet surface bound voxels are
generated. However in practice, the smallest voxels are sometimes mechanically too weak to

survive the development process [32]. Lines fabricated on the substrate surface [55] or
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suspended lines fabricated between support structures [126] are thus often studied instead of
voxels.

The minimum feature size achieved by 2PP-DLW has improved steadily over the last
decade and dimensions as small as /30 have been reported. Kawata et al. were the first to report
a voxel width of 120 nm and a 3D fabrication accuracy of 150 nm for SCR-500 in 2001 [115]. In
following studies, they achieved voxel widths of 100 nm by introducing a radical quencher into
the polymer resin [119] and line widths of 80 nm by using a highly efficient anthracene-based PI
[120]. Dong et al. have since reported even smaller line widths of 50 nm for SCR500 [117]. In
another study, Haske et al. fabricated woodpile structures of an acrylate resin with a minimum
line width of 65 nm [6]. Most recently, line widths of approximately 40 nm have been reported
by Emons et al. for a polymer-ceramic material combined with an additional crosslinker [123]
and by Gan et al. for an optimized acrylate resin [132].

In addition to the work listed above, some studies have reported even smaller line widths
by polymerizing nanofibers between closely spaced supports. Because the region between the
supports has already been exposed, an immediate second scan is sufficient to polymerize thin
lines. [44] Using this technique, Juodkazis et al. were the first to demonstrate fibers as small as
30 nm fabricated from SU-8 [116]. Park et al. [133] and Tan et al. [134] have since reported
similar fiber widths for SCR-500. The realization of nanofibers in this manner is due to the “non-
forgetting” nature of the photoresists and is thus fundamentally different than the fabrication of
individual voxels and lines. [44, 114]

Whereas features sizes below 100 nm have been repeatedly demonstrated, the achievable
resolution of conventional 2PP-DLW seems to be limited to a few hundreds of nanometers. As
the concept of resolution as minimum separation was not formulated until recently, only a
handful of publications have demonstrated line gratings so far. The earliest results of
approximately 100 nm wide lines separated by 300 nm were published by Park et al. for SCR500
[135]. Haske et al. were able to fabricate woodpiles using an acrylate resin with an inter-line
spacing of 500 nm [6]. Most recently, Wegener et al. have reported a resolution of 300 nm for
the commercial IP-L photoresist [36] and for an acrylate resin with or without an additional
photoinitiator [55].

To further improve resolution, a new type of 2PP-DLW approach called resolution
augmentation through photo-induced deactivation (RAPID) lithography [136] or stimulated
emission depletion two-photon direct-laser-writing (STED-DLW) [27] has recently been
introduced. In this technique, two lasers beams are used: one to activate and another to

simultaneously deactivate polymerization. This approach reduces the effective polymerization
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volume and thus enables improved resolution. [29] Different types of depletion-DLW
approaches with respect to materials and depletion modes have been reported. Li et al. were the
first to report a voxel height of 40 nm (A/20) [136]. Since then, feature size has been reduced
even more, with the current record of 9 nm (A/42) reported by Gan et al. together with a 52 nm
(A7) resolution [132]. Due to the significant improvement in both feature size and resolution,
STED-DLW enables new and exciting applications, such as nano-anchors [137] and invisibility

cloaks [138].

2.4.3 Shrinkage and deformation

One of the practical issues impairing the fabrication accuracy of 2PP-DLW is the shrinkage and
deformation of microstructures following development. The deformation is dominated by a
capillary force induced by the surface tension of an evaporating developer [139]. When
fabricated features, such as suspended lines, are close enough, the surface tension of an
evaporating solvent pulls the structures towards each other causing permanent adhesion [140].
The deforming force is directly proportional to surface tension and inversely proportional to
contact angle [141]. The degree of deformation is also influenced by microstructure dimensions
[142]. Park et al. have shown that increasing height increases the deformation of hollow
rectangular columns of identical cross sections [143].

In practice, freestanding structures shrink uniformly and structures that are bound to a
substrate shrink nonuniformly [144]. The shrinkage of the bottom layers is restricted due to
attachment to the substrate surface and subsequent layers shrink increasingly until a saturation
height is reached [145]. Shrinkage thus increases with microstructure height until the layers can
shrink freely, which results in a typical trapezoidal shape for cubic structures [146]. Nonuniform
shrinkage is one the most commonly faced issues in 2PP-DLW as completely freestanding
structures are challenging to construct.

Several methods have been proposed to reduce shrinkage and deformation. Highly
crosslinked structures are more resistant to deformation, which can thus be decreased by
increasing laser power [147] or by optimizing resin composition [148]. When the degree of
shrinkage is known, CAD models can also be numerically compensated [149]. Structures can
also be made more shrinkage resistant by reinforcing of the walls by multipath scanning [143] or
by stabilizing the structures with support frames [79, 149]. Another approach is to fabricate
freestanding structures using shrinkage guiders that minimize deformation [150]. Deformation
can also be reduced by minimizing the capillary force by supercritical CO, drying [151] or by
the use of a hydrophilic solvent on a hydrophobic surface [142].
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2.5 Photoinitiators for 2PP-DLW

An ideal PI for 2PP-DLW should have a large 2PA cross-section, high radical quantum yield,
high initiation velocity, good thermal and dark stability and high solubility in the polymerization
medium [8, 26]. In addition to a large 2PA cross-section, the PI should have a low fluorescence
quantum yield in order to achieve efficient radical generation [152]. An ideal PI should also be
optically transparent at the laser wavelength in order to exclude 1PA and have an absorption
maximum close to half the laser wavelength [24]. The two main classes of 2PP-DLW PIs are
radical and cationic Pls, of which radical Pls are the most widely used [52]. Assuming a similar
mechanism to 1PA, radical PIs in 2PA are first excited from the ground state Sy to an
electronically and vibrationally excited level S;” by the simultaneous absorption of two photons.
The excitation is followed by rapid non-radiative relaxation to an intermediate state S;, which
normally has a very short lifetime. From the intermediate state, the molecules can undergo inter-
system crossing (ISC) to the triplet state T;, from which radicals initiating the polymerization
chain reaction are formed. [27, 29] It is also possible that the formation of radicals after 2PA
follows a different energetic route than 1PA, such as successive absorption and non-radiative
excited state decay [103].

Radical PIs can be divided into type I and type II initiators depending on the mechanism
of radical formation. In a type I scission process, the energy of the incident light is sufficient to
cleave the PI molecule and produce two free radicals. In a type II abstraction process, the
absorbed energy excites the PI to a triplet state but is insufficient for bond cleavage. The excited
PI then needs to react with a suitable hydrogen donor, such as a tertiary amine, ether, ester or
thiol, which results in the formation of an inactive ketyl radical and highly reactive donor radical
that initiates the polymerization. [153]

Most 2PP-DLW studies so far have been conducted with commercial radical Pls
originally designed for 1PA photopolymerization in the UV-visible range. These Pls can be
excited by 2PA if the light intensity is high enough [21]. The commercial PIs include the widely

used Irgacure®

series, which are mostly type I PIs. The most commonly used commercial PI has
been Irgacure® 369, which belongs to the group of alkylaminoacetophenones (AAAPs)
absorbing in the mid UV range around 280-350 nm. Irgacure® 369 is the most reactive of
commercial AAAP PIs [153] and has been extensively used for the 2PP-DLW processing of
polymer-ceramic materials [89, 129], for example. Other two Irgacure®™s which have been used
in 2PP-DLW, Irgacure® 2959 and Irgacure® 127, are type I hydroxyacetophenones (HAPs) that
absorb mainly around 250 nm. HAPs are much less reactive than AAAPs. [153] However,

Irgacure” 2959 has the advantage of being slightly water soluble due to its p-hydroxyethoxy
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group [153], which has enabled its use in the 2PP-DLW processing of water-based hydrogels
[154]. In addition to Irgacure®s, other PIs such as Lucirin® TPO-L and Michler’s ketone have
also been used. Lucirin® TPO-L belongs to phosphine oxides, which absorb in the long wave UV
of around 350-420 nm. Because Lucirin® TPO-L is a liquid, it has good miscibility with resins.
[153] In 2PP-DLW, Lucirin® TPO-L benefits from a high quantum yield that compensates for a
relatively low 2PA cross-section [155]. The benzophenone derivative Michler’s ketone [156] and
thioxanthen-9-one [157] are examples of type II PIs that have been used in 2PP-DLW. However,
Michler’s ketone is known to be carcinogenic and its use is thus controversial, especially in
biomedical applications [153].

With the exception of Irgacure® 2959, most commercial PIs are not water soluble.
Instead, commercial dyes have been used as photosensitizers for the 2PP-DLW processing of
water-based material formulations, such as proteins. These photosensitizers include xanthene
dyes, such as Rose Bengal [158] and eosin Y [159], and methylene blue [160] that promote
crosslinking mainly via type II singlet oxygen mechanisms. Due to the possible cytotoxic effects
of Rose Bengal and methylene blue, the more cytocompatible alternatives flavin adenine
dinucleotide (FAD) [160] and flavin mononucleotide (FMN) [161] have also been tested for
2PP-DLW.

Although conventional 1PA PIs have been successfully applied to 2PP-DLW, these Pls
often suffer from small 2PA cross-sections limited to a few tens of GM units at best [162]. These
PIs require high powers and long exposure times, which can result in optical damage [162]. In
order to increase the efficiency 2PP-DLW processing, the synthesis of novel electron-rich Pls
with large 2PA cross-sections has been increasingly studied [61]. As 2PA is strongly correlated
with intramolecular charge-transfer processes, efficient PIs comprise a strong m-electron donor
(D) separated from a strong m-electron acceptor (A) by a polarizable n-bridge. Based on the
combination and number of the D and A group in the system, PI molecules can be divided into
the general classes of dipolar (A-n-D), quadrupolar (A-n-A, D-n-D, A-n-D-n-A and D-n-A-n-D)
and octupolar (three-branched, Aj;-(D-core) and D;-(A-core)) Pls. The 2PA cross-section is
affected by conjugation length and planarity with maximum values achieved with long m-
conjugated chains with enforced coplanarity. [95, 163] These types of molecules have extended
o values to the order of 10* GM. Watanabe et al. reported D-n-A-n-D type PIs with ¢ values of
2000 GM in chloroform [164, 165]. Following this, Zhao et al. reported multi-branched
ketocoumarin derivatives with ¢ values of 1117 GM in chloroform [166]. Gu et al. also reported
carbazole-based PIs with ¢ values as large as 1740 GM in methanol [167]. Recently, D-n-A-n-D
type PIs based on aromatic ketones have been reported by Liska et al. with ¢ values of 466 GM
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in dichloromethane [168-170] and D-n-D type heteroaromatic PIs have been reported by Hao et
al. with o values as large as 10000 GM in dimethylformamide [171]. Although large ¢ values are
generally desired, the achievable processing window is not correlated only with a large ¢. Liska
et al. showed that a PI with a smaller ¢ value can enable more efficient 2PP-DLW processing.
[170] It should also be noted that the 2PA cross-section is sensitive to solvent polarity and can be
greatly reduced in water, for example [163, 172, 173]. The solvent affects should thus be taken
into account when comparing ¢ values reported in different studies.

In addition to engineering PIs with larger ¢ values, there are also increasing efforts to
synthesize new water-soluble Pls, which would be better suitable for the biomedical applications
of 2PP-DLW. Efficient PIs have been synthesized by introducing water-soluble groups, such as
quaternary ammonium cations or carboxylic sodium salts, in the structure of molecules with
known large o values [174]. Using this strategy, Wan et al. [175] and Liska et al. [174] have
recently synthesized water-soluble, benzylidene ketone-based PIs by the addition of hydrophilic
sodium carboxylate groups. Zhang et al. have also recently reported 2PP-DLW using the water-
soluble PI lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) [176].

When 2PP-DLW is applied in biomedicine, one of the key aspects is possible the
cytotoxicity of the Pls and their residues. Recently, Ovsianikov et al. evaluated the cytotoxicity
of Michler’s ketone, Irgacure”™ 369 and Irgacure® 2959 in combination with PEGda. It was found
that the higher PI concentrations of 2 wt % and above resulted in higher levels of cytotoxicity in
mouse fibroblasts. Additionally, freshly prepared samples were found to be significantly more
cytotoxic than aged samples even with low PI concentrations of 0.5 wt %. Irgacure® 2959 was
found to be the least cytotoxic out of the three Pls, and the aged Irgacure™ 2959 samples were
considered non-cytotoxic. [177] However, it should be noted that PEGda is resistant to protein
and cell adhesion, which could have affected the cell viability results of this study. Other studies
have also shown that Irgacure® 2959 is well tolerated by many mammalian cell types [178],
especially with concentrations of 0.05 wt% and lower [179]. Higher PI concentrations generally
lead to higher toxicity due to increased number of free PI radicals [180, 181]. The recently
reported PI LAP has been demonstrated to perform as well as Irgacure® 2959 with human

fibroblasts [182].

2.6 Photosensitive materials for 2PP-DLW

The most important properties of a photopolymerizable material in 2PP-DLW are suitable
viscosity, fast and efficient polymerization and low shrinkage after polymerization [21]. The

suitable materials can be divided into negative-tone and positive-tone materials, which are
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combined with the appropriate PIs. In negative-tone materials, laser exposure renders the
exposed area insoluble in the development solvent by the crosslinking of polymer chains, for
example, and forms a solid structure. In positive-tone materials, on the contrary, the laser
exposure renders the material soluble through chain scission and a reverse structure is written
inside the material. [26]

Negative-tone materials are most commonly used in 2PP-DLW. They can be divided into
liquid and solid materials, which are referred to as photoresins and photoresists respectively
[100]. In liquid resins, the laser exposure results in an almost instantaneous liquid to solid
transition and generally the only post-processing procedure needed is the removal of the non-
irradiated liquid with a suitable solvent [100]. Lower viscosity facilitates the removal of the
unsolidified material during development but can also cause undesired motion of the
microstructures during fabrication [8]. Resins also commonly shrink significantly during the
liquid-to-solid transition, which can cause additional deformation and deviation from the original
design [26, 100]. Compared to liquid resins, the sample preparation and processing of solids and
gels is more laborious, as it generally requires both pre- and postbaking. However, the higher
viscosity helps to stabilize microstructures before development and facilitates the fabrication of
complex structures, such as freely moving components. [8] All in all, as low viscosity liquids
require a containment cell during processing, viscous liquids, gels and amorphous solids are
generally preferred in 2PP-DLW due to easier sample handling [8, 148].

The most widely used commercial photoresist in 2PP-DLW has been the epoxy-based
SU-8 [116, 183]. The photomodification of SU-8 is based on cationic polymerization and occurs
latently during a postbaking step [100]. The most common photoresins in 2PP-DLW are acrylate
monomers. Acrylates benefit from are wide availability and simple sample preparation by drop
casting or spin coating. The rapid free radical polymerization of acrylates results in highly
crosslinked structures that are optically transparent and resistant to deformation during the
development phase. [8] Combining different acrylate monomers in a photoresin enables the
tuning of microstructure properties, such as mechanical strength and surface properties [137].
The most popular commercial acrylate-based photoresins include SCR500 (JSR, Japan) [117,
125], Nopcocure800 (San Nopco, Japan) [184, 185], the SR series (Sartomer, France) [6, 137]
and PETA [29, 55]. Recently, Nanoscribe GmbH in Germany has also developed an acrylic-
based liquid photoresin IP-L especially for 2PP-DLW [36, 186].

In addition to epoxy photoresists and acrylic photoresins, photosensitive biodegradable
polymers, hybrid polymer-ceramic materials and hydrogels have been applied in 2PP-DLW. The
2PP-DLW of biodegradable poly(e-caprolactone)-based [187] and polylactide-based
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photopolymers [156] has been demonstrated by Claeyssens et al. The 2PP-DLW of another
poly(e-caprolactone)-based oligomer has been studied by Koskela et al. [188]. The 2PP-DLW of
polymer-ceramic materials and hydrogels is discussed in detail in Subsections 2.6.1 and 2.6.2

respectively.

2.6.1 Polymer-ceramic materials

Hybrid polymer-ceramic materials are molecular level composites of inorganic ceramics and
organics polymers [189]. As the simple mixing of these materials is not possible due to
temperature restraints, polymer-ceramic hybrids are produced by sequential sol-gel synthesis of
inorganic and organic networks [190]. This results in strong covalent bonds connecting the
different structural elements instead of weak interactions typical in conventional composites
[191]. Typical precursors for polymer-ceramic materials are silicon alkoxides (Si(OR)4) with
possible heteroelements, such as Zr, Ti or Al and organofunctional alkoxysilanes with epoxy,
vinyl or methacrylate groups, for example. [190-192]. The Si-C bonds in these molecules are
stable under the mild conditions of sol-gel synthesis. The inorganic network is formed by the

classical sol-gel reactions of hydrolysis and condensation:

. | |
Hydrolysis: —S|i—OR+ H-OH — —Sli—OH + R—OH (10)

| | | |
Polycondensation: —Sli—OH + OH—Sli— —_ —Sli—O—Sli— + H-OH (11)
| | | |
—S|i—OH + OR—S|i— SN —Sli—O—S|i— + R-OH

Polycondensation occurs simultaneously with hydrolysis as soon as the first molecules have been
hydrolysed and is affected by processing conditions, such as pH, solvent, temperature and water
concentration. [189] Condensation is achieved by heating the sol at a temperature of 100°C,
which eliminates solvent such as water or alcohol from the material forming a gel of reduced
volume [193]. In the final step, thermally or photochemically induced polymerization of the
organic functional groups forms the organic network between the inorganic nanoclusters or —
particles [192].

The concept of hybrid polymer-ceramic materials is to combine the beneficial properties
of organic polymers, such as toughness, functionalization and low processing temperatures with
the characteristics of glass-like materials such as hardness, chemical and thermal stability and
transparency. [190] The high optical transparency stems from the non-crystalline structure of
polymer-ceramic hybrids. The materials are also highly crosslinked thermosets, which makes
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them resistant to chemicals and solvents. The properties of the materials, such as Young’s
modulus, refractive index, electrical resistivity and permeability can be adjusted in a wide range
by varying the amount and nature of the inorganic and organic networks. [191] The thermal,
optical and mechanical properties are dominated by the inorganic elements whereas the organic
network contributes to the flexibility and processability [192].

Polymer-ceramic materials can be processed by 2PP-DLW either directly as viscous
liquids without any pre-treatments or as condensated soft glass matrices formed by prebaking.
The advantage of the latter approach is minimal shrinkage during photopolymerization. [193]
The most commonly used polymer-ceramic hybrids in 2PP-DLW have been so-called
Ormocer”s (organically modified ceramics). These materials were originally developed by
Fraunhofer-Institut fiir Silicatforschung in Germany and are commercially available through
Micro resist technology GmbH. [190] An Ormocer” US-S4 by the trade name of Ormocomp®
has been one of the most widely studied Ormocer”s in 2PP-DLW [39, 89, 151, 194]. According
to the supplier, Ormocomp”™ contains a polysiloxane based inorganic network and the organic
crosslinker trimethylolpropane triacrylate but the detailed chemical composition is proprietary.
Ormocomp” has been shown to bind proteins [195] and to be cytocompatible with various cell
types [196]. Due to these favorable properties, Ormocomp™ has been recently used to fabricate
microstructures for various biomedical applications, which are discussed in detail in Section 2.7.
Recently, other non-commerical polymer-ceramic materials have also been developed, such as
the zirconium-silicon sol-gel SZ2080 [148, 197], titanium-silicon sol-gel [198] and tantalum-
based sol-gel [199]. Nanoscribe GmbH has also developed a polymer-ceramic IP-G photoresist
[200].

2.6.2 Hydrogels

Hydrogels are 3D hydrophilic polymer networks that can absorb up to thousands of times their
dry weight in water without dissolving [201-203]. Hydrogels are formed by chains of
homopolymers, copolymers or macromers that are of natural or synthetic origin or a combination
of these. The chains are crosslinked physically or chemically to form insoluble matrices. [204]
Physical crosslinks, such as molecular entanglements or hydrogen bonding, are reversible
whereas chemical crosslinks are covalent and permanent [201, 202]. The water absorption of
hydrogels is due to hydrophilic functional groups in the polymer backbone and the crosslinks
between the polymer chains prevent dissolution. The gel state is therefore between a liquid and a

solid. [203]
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Hydrogels are biomimetic, that is, they are more similar to living tissues that any other
type of synthetic materials [201]. This is due to their biocompatibility, high water content and
tunable mechanical and physicochemical properties that can mimic those of the natural
extracellular matrix (ECM) [204]. Hydrogels are typically soft, elastic and highly permeable to
oxygen, nutrients and waste products [204, 205]. Due to their favorable properties, hydrogels
have been increasingly combined with AM techniques for recreating ECM microarchitectures
[4].

Recently, 2PP-DLW of a variety of natural and synthetic hydrogels has been reported.
The 2PP-DLW of protein hydrogels was first demonstrated more than a decade ago by
Campagnola et al. with bovine serum albumin (BSA), fibrinogen and type I collagen [206, 207].
Since then, the group has also reported the processing of fibronectin [208, 209], BSA-laminin
combination [210] and even cytoplasmic proteins inside live cells [211]. Another pioneering
group in the field of protein 2PP-DLW led by Shear has concentrated on the processing of BSA
and avidin and the utilization of avidin-biotin chemistry to create functionalized microstructures
[38, 160, 212-214].

Natural hydrogels benefit from biodegradability and cytocompatibility but often suffer
from batch-to-batch variation and relatively poor mechanical properties [215]. Better mechanical
properties and photoreactivity for 2PP-DLW can be achieved by chemically modifying natural
hydrogels. This type of work has been recently demonstrated using methacrylamide-modified
gelatin [42, 91, 216, 217], vinyl ester-modified gelatin [216] and methacrylate-modified dextran
and hyaluronan (HA) [218]. The 2PP-DLW of HA-glycidyl methacrylate conjugates (HAGM)
has been reported by Kufelt et al., who also showed that further improved mechanical properties
could be achieved by combining HAGM with PEGda [219]. In addition to chemical modification
and blending, the mechanical stability of protein microstructures can also be improved by
fabricating hybrid structures in which the protein part is supported by a synthetic polymer
support frame [42, 220].

Compared to natural hydrogels, synthetic hydrogels benefit from adjustable properties
and customizable chemistry [215]. Among synthetic hydrogels, PEGda is one of the most widely
studied materials. PEGda is the acrylated form of poly(ethylene glycol) (PEG), which is one of
the most hydrophilic polymers and has been approved by FDA for several medical applications
due to its low toxicity and biocompatilibity. [4, 221] A drawback of PEGda is that it is not
inherently biodegradable but modification by degradable groups is feasible [215]. The 2PP-DLW
of pure PEGda has been studied by several groups. [62, 177, 188, 222-224]. Jhaveri et al. have
demonstrated the 2PP-DLW of a co-polymer of PEGda and 2-hydroxyethyl methacrylate
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(HEMA) [57]. Zhang et al. also recently reported fabrication of sophisticated web-like
microstructures using 2PP-DLW and PEGda combined with acrylate-PEG RGDS (arginine-
glycine-aspartic acid-serine) peptide [176].

2.7 Biomedical applications of 2PP-DLW

Due to the high accuracy and intrinsic 3D fabrication capability, 2PP-DLW is currently used
increasingly for the processing of biomaterials for various biomedical applications. The main
types of applications are microneedles, surface patterns for 2D cell growth guidance and
scaffolds for 3D cell culturing. Microneedles are among the first biomedical applications of 2PP-
DLW. Needles with micron dimensions that penetrate the outer most stratum corneum skin layer
are a painless and effective method for transdermal drug delivery [225]. The fabrication of
microneedles by 2PP-DLW has been mainly studied by Narayan et al. In their first studies, they
fabricated hollow Ormocomp® microneedles of various designs that were shown to penetrate
porcine skin without fracturing [89, 226]. More recently, they have demonstrated more efficient
microneedle fabrication using 2PP-DLW and combined with micromolding and demonstrated
the ability of these microneedles to penetrate human skin [75]. They have also shown that
microneedles fabricated by 2PP-DLW can be used for quantum dot delivery [227].

Culturing mammalian cells in vitro is a powerful tool to study cell and tissue physiology
and pathophysiology [2]. Traditionally, single cell populations have been cultured on 2D
substrates, such as tissue culture polystyrene. Cells, however, sense and respond to their
environment on the scale of one micron or less and features in this range can be used guide cell
behavior. [1] 2PP-DLW has been mainly used for the fabrication of surface patterns to study cell
adhesion and migration. The patterns are most commonly line or grid arrays fabricated on
substrate surfaces by scanning a single layer in the z-direction. Both proteins and synthetic
materials have been used for this purpose. Kaehr et al. were the first to report the growth
guidance of neuronal cells using BSA and avidin lines [38, 212]. Synthetic Ormocomp®
microstructures in the form of lines [228] and cages [229] have also been shown suitable for
neuronal cell growth guidance. Fibroblast growth guidance has been studied by Campagnola et
al. using collagen [230], BSA, fibrinogen and fibronectin lines [208, 209]. Fibroblast orientation
has also been demonstrated using synthetic Ormocomp® lines [90, 127]. Using gelatin
methacrylamide lines, Engelhardt et al. have demonstrated the orientation of porcine
chondrocytes [42].

Although remarkable progress in biology has been made using 2D cell cultures, these

conditions are often drastically different from the native 3D environment [2]. The native ECM is
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a complex, dynamic structure formed by: 1) structural fibrous proteins collagen and elastin, 2)
amorphous matrix composed mainly of proteoglycans, solutes and water, 3) adhesive proteins
including laminin and fibronectin and 4) specialized proteins such as growth factors. The exact
composition of the ECM varies from tissue to tissue. As a whole, the ECM is analogous to a
fiber-reinforced composite, in which the fibrous proteins are embedded in and linked to a
glycoprotein-water hydrogel. [231] It has been shown that cells can behave abnormally and
exhibit different morphologies when confined to 2D monolayer instead of a 3D environment. [2]
Ideal cell culture scaffolds should thus mimic the complex 3D microarchitecture of the natural
ECM [1].

Creating carefully designed porous microstructures for 3D cell culturing is currently one
of the key application areas of 2PP-DLW. The work in this area is summarized in Table 1.
Studies in which scaffold fabrication was reported without any cell culture data have been
omitted. Thus far, scaffolds have been mostly fabricated using synthetic materials, such as
polymer-ceramic hybrids. Custom silicon-zirconium hybrids have been applied to 3D culturing
studies of fibroblasts [232] and pre-osteoblastic cells [233, 234]. Fairly simple Ormocomp®
structures, such as fibers [235] and cylinder arrays [89, 196, 236] have been cultured with
different neuroblast, endothelial, epithelial and fibroblast cell lines. Ormocomp® woodpiles have
also been used for the culturing bovine chondrocytes [237]. More sophisticated, web-like
Ormocomp” scaffolds have been reported by Bastmeyer et al. for cardiomyocyte cell force
measurements [238]. They have also fabricated two-component scaffolds of protein binding
Ormocomp” and protein resistant PEGda/PETA mixture for the 3D culturing of fibroblasts
[195]. Recently, they also used PETA scaffolds fabricated on porous membranes to study
chemically driven cancer cell invasion [239]. Chemotaxis of dendritic cells has also been studied
by Tayalia et al. using acrylate scaffolds in a PDMS chamber [240].

In addition to studying the behavior of immortalized cell lines, 3D culturing is becoming
vital in studying the proliferation and differentiation of stem cells. Recently, Ovsianikov et al.
cultured porcine mesenchymal stem cells and human adipose-derived stem cells in large-scale
gelatin scaffolds with promising results [91, 241]. Mesenchymal stem cell niches have also been
created by Raimondi et al. using SZ2080 [242] and Su et al. using BSA combined with laminin
[210]. 2PP-DLW offers exciting new possibilities also for co-culturing studies [223] and even

for in situ microfabrication in the presence of cells [217] and whole organisms [224].
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3 Aims of the work

The main objective of this thesis was to determine how 2PP-DLW processing parameters affect
microstructure quality and to apply these findings to the microfabrication of biomaterials for cell
culturing applications. In order to achieve the main objective, the following specific aims were

set:

1. Developing 2PP-DLW processing based on an affordable Nd:YAG picosecond laser of
low frequency (Publications I-II).

2. Finding optimal processing parameter combinations for the microfabrication of

Ormocomp” with a picosecond laser system (Publications I-III).

3. Designing and fabricating 3D Ormocomp” scaffolds with a varying degree of porosity

and interconnectivity (Publication III).

4. Verifying the functionality of the Ormocomp® scaffolds in stem cell culturing

(Publication III).

5. Optimizing 2PP-DLW processing of novel poly(amino acid) hydrogels and the
systematic comparison of the 2PP-DLW performance of different hydrogels (Publication
V).
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4 Materials and methods

4.1 2PP-DLW systems

Three different custom-built 2PP-DLW systems and two different laser types were used in this
work. The first generation system was used in Publication I. It was based on a passively Q-
switched frequency doubled Nd:YAG picosecond laser (PULSELAS-P-1064-300-FC, Alphalas
GmbH, Germany) operating at 532 nm with a pulse duration of 800 ps, maximum repetition rate
of 15 kHz and maximum average output power of 100 mW. The system was built over an
upright microscope frame (Nikon ECLIPSE ME 600, Nikon, Japan) and a 50x oil immersion
objective (NA = 0.90, Meiji Techno, Japan) was used for processing. In order to overfill the back
aperture of a microscope objective, the beam was passed through a 10x expander. The measured
average transmittance of the 50% objective with this set-up was 56%. The laser exposure was
controlled by a mechanical shutter (SHO5 Beam Shutter, Thorlabs, Germany) connected to a
controller (TSC001 T-Cube Shutter Controller, Thorlabs, Germany) and a stepper motor xyz-
stage (SCAN 130x85, Mirzhduser Wetzlar, Germany), which was used to move a sample with
respect to a fixed focal point. The shutter and the xyz-stage were controlled by the commercial
software WinPos (ITK Dr.Kassen, Germany) and the custom CorvusControl software. The real-
time monitoring of the polymerization process was enabled by a Charge-Coupled Device (CCD)
camera (CV-MI10RS, JAI Corporation, Japan) mounted behind a dichroic mirror and used in
combination with a commercially available visualization program (Ulead DVD Movie
FactoryTM 4.0, Ulead Systems, Inc., Taipei, Taiwan).

The second generation system was used in Publications II and III. It was also based on
the Nd:YAG picosecond laser and the microscope frame with a either the 50x or a 20x oil
immersion objective (NA = 0.75, Nikon, Japan). In addition to the 10x expander, a second
adjustable 1-3x beam expander was added to the optical path. With this setup, the measured
average transmittance of the 50x objective was 30%. The mechanical shutter of the first system
was replaced by a fast electronic shutter (Oriel 76992, Newport Corporation, USA). The xyz-
stage was only used for initial sample positioning. Instead of sample movement, the
displacement of the laser beam in the xy- and z-directions was controlled by a fast steering
mirror scanner (FSM-300, Newport Corporation, USA) and a piezo focus positioning unit
(Mipos 250 SGEX, Piezosystem Jena GmbH, Germany) respectively. The six motion axes, the
shutter and the camera were controlled by the new custom operating software
LaserControlSystem. Unlike in the first generation system, the shutter movement and thus the

laser exposure time could be accurately controlled.
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In both the first and second generation systems, the average power of the expanded laser
beam was attenuated by optical absorptive filters. A 25% throughput attenuator was used in
Publication I, 25% and 10% attenuators in Publication II and the 10% attenuator in Publication
III. The attenuated power was fine-tuned by changing the pump diode current in the range of
1.75 A-2.52 A. Adjusting the diode current also linearly affected the pulse frequency between 5-
15 kHz. The power values were measured with a manual power meter (LaserCheck, Coherent
Inc., USA) in Publications I-II and with a computer-controlled power meter (Thorlabs PM100
Series with S 310 C sensor, accuracy 200 mW) in Publication III.

The third generation system was used in Publication IV. It was based on a frequency
doubled femtosecond fiber laser (FP-532-0.2-FS-01, Fianium Ltd., United Kingdom) operating
at 532 nm with a pulse duration of 200 fs, repetition rate of 40 MHz and maximum average
output power of 200 mW. The laser power was accurately controlled with a motorized attenuator
system (UAB Altechna, Lithuania). The laser powers were measured before the objective with
the Thorlabs PM100 power meter. All the other components in the third generation system were
the same as in the second generation system. With this setup, the measured average

transmittance of the 50x objective was 48%.

4.2 Materials and photoinitiators

Ormocomp” (Micro Resist Technology GmbH, Germany) was used as the photoresin in
Publications I-IIl. Ormocomp” is a viscous liquid that contains 1% of the PI Darocur® TPO. It
was used either as received or in combination with 2 wt% of the PI Irgacure® 127 (1127, Ciba
Specialty Chemicals, Switzerland). Both forms were tested in Publication I whereas only the
1127 version was used in Publications II and III. The UV-visible absorption spectrum of
Ormocomp® in propylene glycol monomethyl ether acetate (PGMEA) was measured in
Publication I (Unicam UV 540 UV-Vis spectrometer (Thermo Spectronic, England) over the
scan range of 190-900 nm with and without 1127.

Custom synthesized poly(a-amino acid) hydrogels and commercial PEGdas were tested
for 2PP-DLW in Publication IV. The poly(AA)s were based on methacryloylated and
acryloylated poly[N-(2-hydroxyethyl) L-glutamine]s (PHEGs). The detailed synthesis is
reported in Publication IV. The chemical structures of the PHEGs and PEGda are shown in

Figure 2.
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(a)

R = CH, (methacryloyl group)
or H (acryloyl group)

Figure 2. Chemical structures of (a) PHEGs and (b) PEGda.

Two methacryloylated poly(AA)s (PHEG-MA21 and PHEGMAI1) and two acryloylated
poly(AA)s (PHEG-A13 and PHEG-A9) were tested in addition to PEGdas with two different
molecular weights, M;, = 575 g/mol (PEGda-575) or 10000 g/mol (PEGda-10000) (Sigma-
Aldrich Finland Oy, Finland). Both the PHEGs and the PEGdas were combined with 0.6 wt% of
the PI Irgacure”™ 2959 (12959, courtesy of BTC Nordic). The chemical structures of 1127 and
12959 are shown in Figure 3.

(a) ®) HoO

0 0
HsC CHs

o)
OH
HO N, L oH
HsC
° ° % CH,

Figure 3. Chemical structures of (a) Irgacure® 127 and (b) Irgacure® 2959.

The molecular weight averages of the methacryloylated and acryloylated PHEGs were
determined by size exclusion chromatography (SEC) analysis, details of which are reported in
Publication IV. The degrees of PHEG modification were calculated from "H-NMR spectra in
D,0 from the peak area ratio of the methylenes of the side chain acryloyl/methacryloyl groups to
the y-methylenes of the poly(L-glutamine) units: d(methylenes of methacryloylated PHEGs) =
5.7 and 6.1 ppm, d(methylenes of acryloylated PHEGs) = 6.0 and 6.4 ppm, 6(y-methylenes of
poly(L-glutamine) unit of polymer) = 2.2-2.5 ppm. The error of these measurements is below

1% of MA units in polymer [249].
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4.3 Sample preparation

All the samples for 2PP-DLW were prepared by drop casting without any pre- or post-baking
steps. Ormocomp” solution containing 2 wt% (w/w) of 1127 was prepared by mixing overnight.
Solutions of the solid PHEGs and PEGda-10000 were prepared by dissolving 20 wt% (w/w) of
each of the materials in ion-exchanged water containing 0.6 wt% (w/w) of 12959. The liquid
PEGda-575 was used either as a 100 wt% solution with 0.6 wt% (w/w) of 12959 (PEGda-575) or
as a 20 wt% (w/w) solution in ion-exchanged water containing 0.6 wt% (w/w) of 12959 (PEGda-
575-20). A droplet of the Ormocomp®, PHEG or PEGda solutions was sandwiched between a
glass slide and coverslip separated by a stainless steel spacer. A 150 um thick spacer was used in
Publications I-II and IV and a 250 pm spacer in Publicationd III. In Publications II and IV, the
slides were pretreated with 3-(trimethoxysilyl) propyl methacrylate (MAPTMS, Sigma-Aldrich
Finland Oy, Finland) to enhance the adhesion of the microstructures to the glass surface. For
MAPTMS treatment, the slides were first cleaned by a strong soap solution, rinsed with water
and 99.5% ethanol and allowed to air dry. The slides were then immersed in a MAPTMS
solution (1:200 of MAPTMS in 99.5% ethanol with 3:100 of dilute acetic acid (1:10 glacial
acetic acid: water)) for approximately 3 min, rinsed with 99.5% ethanol and allowed to air dry.
After the polymerization, the non-illuminated Ormocomp” was removed by immersing the
samples in the Ormodev® solvent (50:50 mixture of 4-methyl-2-penthanone and 2-propanol,
Micro Resist Technology GmbH, Germany) for 15-60 min in Publication I, 2-5 min in
Publication II and 5 min in Publication III. Finally, the samples were thoroughly rinsed with 2-
propanol (Publications I-II) or by Ormodev® and hexamethyldisilazane (Publication III). The
non-illuminated PHEG and PEGda solutions were washed off by immersion in ion-exchanged

water for 5—-15 min and by rinsing with 99.5% ethanol.

4.4 Microstructure design and fabrication

Voxels, lines and different 3D microstructures were fabricated in this work by 2PP-DLW. The
microstructures were designed with either WinPos, Rhinoceros® CAD (Robert McNeel &
Associates, USA), Matlab® (The MathWorks, Inc., USA) or custom-designed programs. Voxels
were fabricated using the ascending scan method introduced in [130] by increasing the laser
focus position relative to the glass surface by 1 um between each point exposure. All 3D
microstructures were fabricated by contour scanning, in which only the profile of a structure is
traced and polymerized by the laser beam. Solid 3D structures were first designed with
Rhinoceros® or Matlab® and then sliced into contours of the appropriate spacing in the z-

direction.
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4.4.1 Ormocomp® voxels and lines

Ormocomp” voxels and lines were fabricated in Publications I-II with the 50x objective (NA =
0.90) in order to study the effect of processing parameters on achievable feature size. In
Publication I, voxel and line arrays were fabricated using WinPos. Lines having the length of
100 um were fabricated either with a constant scanning speed of 100 um/s and varying laser
power (1.6—7.6 mW) or with a constant laser power of 2.0 mW and varying scanning speed (50—
500 um/s). In Publication II, voxels were fabricated with a custom program with the constant
average laser power of 0.6 mW and exposure times 5-1000 ms. Lines were fabricated similarly
to Publication I either with a constant scanning speed of 50 pm/s and varying laser power (0.4—
2.7 mW) or with a constant laser power of 1.0 mW or 1.2 mW and varying scanning speed (10—
350 pm/s).

In Publication II, lines were also fabricated using the ascending scan method with the
constant laser power of 1.4 mW and scanning speed of 50 pum/s. With these parameters, lines
were also fabricated on top of supporting walls of different height (5-15 um) in order to define

which laser beam focus position could produce suspended structures.

4.4.2 3D Ormocomp® microstructures

3D Ormocomp” microstructures of were reported in Publications I and IIL. In Publication I,
cones of different designs were fabricated with the 50x objective (NA = 0.90). The cones had the
diameter of 50 um and height of 50 pm or 100 um. A contour spacing of 3 pm was used in
combination with a laser power of 2.0-2.9 mW and scanning speed of 100-200 pum/s. Cones
were produced either by simple contour scanning or by multipath scanning originally reported
Yang et al. [65]. Multipath scanning involved polymerizing two sets of concentric contours
separated by 3 pm.

In Publication III, scaffold structures consisting of repeating unit cells of hollow spheres
were designed and fabricated of Ormocomp®. A coded Matlab® routine generated the scaffold
models as 3D matrices based on initial design parameters such as unit cell size and
interconnectivity. Five different scaffold models (types I-V) were designed, as shown by Figure

4. The design parameters of the different scaffold models are summarized in Table 2.
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Figure 4. The designed scaffold models: (a) type I, (b) type II, (c) type III, (d) type IV and (e)

type V. The dimensions are given in micrometers.

Table 2. Design parameters of the scaffold models.

Scaffold model type I I I v \%

Number of unit cells 3x3x3 3x3x3 3x3x3 2x2x2 4x4x2

Overall size
60x60x60 60x60x60 60x60x60 120x120x 120 240x240x 120

(pm x pm x pm)

Wall thickness (um) 1.0 1.0 1.0 1.0 1.0
Porosity (%) 87.8 89.3 93.5 97.8 97.8
Unit cell dimension (a) (um) 20 20 20 60 60
Opening diameter (c) (um) 12 14 18 54 54

Interconnectivity parameter

(c/a)

0.60 0.70 0.90 0.90 0.90

The scaffold models were designed to have high porosities (88-98%) and varying
interconnectivity. The porosities of the scaffold models were calculated using a Matlab® code by
calculating: 1) the total volume of each unit cell, 2) the volume of material in each unit cell and
3) the total porosity using the results of the two previous steps. The details of the computation
are reported in Publication III. The degree of interconnectivity was assessed by the ratio of the
diameter of the circular opening connecting the unit cells to the unit cell size. If ¢ represents the
diameter of circular opening connecting the unit cells and « is the unit cell size, then c/a is
assigned as the interconnectivity parameter. Based on this, the type I scaffold had the lowest
interconnectivity and the type III, IV and V scaffolds had the highest interconnectivity. The

scaffold models were exported to Rhinoceros® in .stl file format and sliced to contours of 0.5 pm
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spacing. The type I, II and III scaffolds were fabricated using the 50% objective (NA = 0.90),
average laser power of 1.1 mW and scanning speed of 120 um/s. The type IV scaffold model
was used to optimize processing parameters and minimize fabrication times for the larger type V
scaffolds. With an average laser power of approximately 1 mW, scanning speeds of 80, 100 and
120 um/s were tested with the 50x objective and scanning speeds of 150, 200, 240 and 300 um/s
with the 20x (NA = 0.75) objective. Type V scaffolds were fabricated with the 20x objective,

scanning speed of 200 um/s and an average laser power of 1.2—1.7 mW.

4.4.3 Determination of polymerization and damage thresholds

In Publication I, the polymerization threshold of Ormocomp” was estimated by writing line
patterns with the scanning speed of 100 um/s. The laser power was tuned so that the line became
barely visible and the corresponding value was measured with a manual power meter
(LaserCheck, Coherent Inc., USA).

In Publication IV, the 2PP-DLW performance of the PHEGs and PEGdas was compared
by determining the Py, and Py, values with respect to laser power and scanning speed. Lines were
polymerized on the glass surface with scanning speeds of 1-175 um/s. With each scanning
speed, the laser power was tuned to a point where the polymerized line just became visible and
to a point where the solution started to bubble. The threshold values were determined from three
separate samples for all the materials. From the average threshold values, the dynamic power
range, defined as Pp/Py, and the polymerization window (Py) were calculated for each material.
Py, was defined as the power range between the polymerization and the damage thresholds. The
power values corresponding to approximately 10-90% of the polymerization window were used
for 2PP-DLW processing of each material. The power values were calculated according to the
formula P = Py *x + Py, where x = 0.10, 0.25, 0.50, 0.75 or 0.90 is the power factor. These values
are denoted as 10%, 25%, 50%, 75% and 90% powers for the different PHEGs and PEGdas and

are given as the transmitted values after the objective.

4.4.4 Hydrogel microstructures

In Publication IV, voxels, grids and wall structures were fabricated of the different PHEGs and
PEGdas. Voxel arrays were fabricated using a custom program. Exposure times 5-1000 ms were
tested with 10% (8%—11%), 50% (41%—-52%) and 90% (74%—94%) laser powers for each
material and three identical arrays were fabricated with each laser power. 3D rectangular grids
and walls were designed with Rhinoceros”. The grids were used for line width measurements

and comprised lines written on rectangular support structures. The lines were written with the
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scanning speeds of 1-125 pum/s and approximately 25% (25%—-26%), 50% (50%—-51%), 75%
(72%—-76%) and 90% (84%—91%) powers corresponding to each scanning speeds for each
material. Rectangular walls of different dimensions were fabricated to study post-development
swelling and deformation. The walls were fabricated with a constant scanning speed of 100 um/s
and approximately 90% power for each material (PHEG-A13 96%, PHEG-A9 89%, PHEG-
MA21 92%, PHEG-MA11 82% and PEGda-575 90%). The walls were produced using the
multipath scanning method with a combination of four different wall thicknesses (1, 4, 6 or 8

contours separated by 1 um) and three different heights (5, 8 or 11 contours separated by 1.5
um).

4.4.5 Analytical 2PP-DLW model

In Publication IV, the measured width and height of PHEG and PEGda voxels were compared
with estimates calculated using an analytical model developed by Serbin et al. [250]. In this

model, the voxel width (d) and the voxel height (1) are given by

o,N°n,T
Ao 6) = 74 \/ln <“’TP> (12)
o,N°n,T
I(Ny, t) = 2z ’”Tp_ 1 (13)
Po — Pth
Ny= —— 1 15
7 m¢tvhe (15)

where 1y is the radial distance from the optical axis at the 1/¢? level, Ny is the photon flux on the
optical axis, n, = vt is the number of pulses, in which v is the laser repetition rate and t is the
exposure time, t is the laser pulse duration, o, is the effective 2PA cross-section of the
photoinitiator, which is a product of 2PA cross-section and quantum efficiency, zg is the
Rayleigh length, po is the initial photoinitiator concentration (0.6 in this study), pm is the
threshold photoinitiator concentration, P is the average laser power measured before the
objective and T is the transmittance of the objective. The unknown model parameters, py, G2, 1o
and zg were estimated using a custom-written Matlab® code by solving the optimization problem

that minimized the sum of mean square error between the measurements and the model fit.
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4.5 Analysis of microstructures

The fabricated microstructures were analyzed by scanning electron microscopy (SEM), atomic
force microscopy (AFM) and confocal microscopy. In Publication I, the Ormocomp” structures
were sputter coated with gold in an argon atmosphere (SCD 050 Sputter Coater, BAL-TEC AG,
Liechtenstein) and analyzed by SEM (JEOL JSM-6360 LV, JEOL Ltd., Japan). The average
sputtering time was 160 s resulting in a gold layer of approximately 60 nm. The dimensions of
voxels and lines were measured from SEM images with the free image processing software
GIMP 2.6 (http://www.gimp.org/). Line widths were measured from top view (0° tilt) images
and line height, voxel width and voxel height from side view (45° tilt) images. The produced
Ormocomp” lines had an upward curvature at both ends due to the acceleration and deceleration
of the xyz-stage. The widths and heights were thus measured around the center of the lines
considered to best represent the true dimensions. Five measurements were made per line. From
the fabricated voxel arrays, the voxels with the maximum width were identified, which were
considered to represent halves of complete voxels. The widths and heights of these voxels were
measured and multiplied by two to obtain the values for complete voxels.

In Publication II, the Ormocomp® samples were analyzed by SEM (JEOL JSM-6360 LV,
JEOL Ltd, Japan or Philips XL-30, Philips Electron Optics, The Netherlands) and AFM (XE-
100, Park Systems Inc., USA). For SEM imaging, the samples were sputter coated with gold in
argon atmosphere (SCD 050 Sputter Coater, BAL-TEC AG, Liechtenstein or S 150 Sputter
Coater, Edwards Ltd, UK) for 120 s or 190 s to nominal thickness of 75 nm or 80 nm,
respectively. Ormocomp® voxels and lines were studied by noncontact mode AFM using silicon
probes (ACTa-905M, Applied NanoStructures Inc., USA) with a nominal resonance frequency
of 300 kHz, spring constant of 4 Nm ', a pyramidal-shaped tip (radius <10 nm) and an aluminum
reflective coating. Images were acquired with a scan speed of 0.14, 0.15 or 0.20 Hz. After AFM
imaging, the same samples were analyzed by SEM in order to compare the accuracy of
measuring microstructure dimensions with these two methods. The microstructure dimensions
were measured from AFM images with the XEI image processing software (Park Systems Inc.,
USA) and from SEM images with GIMP 2.6. Voxel widths and heights as well as line widths
were measured from top view (0° tilt) SEM images. The heights of upright lines were measured
from side view images (45° tilt) and the heights of fallen lines top view images.

In Publication III, the dimensions of the fabricated Ormocomp” scaffolds were measured
from SEM images (Philips XL-30, Philips Electron Optics, the Netherlands) with GIMP 2.6. For

the imaging, samples were sputter coated with gold in an argon atmosphere (S 150 Sputter
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Coater, Edwards Ltd, UK) for 180 s to a nominal thickness of 113 nm. The dimensions of type I,

I, IIT and V scaffolds were measured from SEM images as demonstrated by Figure 5.

X1

Figure 5. Schematic diagrams of the microstructure dimensions used to evaluate the 2PP-DLW
fabrication accuracy: (a) Scaffold dimensions, (b) unit cell dimensions (magnification of the area

indicated by the purple box) and (c) wall thickness.

As shown by Figure 5(a), the lateral x-shrinkage was calculated by comparing the width at the
top of the scaffold (x,) to the width at the bottom of the scaffold (x;). The vertical z-shrinkage
was evaluated by comparing the height of the fabricated scaffolds (z) to the height of the models.
Unit cell and opening dimensions were measured according to Figure 5(b) from top view (0° tilt)
and side view (90° tilt) SEM images. Scaffold wall thickness was estimated by measuring layer
thickness as demonstrated in Figure 5(c). Based on the measurements, the porosities of the
fabricated scaffolds were calculated using the same three-step method as for the scaffold models.

In Publication 1V, the PHEG and PEGda microstructures were studied by SEM (Philips
XL-30, Philips Electron Optics, the Netherlands or Zeiss ULTRAplus, Carl Zeiss Microimaging
GmbH, Germany) and confocal microscopy (LSM 700, Carl Zeiss Microimaging GmbH,
Germany). Prior to SEM imaging, the samples were vacuum dried for a minimum of 20 h and
then sputter coated with gold in an argon atmosphere to a nominal thickness of 75 nm (150
Sputter Coater, Edwards Ltd, UK). Structure dimensions were measured from top view (0° tilt)
and side view (90° tilt) SEM images with GIMP 2.6. The dimensions of rectangular wall
structures were measured both in the swollen and dry state. For the swollen state measurements,
the samples were imaged with the confocal microscope with a 20% air objective (NA = 0.55).
Prior to imaging, the samples were first soaked in ion-exchanged water for approximately 20 h
and then treated with a fluorescein isothiocyanate (FITC, Sigma-Aldrich Finland Oy, Finland)
solution (1 mg/ml FITC in dimethyl sulfoxide), which was washed off by ion-exchanged water.
The samples were imaged inside a droplet of ion-exchanged water with the xy-resolution of 100
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nm-1.19 mm and a z-resolution of 1 mm. The width, height, thickness and volume the swollen
walls were measured from thresholded confocal image stacks with the free image analysis
software FIJI (http://fiji.sc/Fiji). The dry volumes were calculated from top view and side view
SEM images based on the overall wall area, opening area and wall height measured with GIMP
2.6. Volumetric swelling ratios were assumed to be independent of the wall dimensions and were

calculated as

swollen volume

(16)

Volumetric swelling ratio =
dry volume

The widths of the walls in the dry state were measured from side view SEM images and the
dimensional change caused by the swollen-to-dry transition, referred to as xy-deformation %,

was calculated as

Widthswo”en — Widthdry

xy — deformation % = x 100 (17)

Widthswollen

4.6 Statistical analysis

Majority of the data are presented as mean + standard deviation. In Publication IV, the dynamic
power range data and the volumetric swelling ratio data were analyzed with the Kruskal-Wallis
test followed by post-hoc comparison by the Wilcoxon rank-sum test with Bonferroni correction.

A p-value of less than 0.05 was considered significant.
4.7 Cell tests

4.7.1 Human embryonic stem cell (hESC) derived neuronal cells

In Publication I, the effect of Ormocomp® and 1127 on cell viability and migration was studied
by culturing of human embryonic stem cell (hESC) derived neuronal cells on UV-polymerized
Ormocomp® thin films. 150 pm thin films of Ormocomp® with 2 wt% of 127 were polymerized
on glass slides by 10 s exposure to UV light (300-450 nm, ~3000 mW/cm?, BlueWave® 50 UV
curing spot lamp, DYMAX Corporation, USA). Following polymerization, the films were
immersed in Ormodev® for 20 min, thoroughly rinsed with 2-propanol and die cut into 6 mm in
diameter discs. The discs were disinfected by immersion in 70% ethanol (v/v) for 15 and 30 min
and by immersion in sterile Na-PBS buffer solution for three times 30 min. Four disinfected

Ormocomp” samples and four control samples of polystyrene coated with laminin (10 pg/ml)
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were cultured with hESC derived neuronal cells. The hESCs had been differentiated towards
neuronal cells for 8 weeks in neural differentiation medium (NDM) in the presence of fibroblast
growth factor (FGF) as described in [251]. The small cell aggregates consisting of more than
90% of young neurons, some astrocytes and non-neural, epithelial-like flat cells [251] were
cultured on the samples in NDM for 7 days and the medium was changed three times a week.
After the culturing, the viability of the cells was assessed by live/dead staining (Live-Dead®
Viability/Cytotoxicity Kit for mammalian cells, Sigma-Aldrich Finland Oy, Finland) with
calcein acetoxymethyl ester and ethidium homodimer-1. The viable cells (green fluorescence)
and necrotic cells (red/yellow fluorescence) were analyzed by fluorescence imaging (Olympus

IX51, Olympus, Japan).

4.7.2 Human adipose stem cells (hASCs)

In Publication III, Ormocomp® scaffolds were cultured with human adipose stem cells (hASCs).
Round glass coverslips (diameter 9 mm) each containing two type V scaffolds were disinfected
by immersion in 70% (v/v) and 99.5% (v/v) ethanol for 15 min each. The ethanol was allowed to
fully evaporate before the samples were placed in sterile 24-well plates. The study was
conducted in accordance with the Ethics Committee of the Pirkanmaa Hospital District
(Tampere, Finland, R03058). The hASCs were isolated from an adipose tissue sample collected
from one female donor (age 42 yrs) undergoing elective plastic surgery at Tampere University
Hospital (Tampere, Finland). The isolation was carried out using mechanical and enzymatic
isolation procedures that have been described previously in [252, 253]. The details of the hASC
isolation, primary culture and characterization by flow cytometric surface marker expression
analysis are reported in Publication III. Thawed hASCs were expanded in basal medium (BM)
and seeded at passages 2—5 onto pre-incubated type V scaffolds in a 24-well plate. The scaffolds
in each well were first embedded in 500 ul of BM and then seeded with 2x10* hASCs in
approximately 200 pl of BM. No additional protein coating was used to enhance cell adhesion. A
total of four samples were cultured per time point (4 h, 2 d and 6 d). The culture medium was
changed twice a week.

The attachment and viability of hASCs in type V scaffolds were studied using live/dead
staining of duplicate samples at each time point. Briefly, the samples were incubated for 35 min
at room temperature with a mixture of 0.8 pm ethidium homodimer-1 and 1.0 um calcein
acetoxymethyl ester (Molecular Probes/Invitrogen, USA). The viable cells (green fluorescence)
and necrotic cells (red fluorescence) were analyzed by fluorescence imaging (Olympus IX51,
Olympus, Japan). The live/dead stained samples were also analyzed by SEM (Philips XL-30,
Philips Electron Optics, the Netherlands). The samples were first fixed with 5% glutaraldehyde
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(Sigma-Aldrich) in phosphate buffer (pH 7.4) at room temperature for at least 48 h and then
dehydrated by a graded ethanol series. The samples were immersed in ion-exchanged water for
15 min and in 10%, 20%, 40%, 60%, 80% (all v/v) ethanol solutions for 10 min each. Lastly, the
samples were immersed in 99.5% (v/v) ethanol for 15 min and allowed to fully air dry before
storing under vacuum. Prior to SEM imaging, the samples were sputter coated with gold for 120
s in an argon atmosphere (S 150 Sputter Coater, Edwards Ltd, UK) to a nominal coating
thickness of 75 nm.

The migration and proliferation of hASCs were studied by a light microscope (Nikon
Eclipse TE2000-S, Nikon, Japan) in bright field mode with a 10x air objective at each time
point. The 2D and 3D cell orientations were studied at each time point from duplicate samples
with a confocal microscope (LSM 700, Carl Zeiss Microimaging GmbH, Germany) with a 20x
air objective. For the confocal imaging, the actin cytoskeleton and the cell nucleus were stained.
In brief, the cells were first fixed and permeabilized with 4% paraformaldehyde containing 0.2%
Triton x-100 (Sigma-Aldrich) for 10 min at room temperature and then blocked with 1% bovine
serum albumin (Sigma-Aldrich) for 40 min at 4 °C. The primary antibody (goat anti-human
vimentin, Millipore Chemicon) was diluted 1:100 with the blocking solution and then incubated
with the cells overnight at 4 °C. The next day, Alexa Fluor® 488 conjugated antigoat secondary
antibody (1:500, Invitrogen) together with DAPI (1:1000, Molecular Probes) was diluted in the
blocking solution and incubated with the cells for 35 min at room temperature. During the
imaging, the samples were immersed in a droplet of distilled water without any additional

mounting medium.
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5 Results

The laser power values of Publications I-III are given before the objective. The power values of

Publication IV are given as transmitted values after the objective.

5.1 Ormocomp® studies

In this work, Ormocomp® was combined with the additional PI 127 to enhance the sensitivity of
the resin around the spectral region of 266 nm, which was the theoretical 2PA wavelength of the
532 nm 2PP-DLW system. Figure 6 shows the normalized UV-visible absorption spectrum of

Ormocomp® resin in PGMEA measured with and without 1127.
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Figure 6. The normalized UV-visible absorption spectrum of Ormocomp® in propylene glycol

monomethyl ether acetate (PGMEA) with and without Irgacure® 1127.

Without 1127, Ormocomp” had an absorption maximum at 253 nm and additional, broader peak
at 381 nm due to the Darocur® TPO PI. The addition of 1127 broadened and shifted the
absorption maximum to a slightly to a higher wavelength of 257 nm. The Ormocomp® resins
exhibited no linear absorption beyond 410 nm in the green spectral region. This verified that

Ormocomp” was not solidified by 1PA at 532 nm.

5.1.1 Effect of processing parameters

In Publication I, processing of Ormocomp” was studied for the first time with a ps laser 2PP-

DLW system. The polymerization threshold of Ormocomp® was estimated as 55 pW for the
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scanning speed of 100 um/s. Voxels were fabricated using the ascending scan method with
different laser powers as shown by Figure 7(a). As the performed ascending scan was not
sufficient to produce whole voxels, the voxels representing half voxels were identified and

measured. The measured voxel dimensions are shown in Figure 7(b).
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Figure 7. (a) SEM image of Ormocomp” voxels fabricated using the ascending scan method and
increasing laser power (1.2 mW-5.0 mW, from bottom to top row, before objective). The voxels
indicated by the white lines were identified to represent voxel halves. (b) Ormocomp” voxel
dimensions as functions of average laser power (P, before objective). The heights were measured
from voxel halves and multiplied by two to obtain the values for complete voxels. Solid lines are

guides to the eye.

Both voxel width and height increased approximately linearly with laser power. Voxel heights
were more strongly affected and increased more rapidly than voxel widths. The minimum
estimated width and height of a whole voxel were 2.3 um and 7.1 pm (2 % 3.55 um) respectively.

In addition to voxels, Ormocomp® lines were fabricated with varying laser power and

scanning speed, as shown in Figure 8.
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Figure 8. SEM images of Ormocomp® lined fabricated with (a-b) varying laser power (1.6-7.6
mW, before objective) and (c-d) varying scanning speed (50-500 pum/s). Top view images are

shown in (a) and (c¢) and side view (45°) images in (b) and (d).

As shown by the top view SEM images in Figure 8(a, c), all the lines were tilted in some degree
due to their high aspect ratio. Also, the line in in the middle of Figure 8(c-d) was distorted by a
microbubble during polymerization. The dimensions of the lines as functions of average laser

power and scanning speed are presented in Figure 9.
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Figure 9. Ormocomp” line dimensions as functions of (a) average laser power (P, before
objective) and (b) scanning speed. Data points represent mean =+ standard deviation (n = 5). Solid

lines are guides to the eye.
Similarly to voxels, both line width and height increased with laser power, as shown by Figure
9(a). However, the observed tilting of the lines likely caused overestimation of the line widths.

The pronounced tilting of one of the lines also distorted the graph. By removing this outlier, an
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approximately linear relationship between line width and laser power was observed with the
limited data. As shown by Figure 9(b), both the line width and height decreased rapidly with
scanning speed until the value of 200 um/s. The dimensions of the line polymerized with 250
um/s were distorted by a microbubble and were considered outliers. Taking this into account, the
line dimensions remained nearly constant with the scanning speeds of 200—500 pum/s.

The processing of Ormocomp® was studied further in Publication II with the second
generation ps laser system. The effect of laser power on line dimensions was studied more

extensively, as shown by Figure 10.
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Figure 10. Ormocomp” line dimensions as functions of average laser power (10% and 25%
attenuators, measured before objective). SEM images show structure quality inside the
processing window (solid line) and the damage zone (dashed line). Data points represent mean =+

standard deviation (n = 5). Solid lines are guides to the eye.

It was found that line height increased with laser power more rapidly than line width from 3.3 to
13.6 um, whereas line widths increased from 850 nm to 3.4 pm. The measured line heights did
not form a continuous graph, which most likely due to a slight difference in the initial laser beam
focus position between the fabricated line arrays. The line widths increased approximately

linearly with laser power. Based on structure quality, the power range could be divided into the
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so-called processing window and damage zone. The processing window covered the power range
of approximately 0.4—1.6 mW. The onset of the damage zone was observed at the average laser
power of 1.7 mW, indicated by microbubble formation and distortion of the Ormocomp” lines.
The influence of scanning speed was also studied with the second generation ps laser
system. Figure 11 shows an example of the line arrays fabricated with a constant laser power and

a varying scanning speed.
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Figure 11. SEM image of Ormocomp” lines polymerized with the constant laser power of 1.0

mW (before objective) and scanning speeds, 10—-1000 um/s (indicated above the lines). The gaps
in the lines fabricated with the scanning speeds of 80 pum/s and 100 um/s were caused by

microbubbles.

With the laser power of 1.0 mW, the uniformity of the lines started to decrease after the scanning
speed of 150 um/s. Between the speeds of 200 and 350 um/s, roughness of the lines increased
due to increased voxel separation, which led to the formation discontinuous lines at the scanning
speed of 400 pm/s with both the laser powers tested. The inter-voxel distance further increased at
the scanning speeds of 600 um/s and 800 um/s. In order to explain this phenomenon, the so-

called spot overlap was calculated from

spot overlap (%) = (1 - ) X 100 (18)

v
fxd
where v is the scanning speed, f'is the laser frequency and d = 2r is the laser beam spot diameter.
The spot diameter was calculated according to Equation (8) and multiplied by the laser beam
quality factor (M?) of 1.2, giving d = 865 nm. For the used laser powers of 1.0 mW and 1.2 mW,
the laser pulse frequencies were 6.6 kHz and 3.2 kHz respectively. For 400 pum/s, the spot
overlap values were thus 93% and 86%. Rather than affecting the inter-voxel distance, increasing
the polymerization power and lowering the pulse frequency resulted in larger voxels and thus

reduced the size of the gaps. The inter-voxel distance was approximately 3, 4 and 6 um for the

scanning speeds of 400, 600 and 800 pm/s, respectively, and these values were independent of
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the processing parameters used. The number of laser pulses occurring during the measured inter-
voxel distances was constant for each array. That is, with 1.0 mW power, 6.6 kHz pulse
frequency and 60 GW/cm® peak intensity, 49 pulses were needed to produce one voxel, whereas
with 1.2 mW and 3.2 kHz and 160 GW/cm?, only 24 pulses were needed. Peak intensities were

calculated as

2(Ep/tp)
Tw?2

(19)

peak =

where E, is the pulse energy, t, is the pulse duration (800 ps in this case) and w is the laser beam
spot radius. The measured line dimensions are shown in Figure 12 as functions of scanning

speed.
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Figure 12. Ormocomp” line dimensions as functions of scanning speed for the laser powers of
1.0 mW and 1.2 mW. Data points represent mean = standard deviation (n = 5). Solid lines are

guides to the eye.

Similarly to Publication I, the line dimensions decreased rapidly with the scanning speed until
the value of 200 um/s and then remained nearly constant at higher speeds.

In Publication II, voxels and lines were produced using the ascending scan method and
imaged with both AFM and SEM in order to compare the accuracy of measuring microstructure
dimensions with these two methods. The measured dimensions of whole voxels are presented in

Figure 13.
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Figure 13. Widths and heights of Ormocomp” voxels measured from SEM and AFM images.
Solid lines are guides to the eye.

The minimum measured voxel width and height were 210 nm and 1.95 um respectively. The
average difference between the SEM and AFM measurements was approximately 300 nm for
voxel width and only 230 nm for voxel height. Line dimensions were also measured by AFM

and SEM and compared, as shown by Figure 14.
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Figure 14. Widths and heights of Ormocomp” lines measured from SEM and AFM images as
functions of the laser beam focus position. Data points represent mean =+ standard deviation (n =

5). Solid lines are guides to the eye.
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Line height could be measured accurately from tilted SEM images, with an average difference of
500 nm compared to the AFM measurements. Line width, however, could not be reliably
measured by AFM due to the very steep profile of the lines. This made it impossible for the tip to
accurately follow the line profiles, especially with taller lines.

From Ormocomp® lines fabricated using the ascending scan method, it was observed that
that only lines with a z-position of < 10 pm remained attached to the surface and survived the
development procedure. This implied a minimum laser beam focus position of approximately 9
um for producing suspended Ormocomp® structures with the tested processing parameters. This

hypothesis was tested by the fabrication of suspended lines shown in Figure 15.

1ZkUV XZ, 2808 18 mm 3Z 53 SEI
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Figure 15. (a) The designs of the suspended structures. The distance between each horizontal
line was 5 pm. SEM images of suspended lines polymerized on top of supporting walls of
different measured heights: (b) 4.8 pum, (c) 8.0 pm and (d) 11.2 um. The corresponding model

wall heights are in parentheses.

It was confirmed that with the focus position of 10 um and higher (Figure 15(c-d)), the lines
were no longer surface bound and had a height of approximately 5.4 um. The lines adhered to
each other during development due to the capillary force caused the surface tension of the

evaporating solvent [140]. The measured heights of the supporting walls differed from the model
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dimensions presented in Figure 15(a) as the wall height increased. The measured heights of the

taller walls in Figure 15(c-d) were approximately 23% smaller than the model heigths.

5.1.2 Fabrication of cones

In Publication I, Ormocomp® cones of different designs were fabricated with the first generation

2PP-DLW system, as shown by Figure 16.

X7E8  ZBmm

1ZkV X&, 888 Zrm 18 48 SEI

Figure 16. SEM images of Ormocomp” cones of different designs: (a) General view of cones
with the designed height of 50 pm and 100 um, (b) close-up of the last cone in (a) which was
fabricated using multipath scanning, (c) close-up of the first of the taller cones in (a) and (d) the
layer structure of the cone in (c). All the cones were fabricated with 2.9 mW laser power and 100

um/s scanning speed.

Based on Figure 16(a), the measured heights of the small and large cones were 69 um and 117
um respectively. These values were considerably larger than the designed heights of 50 um and
100 pm. It should be noted, however, that the height of the first layer was approximately 15 pm.
By subtracting this contribution, the heights of the cones differed from the designed values by
less than 10%. As shown by Figure 16(b-d), cones with a smooth surface were produced by
multipath scanning produced whereas the individual layers were clearly visible from the cones
produced by single contour scanning. Based on Figure 16(d), the thickness of these layers was

approximately 3 um and thus corresponded to the contour spacing.
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In addition to individual cones, the simultaneous fabrication of 3 x 3 Ormocomp”™ cone

arrays was tested. One of the successfully fabricated cone arrays is shown in Figure 17.
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Figure 17. SEM image of a 3 x 3 Ormocomp” cones array fabricated with 2.0 mW laser power

and 200 pm/s scanning speed.

The average height of the cones was measured as 113 um. By again subtracting the height of the
first layer, the measured height differed from the designed value of 100 um by less than 10%.
With the scanning speed of 100 um/s, the polymerization of a single array took approximately 12
minutes. By increasing the scanning speed to 200 um/s, the polymerization time could be

reduced to approximately 7 minutes.

5.1.3 Neuronal cell viability test

hESC derived neuronal cells were cultured on UV-polymerized Ormocomp® discs for 7 days.
Fluorescence microscopy images of the live-dead stained cells on Ormocomp”® and laminin

control surfaces are shown in Figure 18.
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Figure 18. Fluorescence microscopy images of the live-dead stained neuronal cells on (a, b)
Ormocomp” and (c, d) laminin coated polystyrene. Live cells are stained green and dead cells

red/yellow.

Extensive cell migration was observed on the laminin control surfaces and the morphology of the
cells was neural-like. Cell aggregates attached to the Ormocomp” surfaces as well and majority
of the cells remained viable during the 7 day culture. Ormocomp® surfaces also promoted cell

migration to an extent, but the morphology of the cells was non-neural.

5.1.4 Scaffold fabrication

In Publication III, porous scaffolds models presented in Figure 4 were fabricated of Ormocomp®
for the 3D culturing of hASCs. The smaller, type I, II and III scaffolds were successfully
fabricated with the 50x objective, as shown by Figure 19.
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Figure 19. SEM images of Ormocomp” scaffolds fabricated with a 50x objective: (a-c) type L,
(d-f) type II and (g-i) type III. The images show the scaffolds from tilt angles of 0° (first

column), 60° (second column) and 90° (third column). Scale bars represent 20 pm.

With the scanning speed of 120 pm/s, the polymerization of a type I scaffold took approximately
18 min and type II and III scaffolds approximately 15 min. Type IV scaffolds were fabricated
with the 50% and 20x objectives with different scanning speeds. Figure 20 shows SEM images of
scaffolds fabricated with the 50x objective.
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Figure 20. SEM images of type IV Ormocomp” scaffolds fabricated with the 50x objective and
scanning speeds of (a) 80 um/s, (b) 100 um/s and (c) 120 um/s. The arrows highlight distortions.

All images have been taken from a 30° tilt. Scale bars represent 50 pum.
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Increasing the scanning speed from 80 um/s to 120 um/s reduced the fabrication time of type IV
scaffolds from 60 to 40 min. However, the increase in scanning speed resulted in structural
distortion of the scaffolds, as shown by Figure 20(b-c).

The difference in voxel size between the 50x and 20x objectives was evaluated from the

interphase of two unit cell layers as demonstrated by Figure 21.

Figure 21. (a) The interphase between two unit cell layers in the type IV scaffold model
(indicated by the arrow). SEM images of the interphase polymerized of Ormocomp” with (b) the
50% objective and the scanning speed of 120 um/s and (c) with the 20x objective and the

scanning speed of 300 um/s. The images were taken from a 30° tilt. Scale bars represent 5 pm.

The scaffold wall height at the interphase increased from approximately 4.1 to 7.9 um when
switching from the 50x objective to the 20x objective. Due to increased voxel size, doubled and
tripled scanning speeds could be used for scaffold fabrication with the 20x objective, as shown

by Figure 22.

Figure 22. SEM images of type IV Ormocomp” scaffolds fabricated with the 20x objective and
scanning speeds of (a, ) 150 um/s, (b, f) 200 um/s, (¢, g) 240 um/s and (d, h) 300 pm/s. The

images were taken from a 30° tilt. Scale bars represent 50 pm in (a-d) and 20 pm in (e-h).

With the highest tested scanning speed of 300 um/s, the polymerization time of a type IV
scaffold reduced to 14 min. As shown by Figure 22(e-h), surface roughness of the scaffolds

increased with scanning speed. Scaffolds fabricated with the highest scanning speeds of 240 and
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300 um/s retained their general shape but suffered from more random distortions than scaffolds
fabricated with the scanning speeds of 150 and 200 pum/s. In order to achieve a working
compromise between fabrication time and adequate mechanical stability, the 20x objective and

scanning speed of 200 um/s were chosen for type V scaffold fabrication, as shown by Figure 23.
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Figure 23. SEM images of a type V Ormocomp” scaffold fabricated with the 20x objective, 1.2
mW laser power and 200 pm/s scanning speed. The images were taken from the tilt angles of (a)

0°, (b) 60° and (c) 90°. Scale bars represent 100 um in (a) and (b) and 50 um in (c).
The characteristics of the fabricated type I, II, III and V scaffolds are shown in Table 3.

Table 3. Characteristics of Ormocomp” scaffolds measured from top view (0° tilt) and side view

(90° tilt) SEM images. Data represent mean + standard deviation.

Scaffold type I I I \%

ag (um) 19.1+0.2 18.9+0.3 18.7+0.4 58.6+0.9
by (nm) 19.1+0.3 19.0+0.3 19.0+0.6 56.8 +0.8
agy (1m) 19.5+0.6 19.3+0.8 19.5+0.7 58.8+2.1
b (Lm) 15.5+0.9 154+1.1 152+£0.6 457+1.5
¢y (um) 9.9+0.2 12.9+0.2 155+04 503=+1.5
dy (num) 10.1+0.2 13.2+0.3 16.0+ 04 479+1.3
Cog (Lm) 9.4+0.5 12.6 + 0.8 16.5+0.9 49.6+2.0
dgg (nm) 55+£0.2 7.8+0.4 89+0.5 27.2+0.5
xy-interconnectivity (cy/a) 0.52 +0.01 0.68 £0.01 0.83 £0.01 0.86 +0.02
xz-interconnectivity (dog/bg) 0.35+0.02 0.51 £0.03 0.59 £0.03 0.60 £0.02
Wall thickness (um) 1.0£0.1 1.4+0.1 1.3+£0.2 3.1+£03
x; (npm) 61.5 61.0 62.6 243.9

X, (um) 56.8 553 55.7 228.5
x-shrinkage (%) 7.6 9.4 11.1 6.3

z (um) 47.8+0.2 47.1+£0.2 46.7+0.1 91.4+0.3
z-shrinkage (%) 20.3+0.3 214+03 22.1+£0.2 23.8+0.3
Porosity (%) 84.7 80.3 81.6 85.0
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The accuracy of scaffold fabrication by 2PP-DLW was assessed by comparing the characteristics
the fabricated scaffolds to those of the models (Table 2). In the xy-direction, the unit cell and
opening sizes of all four scaffold types corresponded well to the models. However, in the xz-
direction, the fabricated scaffolds clearly deviated from the original designs. The scaffolds had
shrunk by approximately 6—-11% in the x-direction and by approximately 20-24% in the z-
direction. This decrease in the overall scaffold heights translated to an approximately 45-54%
decrease in the vertical opening height (dgo) when compared to the original designs. Despite this
change in the vertical opening sizes, the interconnectivity ranking of the scaffolds did not
change. The fabricated type III and type V scaffolds were still the most interconnected in both
xy- and xz-directions. The porosities of the fabricated type I, II, III and V scaffolds were
calculated as approximately 85%, 80%, 82% and 85% respectively. The achieved porosities thus
differed from the designed values by 4-13%.

5.1.5 Culturing of adipose stem cells

The hASC-seeded type V Ormocomp” scaffolds were studied with light microscopy,
fluorescence imaging and SEM imaging in order to qualitatively evaluate cell attachment,
viability and orientation. Figure 24 shows bright field microscopy images of a scaffold at

different time points.

Figure 24. Bright field micrographs of a type V Ormocomp” scaffold after (a) 4 h, (b) 2 d and

(c) 6 d of culture with adipose stem cells. Scale bars represent 100 um.

Most cells were outside the scaffolds right after seeding but tended to migrate inside the
scaffolds during the 6 day culture. Due to the migration as well as proliferation, the scaffolds
were almost full of cells after day 6. Live/dead stained samples are shown in Figure 25 at

different time points.
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Figure 25. Fluorescence micrographs of type V Ormocomp® scaffolds after (a) 4 h, (b) 2 d and
(c) 6 d of culture with adipose stem cells. Live cells are stained green and dead cells red. The

scaffold fluorescence is due to nonspecific binding of the red dye. Scale bars represent 100 pm.

The majority of the cells remained viable inside the scaffolds during the culture period. Only a
few individual dead cells were seen in samples after 2 days and 6 days of culture and the number
of dead cells did not increase between these two time points. As shown in Figure 25(a), the cell
morphology was still round after 4 h and the cells had not yet fully attached to the glass surface
or the scaffolds. After 2 days (Figure 25(b)), the cells exhibited a spread out morphology and
were attached to both the scaffold and the surrounding glass surface. By day 6 (Figure 25(c)), the
number of cells inside the scaffolds had increased and the cells had extended processes through

the scaffold structure. The live/dead stained samples were also SEM imaged, as shown by Figure

26.
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Figure 26. SEM images of type V Ormocomp” scaffolds with adipose stem cells after a 6 day
culture. (a) Top view image (0° tilt) of a single cell extending from the glass surface to the upper
layers of the scaffold. (b) A side- view image (70° tilt) showing multiple cells attached to the

scaffold walls and forming 3D connections through the pores. Scale bars represent 20 um.

By day 6, the cells were seen to reside three dimensionally inside the scaffolds with connections

to both the glass surface and the different scaffold layers (Figure 26(a)). The cells had extended
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processes not only along the scaffold walls but also through the open pore space (Figure 26(b)).
Processes extending even two to four pores were seen (data not shown).
The 3D orientation of the cells inside the scaffolds was studied further by confocal

imaging, as shown in Figure 27.

Figure 27. Top views (left column) and 3D reconstructions (right column) of confocal image
stacks of type V Ormocomp® scaffolds after (a-b) 4 h, (c-d) 2 d and (e-f) 6 d culture with adipose
stem cells. The actin cytoskeleton is stained green and the cell nuclei blue. The scaffolds appear

blue in the left column due to autofluorescence. Scale bars represent 100 pum.

The autofluorescence signal of the scaffolds overlapped to some degree with the blue
fluorescence signal of the stained cell nuclei, which could, however, be distinguished despite the
background fluorescence. The confocal images showed that the cells formed complicated

networks through the interconnected pores. Indications of cell divisions were also seen (data not
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shown). Based on the 3D reconstructions in Figure 27, the cells were mostly planar after 4 h and
were attached to the glass surface or only to the first unit cell layer (z = 40—60 um). After 2 days,
the cells had made connections also to the second unit cell layer (z = 60-90 pum) mainly by
growing upward along the outer walls of the scaffolds. Finally, after 6 days, the scaffolds were

nearly full of cells extending through the full height of the scaffolds (z = 80-90 um).

5.2 Hydrogel studies

The measured degrees of modification, molecular weight averages and dispersities of the PHEGs

used in this work are summarized in Table 4.

Table 4. Properties of the methacryloylated and acryloylated PHEGs.

Sample Code Degree of modification Molecular Dispersity D Total yield Yield of
(mol %, A — acryloylation, Weight M,,” to PHEG" modification
MA — methacryloylation)

PHEG-A13 12.9 (A) 92000 7.16 45% 63%

PHEG-A9 9.4 (A) 92000 6.12 45% 73%

PHEG-MA21 20.7 (MA) 20900 1.61 45% 71%

PHEG-MAI11 11.2 (MA) 21500 3.00 45% 77%

“Based on poly(ethylene oxide) calibration standards

Yield from y-benzyl-L-glutamate to PHEG

The PHEG macromonomers are soluble linear polymers. During 2PP-DLW processing, these
linear polymers are covalently crosslinked into a 3D network through radical polymerization of
the methacryloyl or acryloyl groups in the side chains. The structure and physical characteristics
of the insoluble gel networks are expected to be analogous to that described previously in [249,
254]. The only difference in the gels presented in this work is the use of a PI to enable the 2PP-
DLW process.

5.2.1 Polymerization and damage thresholds

Both the Py, and the Pp power values of the PHEGs and PEGdas increased with scanning speed,
as shown by Figure 28 and 29.
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Figure 28. Polymerization threshold powers (Py,) of the different (a) PHEGs and (b) PEGdas as

functions of scanning speed. The results for PEGda-575 are presented with both the PHEGs and

PEGda for easier comparison. The data points represent the mean + standard deviation (n = 3).

Solids lines are guides to the eye.
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Figure 29. Damage threshold powers (Pp) of the different (a) PHEGs and (b) PEGdas as
functions of scanning speed. The results for PEGda-575 are presented with both the PHEGs and
PEGda for easier comparison. The data points represent the mean + standard deviation (n = 3).

Solids lines are guides to the eye.

All the PHEGs had very similar thresholds values. The PEGdas, however, had different
threshold values depending on the composition of the photopolymer solution. The pure PEGda-
575 solution had the lowest Py, and Pp that were also the least sensitive to scanning speed. The

water-based PEGda-575-20 and PEGda-10000 solutions had approximately 7 times higher Py,
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values than the pure PEGda-575 and 46 times higher Py, values than the PHEGs. The Pp values
of PEGda-575-20, PEGda-10000 and the PHEGs were similar and approximately three times
higher than the values of pure PEGda-575. Compared to pure PEGda-575, the PHEGs had
approximately 1.5 times higher Py, values, which implies that the PEGda-575-12959 combination
had a slightly better 2PA sensitivity than the PHEG-12959 combinations.

As shown by Figure 30, all the PHEGs had similar dynamic power range values of 7.8-
9.4 with no statistically significant differences (p > 0.05).

EmPHEG-A13 EPHEG-A9 O PHEG-MA21
OPHEG-MA11 OPEGda-575 o PEGda-575-20
B PEGda-10000
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Figure 30. The calculated dynamic power ranges (Pp/Pw) of the different PHEGs and PEGdas.

N
o

Dynamic power range (Pp/Py,)
»
o

0.0 -

The data points represent mean =+ standard deviation (n = 8-10).**(p < 0.01) indicates

significance.

The PEGdas, on the other hand, had significantly narrower dynamic power ranges than the
PHEGs (p < 0.01). Due to the higher Pp, the PHEGs had approximately twice wider dynamic
power ranges than pure PEGda-575. Among the PEGdas, PEGda-575 had a significantly wider
dynamic power range of 4.6 than the water-based PEGdas (p < 0.01). With the very narrow
dynamic power ranges of 1.4 and 1.9, the PEGda-575-20 and PEGda-10000 solutions with equal
water content to the PHEGs had only limited 2PP-DLW applicability.

5.2.2 Voxel fabrication

Figure 31 shows the measured width and height of whole PHEG and PEGda-575 voxels as
functions of exposure time and the curves based on Equation (12)-(15). The values of the

estimated model parameters are shown in Table 5.
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Figure 31. (a-e) Width and (f-j) height of PHEG and PEGda-575 voxels as functions of exposure
time for approximately 10%, 50% and 90% laser powers. The data points represent the mean +
standard deviation (n = 3), except for PEGda-575 8%, for which n =1-3. The curves represent the
estimated theoretical voxel width and height based on Equation (12)-(15).
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Table 5. Estimated values of the parameters pu, 02, rp and zg according to Equation (12)-(15) for

the width and height of PHEG and PEGda-575 voxels.

Estimated parameters PHEG-A13  PHEG-A9 PHEG-MA21  PHEG-MAl1l  PEGda-575
P 0.26 0.22 0.22 0.23 0.21

6, (cm*s/photon) 8.8x 10™ 2.1x 107" 3.4x 10 3.7x 107 3.7x 107
ro (nm) 917 801 704 612 504

zg (nm) 1684 1298 1305 1435 781

Voxel fabrication with the high water content PEGda-575-20 and PEGda-10000 was also tested
but only a few, distorted voxels could be produced, which were not sufficient for further analysis
(data not shown). The PHEG and PEGda-575 voxels fabricated with long exposure times and
high powers had elongated and occasionally fragmented shapes, which deviated from the ideal
ellipsoidal shape of 2PP-DLW voxels described earlier in [130]. These fringed voxel shapes
could be explained by the simultaneous recording of zeroth- and higher-order diffraction
patterns, as described by Sun et al. [60]. Nevertheless, close to ellipsoidal voxels were achieved
with all the materials with short exposure times and 10% laser powers (data not shown).

The minimum achieved voxel sizes (width/height) were 430 nm/2.3 um for PHEG-A13,
390 nm/2.9 um for PHEG-A9, 510 nm/2.1 pm for PHEG-MA21, 540 nm/2.6 um for PHEG-
MAT11 and 330 nm/2.2 um for PEGda-575. The minimum voxel sizes for all the materials were
approximately 1.4-2.2 times smaller than the diffraction-limited laser spot, which is a strong
indication that the polymerization was indeed based on 2PA. The size of the diffraction-limited
spot was estimated as 2r = 720 nm and 2z = 4.0 um based on Equation (8) and (9) respectively.

The measured voxel width and height were in agreement with the analytical model,
especially with 10% laser power and short exposure times of 5-250 ms. However, the estimated
values for ry were approximately 1.7-2.5 times higher for the PHEGs and 1.4 times higher for
PEGda-575 than the calculated lateral radius of the diffraction-limited laser spot (r = 360 nm).
The estimated values for the effective 2PA cross-section, o,, for the PHEGs and PEGda-575
were in the order of 10°2-10"" cm®s/photon. By assuming a quantum efficiency of 0.3 [255], the
6 of 12959 is estimated to be in the order of 10°°~10™% cm®s/photon, in other words 0.001-0.01
GM.

5.2.3 Fabrication of grid structures

Stable support structures could not be fabricated using the high water content PEGda-575-20 and
PEGda-10000 (data not shown). Figure 32 shows examples of SEM images of PHEG and PEGda

lines fabricated on rectangular support structures.
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Figure 32. SEM images of PHEGs and PEGda-575 lines fabricated with 75% laser powers and

1-75 um/s scanning speeds. Scale bars represent 10 pum.

The polymerized PHEG-A lines were substantially thicker and more rigid than the PHEG-MA
and PEGda-575 lines. PHEG-MA lines were easily distorted during the development process.
The PHEG-MA11 with the lowest degree of methacyloylation performed the worst and the
widths of these lines could not be measured due to severe distortion. Although the PEGda-575
lines were mostly stable, with the low scanning speeds of 1-5 um/s they were severely distorted
with all the laser powers tested.

Figure 33 shows the measured widths of the PHEG-A, PHEG-MA21 and PEGda-575

lines.
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Figure 33. The measured widths of PHEG-As, PHEG-MA21 and PEGda-575 lines as functions
of scanning speed for approximately (a) 90%, (b) 75%, (c) 50% and (d) 25% laser powers. The

data points represent mean =+ standard deviation (n = 3). Solids lines are guides to the eye.

Nearly constant line widths were achieved with the PHEG-As and PEGda-575 with scanning
speeds higher than 25 pm/s by simultaneously controlling the laser power and scanning speed.
As shown by Figure 33(a-c), the PHEG-As and PEGda-575 polymerized into measurable lines
even with the highest tested scanning speed of 125 pum/s. In contrast, only barely measurable

lines were produced of PHEG-MA21 with the scanning speed of 75 um/s.

5.2.4 Swelling and deformation

Figure 34 shows examples of confocal and SEM images of the rectangular walls and the

volumetric swelling ratios calculated according to Equation (16).
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Figure 34. (a) Oblique view (top row) and side view (middle row) 3D reconstructions of

o
o

confocal image stacks and side view SEM images (bottom row) of rectangular walls. The walls
consisted of 8 contours in the xy-direction and 11 contours in the z-direction. Scale bars
represent 10 pum. (b) Volumetric swelling ratios. The data points represent mean + standard
deviation (n = 36 for PHEG-A13, n = 35 for PHEG-A9, n = 27 for PHEG-MA21 and PHEG-
MAT11, n= 30 for PEGda-575). *** (p <0.001) indicates significance.

As shown by the oblique view confocal images in Figure 34(a), the PHEG walls strongly
absorbed the FITC dye and were uniformly fluorescent. However with PEGda-575, the dye was
bound only to the surface of the microstructures and was not absorbed by the bulk material. As
shown by Figure 34(b), PHEG-MAI1I1 had a significantly higher swelling ratio than PHEG-
MAZ21 (p < 0.001), PHEG-A13 (p < 0.001), PHEG-A9 (p < 0.05) and PEGda-575 (p < 0.001).
Also, PHEG-A13 had a significantly higher swelling ratio than PHEGMAZ21 and PEGda-575 (p
<0.001).

In addition to swelling, the deformation of the hydrogel walls due to the development
process was studied. The xy-deformation % of the PHEG and PEGda-575 walls calculated
according to Equation (17) are shown in Figure 35 as functions of the average swollen wall

width and height.
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Figure 35. The calculated xy-deformation % (colorbar) of (a) PHEG-A13, (b) PHEG-A9, (c)
PHEG-MAZ21, (d) PHEG-MAI11 and (e) PEGda-575 walls as functions of the average swollen
wall width and height. The data points represent mean (n = 2-3).

The PEGda-575 walls exhibited the lowest overall deformation of approximately 6-11%.
Among the PHEGs, the PHEG-A13 performed the best with the deformation of approximately
12-18%. The deformation of the PHEG microstructures increased notably with both wall width
and height, as shown by Figure 35(a-d). Contrary to the PHEGs, the deformation of PEGda-575
walls was seemingly not influenced by the dimensional changes.

The fabrication of the grid and wall structures also enabled evaluation of microstructure
adhesion to the glass surface. Adhesion of the PEGda-575 structures was found inferior
compared to the PHEGs. Of all the PEGda-575 grid and wall structures, 13% were detached
partly or completely during the development process despite the adhesion promoting MAPTMS-
treatment on the glass surface. In contrast, none of the PHEG microstructures were detached

during fabrication.
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6 Discussion

6.1 Processing of Ormocomp®

In 2PP-DLW research so far, the main focus has been to establish the relationships between the
various processing parameters and fabrication accuracy. In this work, the effect of different
parameters on the size of Ormocomp” voxels and lines was studied Publications I-II with two
different 2PP-DLW systems. In Publication I, processing of Ormocomp” using a Nd:YAG ps
laser with 532 nm wavelength and kHz repetition rate was demonstrated for the first time. This
type of laser is more affordable than the Titanium:Sapphire fs laser that has been typically used
for 2PP-DLW. During the time of Publication I, only a handful studies using a 532 nm, low
repetition rate (< 20 kHz) Nd:YAG ps laser had been published reporting the processing of
acrylate-based photoresins [37, 256] and proteins [38, 257]. The processing of Ormocomp” had
been reported by multiple groups, including Chichkov et al. using a MHz repetition rate
Titanium:Sapphire fs laser at 780 nm [89, 196, 222] and Fotakis et al. using a MHz repetition
rate Yb fs laser at 1028 nm [258-260]. A similar Yb laser system at 515 nm had also been used
for Ormocomp™ processing by Jariwala et al. [39, 261].

In Publication I, the minimum size (width/height) of a whole Ormocomp” voxel was 2.3
pum/7.1 pm (2 x 3.55 pum). This size was considerably larger than the voxel size of 490 nm/2.3
um reported by Woggon et al. for a fs laser system [194]. Several factors likely contributed to
this outcome. Firstly, a lower NA (0.90 versus 1.4) is known to produce larger, elongated voxels
[60]. Secondly, the voxels were fabricated using a laser power of 1.2 mW that was two orders of
magnitude higher than the measured polymerization threshold of 55 uW. Thus, it is likely that by
tuning of the laser power smaller voxels could have been fabricated.

Based on the results of Publication I, the feature size of Ormocomp” was restricted to the
micrometer scale with the first generation Nd:YAG ps laser system. The accuracy of this system
was sufficient for the fabrication of simple 3D structures in the form of cones aimed at
microneedle applications. Due to the large voxel height, contour spacing of several microns
could be used for efficient fabrication of cone arrays with the scanning speed of 200 pm/s.
Compared to the sophisticated Ormocomp”™ microneedles reported by Chichkov et al. [89, 222,
226], the solid cones fabricated in this work represent the simplest possible approach.
Nonetheless, with the height of approximately 120 um, these type of Ormocomp” cones could be
sufficient to penetrate the 10-15 pum thick stratum corneum layer of the skin [262] and thus be
suitable for microneedle applications. The cell test in Publication I also showed the potential of

the Ormocomp®-1127 combination as a non-cytotoxic substrate for neuronal cell culturing.
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Ormocomp” microstructures fabricated by 2PP-DLW have since been successfully used for the
growth guidance of hESc derived neuronal cells [229].

With the second generation ps laser system in Publication II, the minimum achieved size
of Ormocomp” voxels was 210 nm/1.95 um. With the same objective and NA as in Publication
I, the considerable reduction in voxel size was most likely due to lower laser power (0.6 mW)
and accurate tuning of exposure time. The greater expansion of the laser beam also allowed only
the central portion of the beam to pass through the objective, which likely reduced voxel size
further. The reduced voxel size also enabled the fabrication of suspended Ormocomp® structures,
which was not feasible with the first generation system. The observed 23% decrease in the wall
height of the suspended structures was likely due to material shrinkage.

In addition to reduced voxel size, the second generation system with the mirror scanner
enabled more accurate fabrication of lines in Publication II compared to the xyz-stage in
Publication 1. In both studies, a roughly linear relationship was observed between line size and
average laser power as well as voxel size and power in Publication I. According to a simple
threshold model derived for a Gaussian intensity profile, the relationship between line
dimensions and laser power (or intensity) should, in fact, be nonlinear [55, 117]. However, these
findings do not necessarily conflict, as it has been shown that larger line widths can deviate from
this model with common Irgacure® PIs, possibly due to deviations from the ideal Gaussian
intensity profile [55]. As the line widths measured in this work are in the micrometer rather than
nanometer scale, it is plausible that the data does not extend to small enough line widths, with
which the nonlinear scaling would hold.

In Publication II, the processing window and damage zone were also defined for
Ormocomp” for the first time with respect to laser power and scanning speed of 50 um/s. When
smallest achievable feature size is desired, fabrication should be carried out close to the
polymerization threshold. In larger-scale 3D fabrication, however, moving to a higher power
range within the processing window is beneficial as it allows higher scanning speeds and
reduced fabrication times. The damage zone was characterized by microbubble formation with
an onset intensity in the order of 0.1 TW/cm’. By studying the processing of SZ2080,
Malinauskas et al. have attributed the damage by micro-explosions to dielectric breakdown, with
an intensity threshold in the order of 10 TW/cm® [102]. As the value for Ormocomp® in this
study was an order of magnitude smaller, it seems unlikely that dielectric breakdown could have
contributed to the material damage. The observed micro-explosions could be explained by heat

accumulation, as suggested by Fischer et al [55]. However, due to different materials and Pls,
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direct comparison cannot be made and an ionization-based damage mechanism cannot be
entirely excluded.

With regard to scanning speed, a similar line dimension scaling was found both in
Publication I and II. After first decreasing rapidly, the line dimensions remained nearly constant
at scanning speeds higher than 200 pm/s. With the first generation system, uniform Ormocomp®
were produced even with the scanning speed of 500 um/s, whereas with the second generation
system, line fragmentation occurred at 400 pm/s. However, only relatively low laser powers
were tested in Publication II. It is likely that with higher powers, continuous lines could have
been produced even with scanning speeds of 500 um/s and higher. Thus, the maximum power-
scanning speed combination applicable for the 2PP-DLW of Ormocomp® with 1127 was not
defined in this work, but other studies have shown that processing Ormocomp” with mm/s
speeds is feasible, at least with fs laser systems [90].

The accuracy of AFM and SEM image-based measurements of microstructure
dimensions was compared in Publication II. Despite the manual nature of the SEM-image based
approach, it was found more accurate for measuring line widths than AFM imaging.
Corroborating findings have recently been reported by Wollhofen et al. [44]. The inaccuracy of
the AFM measurements is due to restricted movement of the AFM tip along steep edges. SEM
image-based measurements are thus more appropriate for determining the dimensions of 2PP-

DLW structures, despite the required conductive coating.

6.2 Ormocomp® scaffolds with adipose stem cells

As shown in Publication II, the fabrication of suspended, open Ormocomp® structures was
enabled by the second generation ps laser system. In Publication III, this ability was used for the
fabrication porous scaffolds for adipose stem cell culturing. The scaffold design was based on
hollow sphere unit cells that enabled the generation of highly porous structures with tunable
porosity and interconnectivity values. The quality of the fabricated scaffolds was affected by the
choice of the microscope objective, which was in accordance with the previous reports of larger
voxels produced by objectives with a smaller NA [60]. The larger voxels produced by the 20x
(NA = 0.75) objective enabled the use of a doubled scanning speed compared to the 50x (NA =
0.90) objective without loss of scaffold integrity. Another approach for achieving higher writing
speeds and larger scaffold structures in the future could be to use custom synthesized materials
and high throughput PIs optimized for 2PP-DLW [169, 170, 263].

The accuracy of scaffold fabrication by 2PP-DLW with respect to design parameters was
studied in Publication III for the first time. Porosity values of scaffolds fabricated by 2PP-DLW
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have seldom been reported in the literature, although accurately defined scaffold geometry is
essential when studying cell response. A porosity value of 90% has been reported by Ovsianikov
et al. [223] and values ranging from 40% to 67% by Danilevicius et al. [129, 264]. The methods
of obtaining any of these values were not specified. In this work, we could fabricate scaffolds
with a maximum porosity of 85%. It was found that both material shrinkage and thicker scaffold
walls contributed to deviations from the original scaffold designs. The nonuniform shrinkage of
the scaffolds was in accordance with the previously described shrinkage behavior of 2PP-DLW
microstructures described in Subsection 2.4.3. The measured lateral shrinkage, approximately 6—
11%, was in accordance with the previously reported values of 5-20% for Ormocomp® [145].
The measured vertical shrinkage of 20-24% corresponded to the shrinkage of Ormocomp®
observed in Publication II.

From the fabricated small scale scaffolds, the least porous and least interconnected type |
scaffold corresponded best to the model. The more porous and open architectures of the type II,
III and V scaffolds likely made them more susceptible to shrinkage. As scaffold wall thickness
cannot be significantly decreased without compromising structural integrity, the scaffold
fabrication process could be improved by compensating for the lateral and vertical shrinkage.
Based on the measured shrinkages, this could be realized by introducing a compensation factor
to the scaffold models. This method has been previously applied to the fabrication of photonic
crystals [145, 149]. By introducing shrinkage correction, it is likely that Ormocomp® scaffolds
with over 90% porosity could be fabricated by 2PP-DLW using the spherical unit cell design.

The feasibility of the fabricated Ormocomp” scaffolds as 3D cell culturing platforms was
demonstrated by culturing the largest type V scaffolds with hASCs for 6 days. Human ASCs are
an attractive and abundant cell source for tissue engineering applications. They can be easily
retrieved in high numbers from either liposuction aspirates or subcutaneous adipose tissue
fragments and can be readily expanded in vitro. The multipotent cells can undergo at least
adipogenic, osteogenic and chondrogenic differentiation in vitro [265]. The culturing of hASCs
with 2PP-DLW fabricated scaffolds has previously been reported by Ovsianikov et al. [241].
They showed that methacrylamide-modified gelatin scaffolds with an interconnected, cubic
lattice structure supported hASC adhesion, proliferation and differentiation into the adipogenic
lineage. However, the porosity and interconnectivity values of these scaffolds were not
quantified. Also, the 3D orientation of the cells with respect to scaffold struts and pores was not
studied. 2PP-DLW fabricated SZ2080 niches of different pore size have recently been reported
by Raimondi et al. for the culturing of porcine mesenchymal stem cells. [242]. They, too, did not

specify the achieved accuracy of scaffold fabrication with respect to CAD models. In this work,
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hASCs were cultured for the first time with Ormocomp® scaffolds of defined shape, porosity and
interconnectivity. Due to the manual static cell seeding, there was some random variation in the
initial number of cells in and around the scaffolds in different samples. However, by day 6 all the
scaffolds were nearly full of viable cells as a result of both cell migration and proliferation. Due
to vertical shrinkage, pore interconnectivity of the type V scaffolds was 30% more restricted
from the xz-direction than from the xy-direction. Despite this deviation from the original
scaffold design, the cells readily formed connections both along the scaffold walls and through
the pore space. This suggests that the three-dimensionally interconnected pore structure

promoted hASC attachment and growth.

6.3 Hydrogel processing

In order to realize the full potential of biomimetic microstructures, it is essential to expand the
selection of synthetic, degradable hydrogels applicable for 2PP-DLW. In Publication IV, the
2PP-DLW of synthetic poly(AA) hydrogels was studied for the first time. Due to a polypeptide
backbone, poly(AA) hydrogels are cleavable in a biological environment by enzyme-catalyzed
hydrolysis. The rate and enzyme specificity of the degradation can be controlled through
copolymerization. [254, 266, 267] Hydrogels based on synthetic poly(AA)s can be combined
with cell adhesion peptides and have been previously shown suitable for culturing porcine
mesenchymal stem cells [268]. In this work, the 2PP-DLW performance of poly(AA)s based on
methacryloylated and acryloylated PHEGs was compared to commercial PEGda hydrogels.

The PHEGs and PEGdas were first compared in terms of polymerization and damage
thresholds, which were defined as the laser powers with which polymerization or bubbling of the
materials could be observed. A similar definition for the threshold values has been previously
used by Baldacchini et al. [56]. It has been a common practice in 2PP-DLW literature to report
threshold values determined for only a few scanning speeds [56, 57, 59, 269, 270] In contrast,
the threshold values in this study were determined over a wide range of scanning speeds in order
to obtain more reliable results. Moreover, the 10-90% power values of the polymerization
window were used for processing for each material instead arbitrary powers. This approach
enabled a systematic comparison of the 2PP-DLW performance despite differences in the
absolute threshold values. The PHEGs were found to have significantly wider dynamic power
ranges than the PEGdas. A larger dynamic power range is beneficial in 3D microfabrication as it
enables tuning of microstructure size in a wider range [61].

The measured dimensions of PHEG and PEGda-575 voxels were compared to an

analytical model develop by Serbin et al. [250]. The differences between the measurements and
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the model could be explained by the simplicity of the model, which does not account for
spherical aberration nor the effects of radical diffusion, temperature or polymerization kinetics
described in [271]. Spherical aberration is caused by a refractive index mismatch between the
immersion oil and the water-based hydrogel materials. It has been shown to affect the size and
shape of 2PP-DLW microstructures due to the distortion the laser intensity PSF [272]. In this
work, the laser beam was focused through the entire width of the sample (= 150 pum), which
further increases the effect of spherical aberration [273].

The PI 12959 used in this study is widely used in the 1PA-based photopolymerization of
hydrogels [5]. As well as having an absorption peak close to half the laser wavelength used in
this work, 12959 is moderately soluble in water and has been reported cytocompatible with many
cell types [178]. However, the 2PA cross-section of 12959 has not been reported. The value of
0.001-0.01 GM estimated in this study is in agreement with the low o values that have been
previously reported for other commercial photoresins [185] and photoinitiators [250]. It is likely
that the use of a more efficient PI would enable higher scanning speeds than the maximum of
125 pm/s reported in this study with 12959. With highly efficient water-soluble Pls, Li et al.
recently reported scanning speeds as high as 100 mm/s [174].

3D fabrication of performance of the PHEGs and PEGdas was studied by fabricating grid
and wall structures. Likely due to the very narrow dynamic power ranges, stable 3D structures
could not be fabricated of the PEGda-575-20 and PEGda-10000 solutions with equal water
content to the PHEGs. Similar results have been recently reported by Torgersen et al. who found
that PEGda structures fabricated with 80% water content and a custom PI were prone to
deformation due to insufficient crosslinking [224]. The pure PEGda-575 generally performed
well but suffered from severe distortions at low scanning speeds. This drawback was likely due
to the low viscosity of the PEGda-575 solution and the motion of the liquid disturbing the
polymerization process.

Based on the number of parameter combinations that could produce measurable lines, the
PHEG-As and PEGda-575 had much wider processing ranges than PHEG-MAZ21. This indicates
a more efficient 2PP-DLW process, which is consistent with previously published findings of
higher 2PP-DLW reactivity of acrylated macromers compared to methacrylated analogues [62].
By simultaneously controlling both laser power and scanning speed, nearly constant line widths
were achieved with the PHEG-As and PEGda-575. This approach could in the future be used for
fabricating microstructures with variable crosslinking density and yet identical dimensions.

The swelling and deformation behavior of the PHEGs and PEGda-575 were studied by

fabricating rectangular walls of different dimensions. Volumetric swelling ratio is known to be
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directly related to the mesh size of hydrogel networks, which governs diffusive properties and
relates to crosslinking density and mechanical strength [201, 274]. The low swelling ratio of the
small molecular weight PEGda-575 indicates that highly crosslinked structures are formed by
2PP-DLW. The PEGda-575 walls also did not absorb the FITC dye, which is consistent with
highly crosslinked networks of small mesh size. Among the PHEGs, PHEG-MA21 with the
highest degree of modification had the lowest swelling ratio and PHEG-MA11 the highest. This
i1s consistent with the observed distortion of PHEG-MAT11 microstructures, which was likely
caused by limited crosslinking density due to the low degree of methacryloylation. In addition to
the degree of modification, the higher swelling ratios of the PHEG-As compared to the PHEG-
MAZ21 could be explained by the over three times higher molecular weights as swelling is known
to correlate with molecular weight [275]. It should be noted that the swelling values were based
on samples produced with the 90% laser powers and thus represent close to minimal swelling.
With lower laser powers, it is likely that swelling ratios would be higher due to a lower degree of
crosslinking.

The open geometry of the rectangular walls was designed to mimic porosity, which is an
essential requirement for tissue engineering scaffolds. However, porous structures are especially
prone to deformation by capillary forces during development [143]. In this study, the water-
based PHEG walls deformed more than the pure PEGda-575 walls. The deformation of PHEG
walls also increased notably with both wall width and height whereas the deformation of PEGda-
575 walls was largely independent of wall dimensions. This difference was most likely due to
higher crosslinking, which made the PEGda-575 structures more resistant to deformation. To
improve the reliability of the fabrication process, the deformation of PHEG microstructures
could be reduced by numerical compensation of the CAD models or by introducing additional
crosslinking agents, such as PETA used by Klein et al. [195].

Despite the higher degree of deformation, the high water content of the PHEGs can be
beneficial as it facilitates incorporation of cells into the 2PP-DLW process [217]. The pulse
energies corresponding to the 90% laser powers used for the fabrication of the PHEG walls were
0.3 nJ, which is well below a reported 1-2 nJ threshold for inducing intracellular ablation [276].
In the future, the PHEGs could be tested for the fabrication of biomimetic, cell-laden

microstructures for soft tissue engineering applications.
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7 Conclusions and outlook

In the first part of the thesis, the 2PP-DLW processing of Ormocomp” was studied using custom

ps laser systems. Based on the findings of Publications I-II, the following are concluded:

An affordable, low frequency ps laser is suitable for the fabrication of 3D Ormocomp®
microstructures by 2PP-DLW.

Submicron Ormocomp” features are achievable with a ps laser system.

Suspended Ormocomp® structures can be fabricated by adjusting laser dose for a
sufficiently reduced voxel size.

The Ormocomp®-1127 combination crosslinked by UV light is a suitable substrate for the

culturing of hESC derived neuronal cells.

The second part presented the fabrication of Ormocomp® scaffolds and the culturing of hASCs,

which were studied in Publication III with the following conclusions:

Scaffold design based on hollow sphere unit cells enables simple tuning of porosity and
interconnectivity values, which can be reproduced by 2PP-DLW with up to 94%
accuracy.

Ormocomp” scaffolds with 85% porosity and interconnectivity can be fabricated by 2PP-
DLW using a ps laser system.

The Ormocomp®-1127 combination processed by 2PP-DLW does not cause cytotoxic
effects on hASCs.

Ormocomp® scaffolds promote hASC attachment and growth in 3D.

The third part focused on the 2PP-DLW of custom and commercial hydrogels. Based on the

work presented in Publication IV, the following are concluded:
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Acryloylated and methacryloylated poly(AA)s combined with 12959 are applicable to
2PP-DLW over a wider range of processing parameters than commercial PEGdas.

3D poly(AA) microstructures with 80% water content can be fabricated by 2PP-DLW.
The acryloylated poly(AA)s produce more stable 3D microstructures than the
methacryloylated analogs.

The poly(AA) with the highest degree of acryloylation has the most potential for 3D

scaffold applications.



First demonstrated a decade ago, 2PP-DLW is still a relatively new and constantly developing
technique. Despite the rapid developments in the past five years, the potential of 2PP-DLW in
biomedical applications is still largely unexplored. Two exciting new applications of 2PP-DLW
are hydrogel patterning and advanced 3D scaffold fabrication. Creating cell-laden hydrogel
constructs and chemical gradients within hydrogels offers new possibilities for studying cell-
matrix interactions. By using 2PP-DLW to create scaffolds with defined composition, pore size,
porosity and interconnectivity, optimal 3D culture conditions could be determined for different
cell types. Gradient scaffolds combining hard and soft materials in zones of optimized geometry
could then be used for co-culturing different cell types for applications such as dermal or

osteochondral constructs.
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Abstract

This paper reports the effect of different process parameters on the resolution of direct laser
writing by two-photon polymerization (2PP) with a low-cost Nd: YAG picosecond laser.
Microstructures were fabricated from the hybrid polymer—ceramic material Ormocomp® and
the impact of varying the laser beam focus position, average laser power and scanning speed
were investigated in detail with scanning electron microscopy and atomic force microscopy
imaging. With the appropriate laser beam focus settings, suspended structures could be
fabricated. The laser intensity range of the so-called polymerization window and damage zone
are reported along with the scanning speed range for producing uniform polymer lines. It is
shown that very high resolution is achievable with this affordable picosecond laser 2PP system
with feature sizes comparable to those previously reported for costly femtosecond laser
systems. The discovered relationships between the process parameters and structure
dimensions enable the design and fabrication of both 3D microstructures and nanometer scale

surface features.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Photopolymerization by direct laser writing (DLW) is one
of the most advanced techniques to produce two- (2D)
and three-dimensional (3D) microstructures. Although 3D
microfabrication by single-photon absorption has also been
demonstrated [1], it is most commonly based on the nonlinear
optical phenomenon of two-photon absorption (2PA). The
microfabrication method is thus often referred to as two-
photon polymerization (2PP). Unlike photolithography, 2PP
is a maskless rapid prototyping microfabrication technique
that can be used to create structures with a resolution of
less than 100 nm [2-5], well beyond the diffraction limit of
light. This can be realized by using a tightly focused laser
beam to excite a photoinitiator molecule to a higher quantum

0960-1317/11/065033+10$33.00

state by the simultaneous absorption of two photons. The
transition results in the formation of radicals which initiate
the polymerization chain reaction inside a photoresist. Since
2PA requires very high photon intensity, the polymerization
is only initiated at the laser focal point, making 2PP an
inherently 3D fabrication method. Arbitrary 3D structures
can be created simply by moving the laser focus inside a
negative-tone photoresist, after which the non-irradiated resin
is dissolved in a development liquid [6, 7]. To date, DLW
and 2PP have found numerous applications in fields such as
optics, microelectronics and biomedicine. Within these fields,
2PP has been used to create components such as photonic
crystals [8—10], wave guides [11, 12], microlenses [13, 14],
conductive wires [15] and mechanical oscillators [16] as well
as microneedles [17, 18] and patterns for cell growth guidance
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Figure 1. A view of the laser fabrication set-up used for 2PP.

and tissue engineering [19-23]. Although two- or multiphoton
absorption is recognized as the mechanism for initiating
polymerization, the mechanisms of the polymerization chain
reaction are currently under discussion. For processing with
tightly focused femtosecond laser pulses with sufficiently high
intensity (~1 TW cm™?), avalanche ionization and thermal
polymerization have recently been proposed as the dominating
processes for photoresists such as SU-8 and the hybrid sol—gel
SZ2080. [24, 25].

The majority of 2PP studies published to date have
been conducted with titanium:sapphire femtosecond lasers
operating at MHz repetition rates and very high peak powers
at infrared wavelengths, typically 780 nm. This type of laser,
although effective in 2PP, is very expensive and thus limits the
utilization of 2PP. Recently, continuous-wave and picosecond
lasers have also been shown applicable for high resolution 3D
microfabrication by 2PP [26-32]. Compared to femtosecond
lasers, picosecond lasers are generally much more compact
and affordable. Thus, the development of 2PP processing
with picosecond lasers could enable the use of the technique
in more widespread applications, not only in research but also
in industry.

The achievable resolution of the 2PP process is highly
dependent on the laser system, the material used and the
optimization of processing parameters, such as laser power,
intensity and scanning speed. Although widely used today
in 2PP fabrication, resolution data for the hybrid polymer—
ceramic material Ormocomp® have previously been published
only in a handful of studies [19, 33, 34], including our previous
study [30]. This paper reports the optimization of processing

parameters for Ormocomp® with a 2PP system based on
a low-cost Nd:YAG picosecond laser operating at 532 nm,
combined with a fast steering mirror, a piezo focusing unit
and a fast shutter. With this system, the impact of the laser
beam focus position, exposure time, average polymerization
power (intensity) and scanning speed on the resolution of
Ormocomp® structures was studied in detail. ~ Structure
dimensions were characterized with both scanning electron
microscopy (SEM) and atomic force microscopy (AFM). AFM
measurements were also used to confirm the accuracy of the
SEM image-based measurements.

2. Materials and methods

2.1. Laser fabrication set-up

The 2PP set-up (figure 1) was based on a frequency-
doubled Nd:YAG pulsed laser (PULSELAS-P-1064-300-FC,
Alphalas GmbH, Germany) operating at 532 nm with a
pulse duration of 800 ps, maximum repetition rate of
15 kHz and output power of 100 mW. A fast steering
mirror (FSM-300, Newport Corporation, USA) was used
to direct the laser beam in the xy-direction whereas the
displacement in the z-direction was implemented with a
piezoelectric objective-lens positioning system (Mipos 250
SGEX, Piezosystem Jena GmbH, Germany). The sample
exposure was controlled with a fast electronic shutter (Oriel
76992, Newport Corporation, USA). A mechanical stepper
motor-based xyz-stage (SCAN 130 x 85, Méarzhiuser Wetzlar
GmbH & Co. KG, Germany) was used for the initial
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positioning of the sample. The set-up was built over an
upright microscope frame (Nikon ECLIPSE ME 600, Nikon,
Japan) and the laser was focused into the photosensitive
sample through a 50x oil immersion lens (NA = 0.90,
Meiji Techno, Japan). In order to overfill the back aperture of
the objective lens, the laser beam was expanded 30 x with beam
expanders. A video camera (CV-M10RS, JAI Corporation,
USA) integrated behind a dichroic mirror enabled the online
monitoring of the 2PP process. The motion control of the
six axes, the shutter control and the camera were computer-
controlled via custom-designed operating software.

The average laser output power was attenuated to a
suitable polymerization power with optical absorptive filters
mounted on a revolver. The attenuated power was further fine-
tuned via altering the pump diode current. This also linearly
affected the pulse frequency, which had the minimum and
maximum values of 5 kHz and 15 kHz, respectively. The
average laser power values were measured just before the
objective with a power measuring instrument (LaserCheck,
Coherent Inc., USA). The laser intensity (/y) was estimated
using [25, 35]:

_ 2Ep/tp)

Iy
Tw?

ey

Here, E, is laser pulse energy calculated using the measured
average laser power and the corresponding laser pulse
frequency, ¢, is the pulse duration (800 ps in our case) and
w is the laser beam spot radius. The spot radius was estimated
as a radius of an Airy disk at 1 e~2 level, multiplied by the
laser beam quality factor M? factor

,0.61A
w=M"—--, 2)
NA

where A is the laser wavelength and NA is the numerical
aperture of the objective lens. For M?, the value of 1.2 was
used, which is typical for the laser type used in this study. With
the laser wavelength of 532 nm, NA of 0.90, the spot radius
was thus estimated to be 433 nm.

The accessible scanning range of the fast steering mirror
with the 50x objective was 310 um in the x-direction and
220 pm in y-direction. The maximum motion of the
piezoelectric objective lens positioning system was 250 pm.
However in practice, the scanning range in the z-direction was
limited by the height of the 150 pm thick spacer utilized for
confining the liquid material on a microscope slide.

2.2. Materials and polymerization procedure

A polymer—ceramic hybrid material Ormocer® US-S4,
also known by its trade name Ormocomp® (Micro
Resist Technology GmbH, Germany), was used as a
photopolymerizable resin. The liquid Ormocomp® precursor
contained 1% of a photoinitiator DAROCUR® TPO (Ciba
Specialty Chemicals, Switzerland). However, in order to
achieve better sensitivity at the 2PA window of 266 nm, 2 wt%
of the photoinitiator IRGACURE® 127 (Ciba Specialty
Chemicals, Switzerland) was also added into the monomer
solution. The Ormocomp® samples were prepared by simple
drop casting without any pre- or post-baking steps. The resin

was sandwiched between a microscope slide and a coverslip
with a 150 um thick spacer. Surfaces of the microscope slides
were modified with 3-(trimethoxysilyl) propyl methacrylate
(Sigma-Aldrich Finland Oy, Finland) to promote adhesion of
the photoresist via surface-tethered methacrylate groups.

For the resolution study purposes, the desired voxel
and line arrays were fabricated by programming the laser
focus movement either with a commercial Rhinoceros® CAD
program (Robert McNeel & Associates, USA) or with a
custom-designed program. After polymerization, the uncured
resin was removed by immersing the sample in the Ormodev®
developer (Micro Resist Technology GmbH, Germany) for
2-5 min. Finally, the sample was thoroughly rinsed with 2-
propanol.

2.3. SEM and AFM imaging

In order to determine the dimensions of the polymerized
structures, samples were imaged with a scanning electron
microscope (JEOL JISM—6360 LV, JEOL Ltd, Japan or Philips
XL-30, Philips Electron Optics, The Netherlands). The pieces
of the microscope slides containing the structures were sputter
coated with gold in argon atmosphere (SCD 050 Sputter
Coater, BAL-TEC AG, Liechtenstein or S 150 Sputter Coater,
Edwards Ltd, UK). The sputtering time was set to either 120 s
or 190, corresponding to a coating thickness of approximately
75 nm or 80 nm, respectively.

Arrays of voxels and lines were also studied by non-
contact mode AFM (XE-100, Park Systems Inc., USA).
Silicon probes (ACTa-905M, Applied NanoStructures Inc.,
USA) with a nominal resonance frequency of 300 kHz, spring
constant of 4 N m~!, a pyramidal-shaped tip (radius <10 nm)
and an aluminum reflective coating were used. Images were
acquired with a scan speed of 0.14, 0.15 or 0.20 Hz.

2.4. Resolution studies: effect of process parameters on
structure dimensions

For the evaluation of the resolution of the 2PP process, simple
voxels and lines were fabricated by varying the different
process parameters, namely, laser beam focus position,
exposure time, average laser power and scanning speed. In
order to study the effect of the laser beam focus position
on structure dimensions, so-called ascending scans were
performed where the laser beam focus position relative to the
glass slide surface was raised stepwise between each structure
(z-rise). This simple yet effective method was originally
reported by Sun et al [36]. In the case of voxels, the effect
of the laser exposure time and the beam focus position were
studied. Arrays of voxels were produced by raising the laser
beam focus position relative to the glass slide surface until
complete, yet still surface-bound voxels were created. The
laser power was kept constant at 0.54 mW, corresponding to
the intensity of 33 GW cm 2.

With ascending line arrays, 11 lines were first polymerized
with the z-rise of 1 wm between each line. Following this, six
more lines with a z-rise of 5 um between each line were
polymerized. The process is further illustrated in figure 2.
The visible reduction of the line height toward the other end
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Figure 2. Lines polymerized with the ascending scan method with
the average laser power of 1.40 mW and initial z-position of —4.
The numbers above the lines signify the laser beam focus positions.

was likely caused by a slight inclination of the microscope
glass surface. This was compensated by measuring the line
dimensions from five points along the line. A total of three
arrays were fabricated with a constant laser power of 1.40 mW
(44 GW cm™?) and different initial z-positions (0, —2 pum
and —4 pum). The scanning speed was kept constant at
50 ums~!.

Based on the results obtained from the ascending scans,
it was hypothesized that the minimum support height of
10 um would be needed to produce suspended structures. To
confirm this, specially designed overhanging structures were
fabricated with the same parameters as the ascending scan lines
(1.40 mW laser power, 50 um s~! scanning speed). Suspended
horizontal lines were polymerized on top of supporting walls in
order to define which laser beam focus position could produce
open structures.

The effect of the average laser power was more extensively
studied by polymerizing lines with a constant scanning speed
of 50 um s~'. The power was varied from 0.36 mW to
2.66 mW, corresponding to the intensity range of 26 GW cm™2
to 107 GW cm™2, respectively. The effect of scanning speed
was then studied by polymerizing lines with the laser powers
of 1.00 mW (63 GW cm~2) and 1.20 mW (158 GW cm™2) and
varying scanning speed between 10 zm s~! and 1000 um s~

The dimensions of voxels and lines were measured from
SEM images with the help of free image processing software
(GIMP 2.6), as described previously [30]. Voxels were
measured from top-view SEM images. Line widths were
measured from the top-view SEM images and line heights
generally from SEM images taken from a 45° tilt. However,
the heights of fallen lines were estimated from the top-view
SEM images. Widths were only measured from upright lines.
SEM-based line height was estimated using two different
approaches. The heights of the smallest lines with an almost
round tilt profile were measured from an angle perpendicular
to their longitudinal axis. However, if the line was tall enough
for the measurement of the tilt angle from the end of the
line, this angle was used as a reference when measuring the

height of the individual lines. The accuracy of the resolution
data measured from SEM images was verified by AFM
imaging.

3. Results

3.1. Ascending scans and the fabrication of suspended
structures

The dimensions evaluated from the SEM images of the
ascending line arrays are shown in figures 3(a) and (b) as
functions of the laser beam focus position relative to the glass
slide surface. It can be seen from figure 3() that the line
width varied only slightly from 1.0 to 2.1 um with the rising
laser beam focus position. It should be noted that especially
the taller lines were slightly tilted relative to the z-axis which
made them appear wider in the top-view SEM images. Thus,
the measured values represent the maximum for the line width.
The line height, on the other hand, changed approximately
linearly with the z-rise, as expected. However, on average, the
calculated actual line height increase was only approximately
0.61 um =£ 0.28 um instead of 1 um, which was the change in
the laser beam focus position. The minimum and maximum
line heights were found to be approximately 1.0 um and
8.5 um, respectively, as seen from figure 3(a). The differences
in the maximum line heights between the different arrays
can be explained by the different initial laser beam focus
positions.

It was observed that only the lines with a z-position
<10 pum remained attached to the surface and survived the
development procedure. This implied that the minimum
required laser beam focus position for producing suspended
structures with this material and the current 2PP system would
be approximately 9 um. This hypothesis was confirmed
by the polymerization tests, as shown by the structures with
suspended lines presented in figures 4(b)—(d).

It can be seen that the suspended lines partly adhered
to the adjacent lines. This occurred during the development
step and was caused by the surface tension of the rinsing
solvent [37-39]. The measured heights of the supporting walls
differed from the model dimensions presented in figure 4(a),
especially as the wall height increased. This could be
explained by measurement error caused by the tilting of the
structures, material shrinkage or the combination of these
effects. Overall, it was discovered that with the focus position
of 10 um and higher (figures 4(c) and (d)), the lines were
no longer surface bound and had the constant height of
approximately 5.4 pum.

3.2. Effect of varying the average laser power

Both the width and height of the polymer lines were found
to increase with the increasing average laser power, as can
be seen from figure 5. Line height, however, was affected
much more than line width, which is characteristic of the 2PP
phenomenon due to the ellipsoidal shape of the merged voxels
that the lines are formed of [36, 40, 41]. By increasing only
the laser power, line width was increased from 850 nm to
3.4 pum and line height from 3.3 to 13.6 um. It can be
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Figure 3. (a) Line height and (b) width as functions of the laser beam focus position. The dimensions were measured from three arrays
fabricated with different initial z-positions, with the negative sign indicating a position closer to the glass slide surface. The data points

represent the mean of five measurements =+ standard deviation.

(a)

Figure 4. (a) The designs of the suspended structures. The distance between each horizontal line was 5 um. Suspended lines polymerized
on top of supporting walls of different measured heights: (b) 5.0 um, (c) 8.8 um and (d) 11.5 um. The corresponding wall heights of the

models are in parentheses.

seen from figure 5 that the line height values do not form
a continuous graph. This was most likely caused by a slight
difference in the initial laser beam focus position between the
fabricated line arrays, especially since this discrepancy was
only present in the line height graph. Judging by the structure
quality, the power range could be divided into the so-called
processing window, 0.36-1.61 mW (26-46 GW cm_z), and
damage zone. The onset of the damage zone was observed at
the average laser power of 1.67 mW (91 GW cm~2) indicated
by the increased microbubble formation and distortion of the
polymer lines.

3.3. Effect of varying the scanning speed

Figure 6 shows an example of the line arrays polymerized with
a constant laser power and an increasing scanning speed. The
line width and height measured from the SEM images of the
fabricated arrays are depicted in figure 7.

As shown in figure 7, the line dimensions first decreased
rapidly with the increasing scanning speed until the scanning
speed of 200 um s~! and then remained nearly constant
at higher speeds. However, the uniformity of the lines
started to decrease substantially after the scanning speed
of 150 pum s~!', as depicted in figure 6. Between the
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speeds 200 and 350 wum s~!, the surface roughness of Pphenomenon, the so-called spot overlap was calculated
the line increased and some gaps started to form between from

the individual \foxels,. which.ﬁnally led to tl_le formation spot overlap % = (1 v ) x 100, 3)
of completely discontinuous lines at the scanning speed of fxs

400 pm s~! and higher with both of the polymerization where v is the scanning speed, f is the laser pulse frequency
powers used. In order to assess the cause of this and s = 2w is the laser beam spot diameter. In our case,
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Figure 7. Line dimensions as a function of the scanning speed for
the laser powers of 1.00 mW (63 GW cm™2) and 1.20 mW

(158 GW cm™2). Data points represent the mean of five
measurements £ standard deviation.

the spot diameter was 865 nm. For the used laser powers of
1.00 mW and 1.20 mW, the laser pulse frequency was 6.6 kHz
and 3.2 kHz, respectively. Thus, for the scanning speed of
400 pum s~!, the spot overlaps were calculated to
be still as high as 93% and 86%. As can be
seen from figure 6, the gaps between the voxels
further increased at the scanning speeds of 600 and
800 um s~!. It was found that the length of these gaps, i.e. the
inter-voxel distance, was approximately 3, 4 and 6 pm for the
scanning speeds of 400, 600 and 800 xm s~!, respectively, and
these values were independent of the processing parameters
used. Rather than affecting the inter-voxel distance, increasing
the polymerization power and lowering the pulse frequency
resulted in larger voxels. When analyzed further, it was found
that the number of laser pulses occurring during the measured
inter-voxel distances was the same for all the distances of 3, 4
and 6 um within an array fabricated with certain parameters.
That is, with the power of 1.00 mW and the pulse frequency
of 6.6 kHz, the number of pulses needed to produce one voxel
was 49, whereas with 1.20 mW and 3.2 kHz, only 19 pulses
were needed. This difference can be explained by the fact that
the intensity of the latter pulses was over two times higher,
that is 158 GW cm~2 compared to 63 GW cm™2.

3.4. Comparison of the AFM and SEM data

In order to measure the dimensions of the structures more
precisely and to verify the accuracy of the SEM image-based
measurements, voxel and line arrays were imaged with AFM.
Figure 8 shows an array of voxels imaged with SEM (a) and
an example image of the corresponding AFM images (b). The
measured heights and widths of the complete, fallen voxels
are presented in figures 9(a) and (b), respectively.

The minimum obtained width and height of voxels were
found to be 210 nm and 1.95 pum, respectively. Figure 10
shows a SEM image and one example of the corresponding
AFM images of an ascending array of lines polymerized with a

constant laser power of 1.40 mW (44 GW cm~2) and scanning
speed of 50 um s~!. The line dimensions measured from these
images are presented in figure 11. The last fallen line has been
omitted.

The previously observed difference between the z-rise
of the laser beam focus and the increase in line height was
confirmed by AFM imaging. Based on the data presented
in figure 11(a), the average line height increase was only
approximately 0.53 um £ 0.13 um instead of the 1 um
predicted by the z-rise. The cause of this phenomenon is
yet to be determined. It can be seen from figures 9 and 11
that measuring from SEM images gives very accurate results.
With voxel dimensions, the average difference between the
SEM and AFM measurements was approximately 300 nm
for voxel width and only 230 nm for voxel height. The
slight differences were most likely caused by the challenge
of accurately estimating the voxel boundaries from the SEM
images. Line height could also be measured very accurately
from tilted SEM images, with the average variation of only
500 nm between the two analysis techniques. It was clear,
however, that line width could not be reliably measured by
AFM due to the very steep profile of the lines. This made it
impossible for the tip to accurately reproduce the width profile
of the lines, especially with the increasing line height as shown
in figure 11(b). Based on these results, it can be concluded
that the described SEM-based measurement technique is very
accurate and appropriate for determining the dimensions of
2PP structures.

4. Discussion

The technique of DLW combined with 2PP is utilized
increasingly in various microfabrication applications due to
the flexibility to fabricate both 2D and 3D structures with
ultra-high resolution. Thus far, most of the research in this
field has concentrated on the utilization of costly femtosecond
lasers to induce polymerization. The use of more affordable
laser types, such as picosecond and continuous-wave lasers,
has been very limited. In this work, we have demonstrated
2PP-based microfabrication using an affordable Nd: YAG laser
with 800 ps pulses working at the wavelength of 532 nm. With
the hybrid polymer—ceramic material Ormocomp®, the effect
of different processing parameters on the achievable resolution
was studied in detail. By utilizing the so-called ascending scan
technique, we successfully demonstrated the fabrication of
suspended structures. This result enables the future modeling
and fabrication of open structures, such as microchannels and
porous scaffolds for tissue engineering.

By varying the average laser power used for
polymerization, we defined the so-called processing window
and damage zone for the Ormocomp® material. To the best of
our knowledge, this is the first time that the polymerization and
damage zones have been reported for Ormocomp®. The onset
of the damage zone was indicated by increased microbubble
formation resulting from the high laser power and intensity,
which severely distorted the polymer lines. However, as
the intensity at the damage threshold was in the order of
0.1 TW cm™2, an order of magnitude smaller than the
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Figure 9. (a) Heights and (b) widths of the complete, fallen voxels measured from the SEM and AFM images in figure 8.

recently reported breakdown threshold for a polymer—ceramic
material [25], it is unlikely that dielectric breakdown was
contributing to the material damage. To ensure the integrity of
the polymerized structures, fabrication should be carried out
within the power and intensity range of the processing window.
As demonstrated in figure 5, inside the processing window, the
dimensions and the mechanical strength of the structures can
be tuned by varying the employed laser power.

When studying the effect of the laser scanning speed on
the structure dimensions, it was found that uniform polymer
lines could be produced with scanning speeds between 10
and 150 um s~!. At higher speeds, gaps started to form
between the individual voxels, leading to the formation of

completely discontinuous lines at the scanning speed of
400 um s~! and higher. This threshold scanning speed value
was found to be independent of the laser polymerization power,
suggesting that at high speeds, the scanning speed is the more
dominant parameter affecting the structure quality. With the
scanning speed of 400 um s~!, the calculated spot overlap
was still 93% and 86% for the two different laser powers and
frequencies used. Thus, the complete voxel separation cannot
be explained by a lack of spot overlap with this scanning speed.
Rather, it can be explained by threshold behavior, which is
characteristic of the 2PP phenomenon. The polymerization
threshold is not overcome with each laser pulse, but rather
with the accumulated fluence of a number of pulses. Thus,
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Figure 10. (a) SEM image of an ascending array of lines polymerized with the laser power of 1.40 mW (44 GW cm~?) and scanning speed
of 50 wm s~!. The last fallen line has been omitted. (b) Corresponding AFM image of the fourth, fifth and sixth line from the right,

indicated by the white box in the SEM image.
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discontinuous lines were formed even though the spot overlap
remained very high. By increasing the polymerization power,
however, the size of the voxels could be increased. Below
the scanning speed of 400 um s~!, laser power could thus
be used to tune the line size. The optimal scanning speed
and polymerization power are case specific. With sufficiently
small inter-layer distance, uniform 3D structures could still
likely be formed even with scanning speeds as high as
350 ums~!, given that sufficiently high powers and intensities
are used. However, polymerized structures could thus
suffer from rough surface and poor mechanical stability.
Therefore, the optimal scanning speed is a compromise
between decreasing the polymerization time and achieving
smooth surfaces and good mechanical integrity. When the
smallest achievable feature size is desired, fabrication close
to the polymerization threshold is required. However, when
aiming for 3D structures with good mechanical stability,
moving to a higher power range within the polymerization
window can be beneficial as higher scanning speeds can then
be used to produce uniform layers with a reduced fabrication
time.

The minimum obtained width and height of voxels were
found to be 210 nm and 1.95 pum, respectively. This shows
a tremendous improvement of 90% and 70% in the voxel-

based lateral and longitudinal resolution compared to our
previously reported results [30]. The demonstrated capability
to fabricate nanometer scale voxels could in the future be
utilized for creating additional surface topography on micro
scale 3D structures, for example. The aspect ratio of the
voxels fabricated with this type of a 2PP set-up remained high,
namely between 4 and 12. This can most likely be attributed
to the choice of numerical aperture of the objective lens, which
in our case was 0.90. It has been shown previously that with a
higher numerical aperture, such as 1.40, better resolution in the
form of more spherical voxels with an aspect ratio closer to 1
can be obtained. The use of a numerical aperture smaller than
1 generally results in taller and slimmer voxels and thus to high
aspect ratio [4, 41, 42]. Resolution data for Omlocomp® has
previously been reported only for femtosecond 2PP systems.
The best resolution has been reported by Serbin et al, who
have achieved a minimum voxel width and height of 140 nm
and 600 nm, respectively [34]. With a similar fabrication set-
up, Woggon et al have reported somewhat larger values of
490 nm and 2.3 um [33]. Thus, the voxel dimensions reported
here are comparable to the minimum dimensions reported for
Ormocomp® with a femtosecond laser system combined with
higher numerical aperture optics. Instead of voxels, Jeon
et al have studied the fabrication of Ormocomp® lines with a
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femtosecond laser with lower numerical aperture optics (NA =
0.55) and reported the minimum line width and height of
800 nm. We achieved a similar minimum line width and
height of 1.0 um with our picosecond laser system. These
results prove that very high resolution and even nanometer
scale structures are achievable with a low-cost picosecond
laser system.

5. Conclusions

We studied the effect of different process parameters on
the resolution of 2PP utilizing a low-cost picosecond laser
system. The impact of the laser beam focus position,
average laser power and scanning speed were investigated
with Ormocomp® microstructures. AFM imaging confirmed
the presented SEM image-based measurements to be highly
accurate. The discovered relationships between the different
process parameters and structure dimensions enable the
fabrication of both 3D microstructures and nanometer scale
surface features. The work shows that very high resolution
is achievable with a low-cost picosecond laser system, with
feature sizes comparable to those previously reported only for
costly femtosecond laser systems. This can in the future enable
the use of 2PP in more wide-spread research and industrial
applications.
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Abstract

Traditional scaffold fabrication methods used in tissue engineering enable only limited control
over essential parameters such as porosity, pore size and pore interconnectivity. In this study,
we designed and fabricated five different types of three-dimensionally interconnected, highly
porous scaffolds with precise control over the scaffold characteristics. We used two-photon
polymerization (2PP) with a commercial polymer—ceramic material (Ormocomp®) for
scaffold fabrication. Also for the first time, we analyzed the 2PP fabrication accuracy with
respect to scaffold design parameters. Our results showed that the porosity values decreased up
to 13% compared to the design specifications due to the fabrication process and the shrinkage
of the material. Finally, we showed that our scaffolds supported human adipose stem cell
adhesion and proliferation in a six day culture. By precise tuning of scaffold parameters, our
design and fabrication method provides a novel approach for studying the effect of scaffold
architecture on cell behavior in vitro.

Online supplementary data available from stacks.iop.org/IMM/22/115016/mmedia

(Some figures may appear in colour only in the online journal)

1. Introduction leaching, freeze drying and gas foaming. However, these

types of scaffolds suffer from an inhomogeneous structure,
Cells in the body are typically supported by a complex
three-dimensional (3D) extracellular matrix, which varies
from tissue to tissue. This environment cannot be accurately

represented by traditional two-dimensional (2D) cell culture
surfaces, such as well plates. For this reason, cells are behavior in a 3D environment, more advanced fabrication

poor reproducibility and lack of precise control over essential
scaffold parameters such as pore size, porosity and pore

interconnectivity [1]. In order to systematically study cell

often combined with porous scaffold structures that have methods are needed to produce scaffolds with accurately
been fabricated by methods like solvent casting, porogen defined micro- and nanoscale features [1].
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Figure 1. The designed scaffold models: (a) type I, (b) type 11, (¢) type 111, (d) type IV and (e) type V. The dimensions are given in

micrometers.

One potential fabrication approach is a rapid prototyping
method of two-photon polymerization (2PP). 2PP is a direct
laser writing technique based on the phenomenon of two-
photon absorption (2PA). In 2PA, photoinitiator molecules
are transformed into radicals by the simultaneous absorption
of two photons and these radicals initiate the polymerization
chain reaction inside a photosensitive material. Due to the
nonlinear nature of the 2PA phenomenon, the polymerization
is restricted to the vicinity of the focal spot of the laser beam,
which makes 2PP an inherently 3D fabrication method [2, 3].
The smallest elements and the basic building blocks of two-
photon polymerized structures are ellipsoidal voxels (volume
elements) [4]. The resolution of 2PP can be tuned by the choice
of the focusing optics and laser irradiation parameters, and
feature sizes below 100 nm can be achieved with optimal
conditions [5-8]. Scaffolds with length scales ranging from
nanometers to millimeters can be reproducibly created from
CAD designs in a single fabrication step.

The precise and flexible micro- and nanofabrication
capability has made 2PP an increasingly popular approach for
3D fabrication in optics, microelectronics and biomedicine.
In the field of biomedicine, 2PP has been used to create 2D
line patterns to study cell adhesion and migration [9—11]. This
type of work has also recently been expanded to 3D using
hydrogels [12] and structures such as pillar arrays [13, 14] and
woodpiles [15, 16]. Another type of approach is to use the
unique 3D fabrication capability of 2PP to create scaffolds for
cell culturing. It has been shown that hepatocytes cultured on
two-photon polymerized scaffolds with interconnected square
shaped pores maintained superior liver-specific functions
compared to 2D culture [17]. However, the 3D scaffolds
fabricated by 2PP thus far have generally had simple cubic
[17-19], cylindrical [20, 21] or woodpile designs [22].
Although shown to support adhesion and growth of various
cell types, the reported scaffold designs lack tuning of
key parameters, such as porosity and pore interconnectivity.
Precise control of these parameters is vital because they
directly influence oxygen and nutrient delivery and waste

removal within scaffolds [23]. The aim of this study was to
fabricate scaffolds with precisely defined pore architecture
using 2PP and to evaluate the achieved fabrication accuracy.
As a proof-of-concept, we also assessed the capability of the
scaffolds to support the adhesion and proliferation of human
adipose stem cells (hASC) in a six day culture.

2. Materials and methods

2.1. Scaffold design

The design principle was to have full control over scaffold
geometry. The scaffolds consisted of repeating unit cells
of hollow spheres. This type of unit cell structure was
chosen because it enabled the generation of highly porous
scaffolds and the straightforward tuning of porosity and
interconnectivity values. A MATLAB® routine was coded to
create the structures based on initial design parameters such
as pore size and pore interconnectivity. The scaffold models
were generated as 3D matrices. A total of five different types
of scaffolds (types I-V) were designed, as shown in figure 1.
The type I, II and III scaffold models consisted of 20 um
wide unit cells and had the overall size of 3 x 3 x 3 unit cells.
The model-based porosities of the type I, II and III scaffolds
were calculated as 87.8%, 89.3% and 93.5%, respectively. The
type IV and type V scaffolds consisted of a total of 2 x 2 x
2 and 4 x 4 x 2 of 60 m wide unit cells and had the model-
based porosity of 97.8%. The porosities of the scaffold models
were calculated using a MATLAB® code in three steps. In the
first step, the total volume of each unit cell was calculated. In
the second step, the volume of material in each unit cell was
calculated. Finally, the total porosity was calculated using the
results of the two previous steps. The details of the computation
are provided in the appendix. The scaffold models were also
designed to have different degrees of interconnectivity. The
degree of interconnectivity was assessed by using the diameter
of the circular opening connecting the unit cells and the unit
cell size. If ¢ represents the circular opening connecting the
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Table 1. Design parameters of the scaffold models.
Scaffold model type I II 111 v \"
Number of unit cells 3x3x3 3x3x3 3x3x3 2x2x2 4x4x2
Overall size (umx pumx pm) 60 x 60 x 60 60 x 60 x 60 60 x 60 x 60 120 x 120 x 120 240 x 240 x 120
Wall thickness (um) 1.0 1.0 1.0 1.0 1.0
Porosity (%) 87.8 89.3 93.5 97.8 97.8
Unit cell dimension (a) (um) 20 20 20 60 60
Opening diameter (¢) (um) 12 14 18 54 54
Interconnectivity parameter (c/a) 0.60 0.70 0.90 0.90 0.90

unit cells and a is the unit cell size, then c/a is assigned as
the interconnectivity parameter. Based on this parameter, the
type I scaffold had the lowest interconnectivity and the type
II, IV and V scaffolds had the highest interconnectivity.
The design parameters of the different scaffold models are
summarized in table 1.

2.2. Scaffold fabrication by two-photon polymerization

The scaffolds were fabricated with a custom-built 2PP set-up
that has been described previously in [24]. Briefly, the system
was based on an Nd:YAG picosecond laser (PULSELAS-P-
1064-300-FC, Alphalas GmbH, Germany) emitting at 532 nm
with a pulse duration of 800 ps, maximum frequency of
13 kHz and an average output power of 100 mW. The
movement of the laser beam in the xy- and z-directions was
controlled with a fast steering mirror scanner (FSM-300,
Newport Corporation, USA) and a piezo focusing unit (Mipos
250 SGEX, Piezosystem Jena GmbH, Germany), respectively.
The laser output power was attenuated to a suitable average
polymerization power of approximately 1| mW measured at
the back aperture of the objective. The beam was directed
through an upright microscope frame (ECLIPSE ME 600,
Nikon, Japan) to the microscope objective of choice.

For 2PP, the scaffold models were exported to
Rhinoceros® 4.0 CAD program (Robert McNeel &
Associates, USA) in .stl file format and sliced to contours in the
z-direction. The contour spacing was set to 0.5 um, which is the
minimum value allowed by our current system. A commercial
polymer—ceramic hybrid material Ormocomp® (Micro Resist
Technology GmbH, Germany) was used as the scaffold
material in combination with 2 wt% of the photoinitiator
Irgacure®127 (Ciba Specialty Chemicals, Switzerland). For
the polymerization, a drop of Ormocomp® was sandwiched
between a microscope slide and a coverslip separated by
250 pm thick stainless steel spacer. After the polymerization,
the non-illuminated monomer solution was removed by
immersing the samples in the Ormodev® solvent (Micro Resist
Technology) for approximately 5 min and by rinsing with
Ormodev® and hexamethyldisilazane.

The quality of structures fabricated by 2PP is affected by
the choice of the microscope objective and the processing
parameters, such as average laser power and laser beam
scanning speed. In this study, we used 50 x (NA = 0.90) and
20 x (NA = 0.75) oil immersion objectives for polymerization.
These objectives focused the laser beam to spot radii of
approximately 430 and 520 nm, respectively. The spot radii
were estimated as radii of Airy disks, multiplied by the laser

beam quality factor M? as described in [24]. It has been
previously reported that decreasing the numerical aperture
of the objective lens can lead to the formation of larger
voxels, especially in the z-direction [25, 26]. It was therefore
hypothesized that the use of the 20x objective would increase
voxel size and enable faster scanning. The type I, II and III
scaffolds were produced using the 50 x objective, average laser
power of 1.1 mW and scanning speed of 120 um s~'. The
type IV scaffold model was used to optimize the processing
parameters and minimize fabrication times for the fabrication
of the larger type V scaffolds. For this purpose, scanning
speeds of 80, 100 and 120 pum s~! were tested with the
50x objective and scanning speeds of 150, 200, 240 and
300 um s~! with the 20x objective. The average laser power
of approximately 1 mW was used with both objectives.

For the cell culturing experiments, type V scaffolds were
fabricated on round glass coverslips with the diameter of 9 mm.
Two scaffolds were fabricated on each coverslip using the
20x objective, scanning speed of 200 .zm s~! and the average
laser power of 1.2—1.7 mW. The samples were disinfected by
immersion in 70% (v/v) and 99.5% (v/v) ethanol for 15 min
each. The ethanol was allowed to fully evaporate before the
samples were placed in sterile 24-well plates for culturing.

2.3. Isolation and culturing of adipose stem cells

The study was conducted in accordance with the Ethics
Committee of the Pirkanmaa Hospital District (Tampere,
Finland, R03058). The hASCs were isolated from an adipose
tissue sample collected from one female donor (age 42 yrs)
undergoing elective plastic surgery at Tampere University
Hospital (Tampere, Finland). The isolation was carried out
using mechanical and enzymatic isolation procedures that have
been described previously in [27, 28]. In brief, the adipose
tissue sample was minced manually and digested with type
I collagenase (1.5 mg mL~!, Invitrogen, UK) in a water
bath at 37 °C under shaking conditions. After sequential
centrifugation and filtration steps, the isolated cells were
maintained and expanded in T-75 cm? polystyrene flasks
in the basal medium (BM) containing Dulbeccos modified
Eagle medium/Hams nutrient mixture F-12 (DMEM/F-12 1:1,
Invitrogen), 10% human serum (PAA Laboratories GmbH,
Austria), 1% L-glutamine (GlutaMAX, Invitrogen) and 1%
antibiotics (10 U mL~! penicillin, 10 mg mL~" streptomycin,
Lonza, Belgium). The hASCs cultured in BM were detached
using TrypLe Select (Invitrogen) and cryo-preserved in liquid
nitrogen in a freezing solution containing human serum and
10% dimethyl sulfoxide (Hybri-Max, Sigma-Aldrich, MO,
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USA). The thawed hASCs were expanded in BM and seeded at
passages 2—5 onto pre-incubated type V scaffolds in a 24-well
plate. The scaffolds in each well were first embedded in 500 1
of BM and then seeded with 2x 10* hASCs in approximately
200 ul of BM. No additional protein coating was used to
enhance cell adhesion. A total of four samples were cultured
per time point (4 h, 2 d and 6 d). The culture medium was
changed twice a week.

For identification and characterization of hASCs, flow
cytometric surface marker expression analysis was performed
after primary culture at passage 1 by a fluorescence-
activated cell sorter (FACSAria, BD Biosciences, Belgium)
as described earlier by Lindroos er al [29]. Monoclonal
antibodies against CD14-phycoerythrin-cyanine (PE-Cy7),
CD19-PE-Cy7, CD45R0-allophycocyanin (APC), CD54-
fluorecein isothiocyanate (FITC), CD73-PE, CD90-APC (BD
Biosciences, CA, USA), CD11a-APC, CD80-PE, CD86-PE,
CD105-PE (R&D Systems Inc, MN, USA), CD34-APC and
HLA-DR-PE (Immunotools GmbH, Germany) were used.
Analysis was performed on 10* cells per sample and unstained
cell samples were used to compensate for the background
autofluorescence levels.

The attachment and viability of hASCs in type V scaffolds
were studied using live/dead staining of duplicate samples
at each time point. Briefly, the samples were incubated for
35 min at room temperature with a mixture of 0.8 um
ethidium homodimer-1 and 1.0 um calcein acetoxymethyl
ester (Molecular Probes/Invitrogen, OR, USA). The viable
cells (green fluorescence) and necrotic cells (red fluorescence)
were analyzed by fluorescence imaging (Olympus IX51,
Olympus Corporation, Japan).

2.4. Assessment of cells by light microscopy and confocal
imaging

In order to evaluate cell migration and proliferation, hASC-
seeded samples were studied by a light microscope (Nikon
Eclipse TE2000-S, Nikon, Japan) in bright field mode with
a 10x air objective at each time point. One sample was
also studied using a time-lapse microscopy system (Cell-IQ®
v.2, Chip-Man Technologies Ltd, Finland) in phase contrast
mode with a 10x air objective for an imaging period of six
days. The two- and three-dimensional cell orientations were
further studied at each time point from duplicate samples with
a confocal microscope (LSM 700, Carl Zeiss Microimaging
GmbH, Germany) with a 20x air objective. For the confocal
imaging, the actin cytoskeleton and the cell nucleus were
stained. In brief, the cells were first fixed and permeabilized
with 4% paraformaldehyde containing 0.2% Triton x-100
(Sigma-Aldrich) for 10 min at room temperature and then
blocked with 1% bovine serum albumin (Sigma-Aldrich) for
40 min at 4 °C. The primary antibody (goat anti-human
vimentin, Millipore Chemicon) was diluted 1:100 with the
blocking solution and then incubated with the cells overnight
at 4 °C. The next day, Alexa Fluor® 488 conjugated anti-
goat secondary antibody (1:500, Invitrogen) together with
DAPI (1:1000, Molecular Probes) was diluted in the blocking
solution and incubated with the cells for 35 min at room

temperature. During the imaging, the samples were covered
with distilled water without any additional mounting medium.

2.5. Assessment of scaffolds and cells by SEM imaging

The dimensions of the fabricated scaffolds were measured
from SEM images (Philips XL-30, Philips Electron Optics, the
Netherlands). For the imaging, samples were sputter coated
with gold for 180 s in an argon atmosphere (S 150 Sputter
Coater, Edwards Ltd, UK), which corresponded to a coating
thickness of approximately 113 nm. The SEM images were
analyzed with free software (GIMP 2.6).

The live/dead stained samples were also SEM imaged
with the Philips XL-30 microscope. The samples were first
fixed with 5% glutaraldehyde (Sigma-Aldrich) in phosphate
buffer (pH 7.4) at room temperature for at least 48 h and
then dehydrated by a graded ethanol series. The samples were
immersed in ion-exchanged water for 15 min and in 10%, 20%,
40%, 60%, 80% (all v/v) ethanol solutions for 10 min each.
Lastly, the samples were immersed in 99.5% (v/v) ethanol
for 15 min and allowed to fully air dry before storing under
vacuum. Prior to SEM imaging, the samples were sputter
coated with gold for 120 s in an argon atmosphere (S 150
Sputter Coater, Edwards Ltd, UK), which corresponded to a
coating thickness of approximately 75 nm.

3. Results

3.1. Scaffold fabrication

Type I, II and III scaffolds were successfully fabricated with
the 50x objective, as shown by the SEM images in figure 2.
With scanning speed of 120 um s~!, a type I scaffold was
polymerized in approximately 18 min and type II and III
scaffolds in approximately 15 min. Next, a series of type IV
scaffolds were fabricated with the 50x and 20x objectives
in order to find the optimal processing parameters for the
fabrication of type V scaffolds. Figure 3 shows SEM images
of the scaffolds fabricated with the 50x objective. Increasing
the scanning speed from 80 um s~! to 120 um s~! reduced
the scaffold IV fabrication time from 60 to 40 min. However,
increasing the scanning speed also resulted in structural
distortion of the scaffolds, which can be seen highlighted by
the arrows in figures 3(b) and (c).

The difference in voxel size between the 50x and 20x
objectives was evaluated from the interphase of the two
unit cell layers as demonstrated in figure 4. We found that
the scaffold wall height at the interphase increased from
approximately 4.1 to 7.9 um when switching from the
50x objective to the 20x objective. Due to increased voxel
size, doubled and tripled scanning speeds could be used for
scaffold fabrication with the 20x objective, as demonstrated
in figure 5. With the highest scanning speed of 300 pm s~!,
the polymerization time of a type IV scaffold reduced to
14 min. It can be seen from figures 5(e)—(h) that increasing
the scanning speed also increased the surface roughness of
the scaffolds. Although the scaffolds fabricated with the two
highest scanning speeds of 240 and 300 um s~! retained
their shape, they suffered from more random distortions than
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Figure 2. SEM images of scaffolds fabricated with the 50x objective: (a)—(c) type I, (d)—(f) type II and (g)—(i) type III. The images show
the scaffolds from the tilt angles of 0° (first column), 60° (second column) and 90° (third column). Scale bars represent 20 pm.

AcoM SpotMagn  Det WD ———————1 50ym AcoM SpotMagn Dot WD —————— Boym AccV SpolMagn Dot WD ————— 60ym
100KV 36 400x SE 169 100KV 36 400x  SE 167 100KV 36 400x SE 144

Figure 3. SEM images of type IV scaffolds fabricated with the 50x objective with scanning speeds of (a) 80 wm s~!, (b) 100 wm s~ and
(¢) 120 um s, The distortions of the scaffolds have been highlighted by arrows. All images have been taken from a 30° tilt. Scale bars
represent 50 pm.

Figure 4. (a) The interphase of the two unit cell layers in the type IV scaffold model (indicated by the arrow). SEM images of the interphase
polymerized with (b) the 50x objective at the scanning speed of 120 um s~! and (c) with the 20x objective at the scanning speed of
300 um s~!. The SEM images were taken from a 30° tilt. Scale bars represent 5 1m.
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Figure 5. SEM images of type IV scaffolds fabricated with the 20x objective with scanning speeds of 150 um s~! (a) and (e), 200 pm s~!
(b) and (f), 240 um s~' (c) and (g) and 300 um s~' (d) and (h). All images have been taken from a 30° tilt. Scale bars represent 50 pm in

(a)—(d) and 20 pm for (e)—(h).
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Figure 6. SEM images of a type V scaffold fabricated with the 20x objective with the average laser power of 1.2 mW and the scanning
speed of 200 um s~!. The images show the scaffold from the tilt angles of (a) 0°, (b) 60° and (c) 90°. Scale bars represent 100 wm in (@)

and (b) and 50 pm in (c).
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Figure 7. Schematic diagrams of the measured dimensions used to evaluate the two-photon polymerization fabrication accuracy. (a)
Scaffold dimensions. (b) Unit cell dimensions (magnification of the area indicated by the purple box). (¢) Wall thickness.

scaffolds fabricated with the scanning speeds of 150 and 200
wm s~!. In order to achieve a working compromise between
fabrication speed and adequate mechanical stability, the 20x
objective and the scanning speed of 200 um s~! were chosen
for the fabrication of type V scaffolds for hASC culturing
(figure 6). The polymerization of one type V scaffold took
approximately 78 min.

3.2. Geometrical analysis of fabrication accuracy

The accuracy of scaffold fabrication by 2PP was evaluated by
measuring the dimensions of type I, II, Il and V scaffolds from
the SEM images as illustrated in figure 7. Judging by the side-
view SEM images (90° tilt), it was evident that all the scaffolds
had shrunk during the fabrication process in both xy- and z-
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Table 2. Parameters of different scaffold types fabricated by two-photon polymerization. The scaffold dimensions were measured from the
top-view (0° tilt) and side-view (90° tilt) SEM images. Data represent mean + standard deviation.

Scaffold type

I I I \Y%
ap (um) 19.1£0.2 189+ 0.3 187+ 0.4 58.6 £0.9
bo (pum) 19.1 £0.3 19.0+0.3 19.0 £ 0.6 56.8 £0.8
ago (um) 19.5 £ 0.6 19.3+0.8 19.5+0.7 58.8+2.1
by (pem) 155+£09 154+£1.1 152 £0.6 457+ 1.5
¢o (um) 99+0.2 129 +£0.2 155+04 503+ 1.5
dp (um) 10.1 £0.2 132+£0.3 16.0 £ 0.4 479+£13
Cop (m) 94 +£0.5 12.6 £ 0.8 16.5+0.9 49.6 +£2.0
dyo (pem) 55+0.2 7.8 +£04 89+0.5 272+0.5
Xy-interconnectivity 0.52 £0.01 0.68 £ 0.01 0.83 £ 0.01 0.86 = 0.02
(co/ao)
Xz-interconnectivity 0.35£0.02 0.51 £0.03 0.59 £ 0.03 0.60 £ 0.02
(doo/boo)
Wall thickness (pm) 1.0£0.1 1.4+0.1 1.3+0.2 31+£03
X; (um) 61.5 61.0 62.6 2439
Xz (um) 56.8 55.3 55.7 228.5
x-shrinkage (%) 7.6 9.4 11.1 6.3
Z (um) 478 +£0.2 47.1+£0.2 46.7 £ 0.1 914+0.3
z-shrinkage (%) 203 +0.3 21.4+03 22.1+£0.2 23.8+0.3
Porosity (%) 84.7 80.3 81.6 85.0

directions. As depicted in figure 7(a), the lateral shrinkage was
calculated from the side-view SEM images by comparing the
side width at the top of the scaffold (x,) to the side width at
the bottom of the scaffold (x;). The vertical shrinkage was
evaluated by comparing the height of the fabricated scaffolds
(z) to the height of the models. The dimensions of the unit cells
and the openings were measured from the top-view (0° tilt)
and side-view (90° tilt) SEM images as depicted in figure 7(b).
The scaffold wall thicknesses were estimated by measuring the
layer thickness from top-view SEM images as demonstrated in
figure 7(c). Based on the measured parameters, the porosities
of the fabricated scaffolds were calculated using the same
three-step method that was used for the scaffold models. The
results of the measurements and calculations are shown in
table 2.

3.3. Culturing with adipose stem cells

For cell tests, samples with type V scaffolds were seeded with
hASC:s. Prior to the seeding, the hASCs were characterized by
flow cytometric analysis to verify the mesenchymal origin of
the cells. The analysis revealed positive expressions of the
surface markers characteristic for mesenchymal stem cells
(CD73, CD90 and CD105) [30] and lack of the expressions
of the markers typically absent in adipose stem cells (CD11a,
CD14, CD19, CD45, CD54, CD80, CD86, and HLA-DR).
Furthermore, the analysis showed moderate expression of
the hematopoietic progenitor and the endothelial cell marker
CD34, as shown in figure 8.

The hASC-seeded scaffolds were studied with light
microscopy, fluorescence imaging and SEM imaging in
order to qualitatively evaluate cell attachment, viability and
orientation inside the scaffolds. Figure 9 shows bright field
microscopy images of the same scaffold at different time
points. We found that most cells were outside the scaffolds

right after seeding. However, the cells tended to migrate
inside the scaffolds during the six day culture period.
Due to this migration as well as cell proliferation, the
scaffolds were almost full after day 6. This progression
was also seen during the time-lapse imaging period
of six days (see supplementary video (available from
http://stacks.iop.org/JMM/22/115016/mmedia)).

Live/dead stained samples are shown in figure 10 at
different time points. We found that the vast majority of the
cells remained viable inside the scaffolds during the culture
period. Only a few individual dead cells were seen in samples
after two days and six days of culture and the number of
dead cells did not increase between these two time points. It
should be noted that the red color of the scaffolds was due
to nonspecific binding of the red dye. Stained cells could,
however, be clearly distinguished despite this background
fluorescence. As shown in figure 10(a), the cell morphology
after 4 h was still round and the cells had not yet fully
attached to the glass surface or the scaffolds. After two days
(figure 10(D)), the cells exhibited a spread out morphology and
were well attached to both the scaffold and the surrounding
glass surface. By day 6 (figure 10(c)), the number of cells
inside the scaffolds had increased and the cells had extended
processes inside the scaffold structure.

The live/dead stained samples were also SEM imaged
and examples of the results are shown in figure 11. By day 6,
the cells were seen to reside three dimensionally inside the
scaffolds with connections to both the glass surface and the
different scaffold layers (figure 11 (a)). The cells had extended
processes not only along the scaffold walls but also through
the open pore space (figure 11 (b)) and processes extending
even two to four pores were seen.

The 3D orientation of the cells inside the scaffolds was
further studied by confocal imaging, as shown in figure 12.
It can be seen that the autofluorescence signal of the
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Figure 8. Cell surface marker expression of undifferentiated hASC analyzed by flow cytometry. Histograms show the relative cell number
(y-axis) and fluorescence intensity (x-axis). Empty histograms represent control cells whereas filled histograms represent cells stained with
antibody. Unstained control sample dot plot shows particle size and granularity (side scatter versus forward scatter).

Figure 9. Bright field micrographs of a type V scaffold after (a) 4 h, (b) 2 d and (c) 6 d of culture with adipose stem cells. Scale bars
represent 100 pm.

scaffold material overlapped with the blue fluorescence signal ~ divisions were also seen (data not shown). Based on the 3D
of the stained cell nuclei. However, the cell nuclei could reconstructions in figure 12, the cells were mostly planar after
be distinguished despite this background fluorescence. The 4 h. At this stage the cells were attached to the glass surface
confocal images showed that the cells could form complicated or only to the first unit cell layer (z = 40-60 um). After two
networks through the interconnected pores. Indications of cell ~ days, the cells had made connections also to the second unit
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Figure 10. Fluorescence micrographs of type V scaffolds after (a) 4 h, (b) 2 d and (c) 6 d of culture with adipose stem cells. Live cells are
stained green and dead cells red. The scaffold fluorescence is due to nonspecific binding of the red dye. Scale bars represent 100 pum.

o
a

Figure 11. SEM images of type V scaffolds with adipose stem cells after a six day culture. (a) Top-view image (0° tilt) of a single cell
extending from the glass surface to the upper layers of the scaffold. (b) A side-view image (70° tilt) showing multiple cells that have
attached to the scaffold walls and formed 3D connections through the pores. Scale bars represent 20 pm.

cell layer (z = 60-90 um) mainly by growing upward along
the outer walls of the scaffolds. Finally after six days, the
scaffolds were nearly full of cells extending through the full
height of the scaffolds (z = 80-90 um).

4. Discussion

2PP has recently emerged as a promising scaffold fabrication
technique for 3D cell culturing and tissue engineering. The
main drawback of 2PP is the low writing speed, which also
limits the maximum scaffold size. In this study, we used a
picosecond laser source which enabled the maximum scanning
speed of 120 um s~' for the Ormocomp® material with
the 50x objective. This scanning speed was suitable for
fabricating small scaffolds (types I, II and III) with varying
degree of porosity and interconnectivity. In order to fabricate
larger scaffolds (type V) for hASC culturing, we switched
to a 20x objective with a lower numerical aperture which
enabled scanning speeds up to 300 um s~!. Another approach
for achieving higher writing speeds would be to use a 2PP
system based on a high-frequency femtosecond laser. It has
been shown that scanning speeds of several millimeters per
second can be reached with such systems [18]. Although using
femtosecond lasers can significantly reduce fabrication times,
picosecond lasers are more affordable and still suitable for the

fabrication of small scale sample series for proof-of-concept
testing.

In addition to the laser source and the focusing optics,
the fabrication throughput 2PP can be influenced by the
choice of the monomers and photoinitiators. In this study, we
used the commercial polymer—ceramic material Ormocomp®
as the scaffold material. Although Ormocomp® has been
originally designed for single-photon polymerization, it has
good 2PP processing properties and has also been reported
to be non-cytotoxic [31, 32]. To the best of our knowledge,
the cytotoxicity of the Irgacure®127 photoinitiator used in
this work has not been systematically studied. However, our
previously published results [41, 42] as well as the results
presented in this paper do not indicate any cytotoxic effects.
In the future, our approach could be tested also with custom-
synthesized materials and high throughput photoinitiators that
have been specifically designed for 2PP [33, 34]. The use of
optimized materials is expected to enable the faster fabrication
of even larger scaffold structures.

The 2PP technique also allows for the tuning of surface
topography due to the voxel structure generated by the laser
exposure. This was demonstrated in our study as we found
that the surface roughness of the type IV scaffolds increased
notably with increasing scanning speed. This resulting increase
in the specific surface area of the scaffolds could promote cell
attachment [35]. However, it should also be noted that scaffolds
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Figure 12. Top views (left column) and 3D reconstructions (right column) of confocal image stacks of type V scaffolds after (a) and (b) 4 h,
(c) and (d) 2 d and (e) and (f) 6 d culture with adipose stem cells. The actin cytoskeleton has been stained green and the cell nuclei blue. The
scaffolds also appeared blue due to autofluorescence as shown by the left column. Scale bars represent 100 pem.

with a highly porous surface suffered from more random
shape distortions. Thus, it is essential to balance the surface
quality and the structural integrity of 3D cell culture scaffolds.
Based on recently published work, Young’s modulus of UV
polymerized bulk Ormocomp is approximately 1 GPA [43],
whereas the value of 800 MPa has been reported for 2PP beams
studied by atomic force microscopy [44]. Similar findings of
smaller modulus values of 2PP structures compared to bulk
material have also been published for a commercial acrylate
resin [45]. The lower modulus values of 2PP structures have
been attributed to a lower degree of crosslinking compared
to UV polymerized samples. Indeed, Khripin et al showed
that the elastic modulus of 2PP protein structures can be
tuned by changing the scanning speed and thus the degree
of crosslinking [46]. Although quantitative mechanical testing
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was beyond the scope of this paper, it is likely that the modulus
of the Ormocomp scaffolds could be tuned between the values
of a few hundred MPa to approximately 1 GPa by the choice
of the 2PP processing parameters.

To the best of our knowledge, scaffold fabrication
accuracy with respect to design parameters has not been
previously studied for 2PP. Ovsianikov et al recently reported
two-photon polymerized scaffolds with approximately 90%
porosity but the calculation method was not specified
[36]. In our study, the scaffold fabrication accuracy was
assessed by comparing the dimensions of the fabricated
scaffolds (table 2) to those of the models (table 1). In the
xy-direction, the unit cell and opening sizes of all four
scaffold types were found to correspond well to the models.
However, in the xz-direction, the fabricated scaffolds clearly
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deviated from the original designs. The decrease in scaffold
height seemed to be independent from the scaffold design.
Therefore, it was most likely caused by the shrinkage of
the Ormocomp® material during the development process.
The shrinkage behavior associated with 2PP of polymer—
ceramic materials similar to Ormocomp® has been reported
previously in [37]. The shrinkage is thought to be caused
by incomplete polymerization of the materials during 2PP
processing and subsequent molecular level collapse during the
development [37]. We found that all the scaffolds had shrunk
by approximately 6-11% in the x-direction. These results
are in accordance with the previously reported shrinkage
behavior of Ormocomp®, which showed that Ormocomp®
can shrink laterally up to 20% depending on the laser
power used for 2PP [38]. In the z-direction, the scaffolds
had shrunk by approximately 20-24%. This decrease in
the overall scaffold heights translated to an approximately
45-54% average decrease in the vertical opening height (dyg)
when compared to the original designs. It should be noted
that despite the change in the vertical opening sizes, the
interconnectivity ranking of the scaffolds did not change. The
fabricated type III and type V scaffolds were still the most
interconnected in both xy- and xz-directions.

The porosities of the fabricated type I, II, III and V
scaffolds were calculated as approximately 85%, 80%, 82%
and 85%, respectively. The achieved porosities thus differed
from the original values by 4-13%. Both the increase in
wall thickness and the material shrinkage contributed to the
deviation from the original designs. From the fabricated small-
scale scaffolds, the least porous and interconnected type I
scaffolds corresponded best to the model. The more porous
and open architectures of the type II, Il and V scaffolds
most likely made the structures more susceptible to shrinkage.
As wall thickness cannot be significantly decreased without
compromising structural integrity, the scaffold fabrication
process could be improved by compensating for the lateral and
vertical shrinkage. Based on the measured shrinkage reported
here, this could be realized by introducing a compensation
factor to the scaffold models. This approach has previously
been successfully used for the fabrication of photonic crystals
[39, 38]. By introducing shrinkage correction, we predict that
Ormocomp® scaffolds with porosities of over 90% could be
fabricated by 2PP using spherical unit cell designs.

In order to demonstrate the feasibility of our scaffolds
as 3D culturing platforms for stem cells, we cultured the
largest type V scaffolds with hASCs for a period of up
to six days. Human ASCs are an attractive and abundant
cell source for tissue engineering applications. They can
be easily retrieved in high numbers from either liposuction
aspirates or subcutaneous adipose tissue fragments and can
be readily expanded in vitro. These multipotent cells can
also undergo at least adipogenic, osteogenic and chondrogenic
differentiation in vitro [40]. The culturing of hASCs with two-
photon polymerized scaffolds has previously been reported
by Ovsianikov et al [19]. They showed that methacrylamide-
modified gelatin scaffolds with interconnected square-shaped
pores could support hASC adhesion, proliferation and
differentiation into the adipogenic lineage. However, the
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achieved porosity and interconnectivity of these scaffolds was
not quantified. Also, the 3D orientation of the cells with
respect to the scaffold struts and pores was not studied. To
the best of our knowledge, this study is the first in which
the culturing of hASCs has been tested with Ormocomp®
scaffolds of precisely defined geometrical shape. Due to the
manual static cell seeding, there was some random variation
in the initial number of cells in and around the scaffolds in
different samples. However, by day 6 this initial variation was
no longer visible and all the scaffolds were nearly full of
cells as a result of both cell migration and proliferation. The
majority of the cells were viable at each time point during the
six day culture. The cells formed connections both along the
scaffold walls and through the open pore space. This suggests
that the three-dimensionally interconnected pore structure of
the scaffolds promoted hASC attachment and growth. Due
to the observed vertical shrinkage, the pore interconnectivity
of the type V scaffolds was 30% more restricted from the
xz-direction than from the xy-direction. However, this did not
seem to impair either the migration of cells into the scaffolds or
the proliferation of the cells inside the scaffolds. This implies
that despite the deviation from the original scaffold design, the
pores were sufficiently open and connected to ensure adequate
diffusion of oxygen and nutrients to the cells.

5. Conclusions

In this study, we designed three-dimensionally interconnected
porous scaffolds based on spherical unit cells. Our approach
enabled the straightforward tuning of scaffold geometry.
For the first time, we also assessed the 2PP fabrication
accuracy with respect to scaffold designs. We showed that
porosity values of the fabricated scaffolds decreased up to
13% compared to our design specifications. This decrease
was mainly caused by shrinkage of the polymer—ceramic
material. The fabricated scaffolds were shown as a suitable
environment for the culturing of human adipose stem cells. In
the future, the scaffolds produced by our method could be used
to systematically study the effect of scaffold architecture on the
adhesion, proliferation and differentiation of various cell types.
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Appendix. Porosity calculation

For each sample, porosity was calculated using three steps.

Step 1. Calculate the total volume for each unit cell i,
Veen)
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Step 2. Calculate volume of material in each unit cell i, where R, R, and Rj are the following regions:
(Vniwt) C90 S1
Step 3. Calculate total porosity of the sample, (P). Ry = {7 <XS 9 y=0,z2> O}
d() \Y)
Ry=1x>0.2 <y< 5,220 (A6)
Step 1 dog 53
; . . Ri=1x20,y>0, — <z< — .
V.. can be calculated for each unit cell i as 2 2

Vi

cell

b0 (A.D)

In order to take into account the structural deformations along
x- and y-axes in our calculation, we divided type I, II and
IIT into three layers (I;,/»,/3) and type V into two layers
(I1, Ip) along z-axis. We assumed that no deformation occurs
within individual layers, thus (Vi € [, a) ~ di),). We linearly
interpolated the missing data for a;, and b needed for the
middle layers using the measurements from the top and the
bottom of the samples. We also assumed that bgo values do
not change along the rows for the same layer. Furthermore, we
assumed that the deformations along the x- and y-axes were
the same; thus as the final expression, we used the following
instead of equation (A.1):

~ i B
A ay - b -

i i\ 2
™ (% K b“) by, (A2)
Step 2
V! . can be calculated for each unit cell i as
Vitad & St 1 (A3)
In equation (A.3), ¢ is the scaffold thickness and S!  is the

surface area of the material in a unit cell i. For each scaffold,
the mean value given in table 2 was used as a constant thickness
value for all unit cells.

Note that scaffold models were generated using
MATLAB® by subtracting a sphere from a cube for each
unit cell. When deformation is taken into account, the spheres
within unit cells can be approximated as ellipsoids. Thus S,
is the surface area of an ellipsoid bounded by the unit cell.
Based on these observations, S, were calculated as follows.
Let E(x,y,z) be an ellipsoid in Cartesian coordinates,

located at the origin with semi-axis lengths s, s
and s3 along x-, y- and z-axes, respectively. Note
that E(x,y,z) 1is defined in the domain Rp =
(-3 <r<3-%<y<$.-3<z<3LISE, isthe

surface area of E(x, y, z) patch in region Ry, then

i
Smat - SERmal |Rmat

!
2 2 2 2 2 2
(A4)
Sk, can be calculated using the symmetry of the
patches as
SErp = SEr, — 8S5E, — 8SE,, — 88k, (A.5)
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The computation of the surface patches given in equation (A.5)
is significantly easier when E (x, y, z) is parametrized as

X = §1COs ¢ sinf
y = s, sin¢ sin 6
Z = §3C080;
here ¢ € [0,27) and 6 € [0, 7).
Then the surface area for an arbitrary patch R
1 < ¢ < ¢, 0 < 0 < 6, can be calculated as

0 [0
Se, = / sin ¢
0, [

X \/s%s% cos ¢ + 52(s2 cos? 0 + 52 sin® 0) sin® ¢ 6 dep.
(A.8)

(A7)

The values for s, s2, 53, @1, ¢2, 01 and 6, can easily
be obtained via basic trigonometric identities using the
measured parameters given in table 2. The integral given in
equation (A.8) was calculated numerically using MATLAB®,

Step 3

As the final step, the porosity for a scaffold was calculated as
a percentage as follows:
) - 100.

r=(1-

Zi VIil(lt

: (A9)
Zi Vcell
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Abstract

The additive manufacturing technique of direct laser writing by two-photon polymerization (2PP-
DLW) enables the fabrication of three-dimensional microstructures with superior accuracy and
flexibility. When combined with biomimetic hydrogel materials, 2PP-DLW can be used to recreate
the microarchitectures of the extracellular matrix. However, there are currently only a limited
number of hydrogels applicable for 2PP-DLW. In order to widen the selection of synthetic
biodegradable hydrogels, in this work we studied the 2PP-DLW of methacryloylated and
acryloylated poly(a-amino acid)s (poly(AA)s). The performance of these materials was compared
to widely used poly(ethylene glycol) diacrylates (PEGda) in terms of polymerization and damage
thresholds, voxel size, line width, post-polymerization swelling and deformation. We found that
both methacryloylated and acryloylated poly(AA) hydrogels are suitable to 2PP-DLW with a wider
processing window than PEGdas. The poly(AA) with the highest degree of acryloylation showed

the greatest potential for 3D microfabrication.



Keywords: Direct laser writing, two-photon polymerization, microfabrication, hydrogel, polyamino

acid, poly(ethylene glycol) diacrylate

1. Introduction

Hydrogels are promising matrix candidates for tissue engineering due to their biocompatibility, high
water content and tunable biomimetic properties [1]. Combining hydrogels with advanced
microfabrication approaches holds great potential for recreating complex extracellular
microarchitectures [2]. Among these approaches, direct laser writing by two-photon polymerization
(2PP-DLW) offers 3D microfabrication with superior accuracy compared to the widely used
methods of UV laser stereolithography and 3D printing [3]. 2PP-DLW is based on the nonlinear
optical phenomenon of two-photon absorption (2PA) and the fabricated microstructures are formed
by overlapping ellipsoidal voxels (volumetric pixels). Voxel size can be varied by adjusting the
processing parameters, such as laser power, exposure time and numerical aperture of the objective
lens [4]. With optimal processing conditions, 2PP-DLW enables feature sizes of less than 100 nm
and beyond the diffraction limit of light [5]. Furthermore, structures with multiple length scales
ranging from sub-micron to millimetre can be fabricated. [6,7]

2PP-DLW can be used for the processing of a variety of materials ranging from traditional
photoresists to biopolymers [8]. The 2PP-DLW of hydrogels was first demonstrated with proteins
when Pitts et al. reported the crosslinking of bovine serum albumin (BSA) and type I collagen
[9,10]. Since then, the processing of various other protein hydrogels, such as fibronectin [11],
fibrinogen [12] and BSA combined with laminin [13] has been demonstrated. However, despite
their beneficial properties, such as biodegradability, natural hydrogels often suffer from batch-to-
batch variation and relatively poor mechanical properties, which limits their use as tissue
engineering scaffolds [14]. In order to tune the mechanical properties and photoreactivity,
chemically modified natural hydrogels, such as methacrylamide-modified gelatin [15-18], vinyl

ester-modified gelatin [17], methacrylate-modified dextran and hyaluronan (HA) [19] have been



recently studied. However, these materials are still biological in origin, which makes them prone to
batch-to-batch variability.

Synthetic hydrogels are attractive alternatives to naturally derived materials due to their
adjustable properties and customizable chemistry [14]. Polyethylene glycol diacrylate (PEGda),
which is the acrylated form of poly(ethylene glycol) (PEG), is one of the most widely used
synthetic hydrogels and has been approved by the FDA for several medical applications due to its
low toxicity and biocompatilibity [2,20]. PEGda has also been shown well suitable for scaffold
fabrication by 2PP-DLW [21,22]. However, a drawback of PEGda is that it is not inherently
biodegradable [1,2].

In order to realize the full potential of creating biomimetic microstructures for cell culturing,
it is essential to expand the selection of synthetic, degradable hydrogels applicable for 2PP-DLW.
The aim of this work was to study the 2PP-DLW of synthetic poly(a-amino acid) hydrogels
(poly(AA)s) for the first time. Due to their polypeptide backbone, poly(AA) hydrogels are cleavable
in a biological environment by enzyme-catalysed hydrolysis and the rate and enzyme specificity of
the degradation can be controlled through copolymerization [23-25]. Hydrogels based on synthetic
poly(AA)s have been previously shown suitable for the culturing of porcine mesenchymal stem
cells [26]. In this study, we prepared poly(AA)s based on methacryloylated and acryloylated
poly[N’-(2-hydroxyethyl) L-glutamine]s (PHEGs) and compared their 2PP-DLW performance to
commercial PEGda hydrogels. The 2PP-DLW of four different PHEG poly(AA) hydrogels and
three PEGdas was studied in terms of the fundamental parameters of hydrogel 2PP-DLW, namely
the polymerization and damage threshold values, voxel size, line width and post-development

swelling and deformation.



2. Materials and methods

2.1. Preparation of macromers

The synthesis of macromers for 2PP-DLW, methacryloylated and acryloylated poly[N’-(2-
hydroxyethyl) L-glutamine]s (PHEGs), is illustrated in Fig. 1 (a) and consists of monomer
synthesis, polymerization and two-step modification of the resulting polymers (aminolysis and

methacryloylation).

2.1.1. Materials

Tetrahydrofuran, 1,4-dioxane, chloroform, hexane (all from Lach-Ner, Czech Republic), 2-
aminoethanol and dimethylacetamide (both from Sigma-Aldrich) were dried with appropriate
drying agents, distilled and stored over molecular sieves. Sodium hydrogen carbonate (Fluka),
pyridine (Lachema, Czech Republic) and acetic acid (Lach-Ner) were of an analytical grade and
were used as obtained. Triphosgene (Chemos, Czech Republic or TCI Europe), methacryloyl
chloride and acryloyl chloride (Fluka) were used as obtained [25]. y-Benzyl L-glutamate (Emmenar
Group, India) was recrystallized from distilled water. Poly(ethylene oxide) standards (PEO) were

purchased from Polymer Standard Service GmbH (Germany).

2.1.2. Monomer synthesis and polymerization

The synthesis of the monomer, N-carboxyanhydride of y-benzyl L-glutamate (Figure 1 (a), NCA-
BLG) was carried out by the reaction of y-benzyl L-glutamate (BLG) with triphosgene, basically
according to [27], and has been described in detail in [23]. Crude NCA-BLG was crystallized from
tetrahydrofuran with the addition of chloroform, recrystallized from chloroform if necessary and
stored under nitrogen in a freezer. NCA-BLG was polymerized in dry 1,4-dioxane (0.2 mol/l) with
sodium methanolate as an initiator with the initiator-to-monomer ratio 1/200 [28]. The polymer,
hydrophobic poly(y-benzyl L-glutamate) (PBLG, Fig. 1 (a), I.), was precipitated in ethanol and

dried under vacuum at 40 °C.



2.1.3. Aminolysis of PBLG

PBLG was aminolyzed in heterogeneous phase with 50-mole excess of 2-aminoethanol at 60 °C for
two days [24]. The resulting water-soluble polymer, poly[N’-(2-hydroxyethyl) L-glutamine]
(PHEG, Fig. 1 (a), II.) was precipitated in absolute ethanol, isolated by filtration and dissolved in
water. The aqueous polymer solution was neutralized with acetic acid and dialyzed against water
(Spectra/Por”™ 1 with cut off 6000-8000). The dialysed polymer solution was filtered (Whatman 0.2

pm nylon membrane), frozen and freeze-dried.

2.1.4. Methacryloylation and acryloylation of PHEG
Polymerizable methacryloyl or acryloyl groups were introduced in PHEGs by the reaction of the
hydroxyethyl side chains of PHEG with methacryloyl chloride (MA-CI) or acryloyl chloride,
respectively. The reaction with MA-CI was carried out in dry dimethylacetamide (DMA, 2.5 %
w/w) by modifying the procedure described in [29]. First, the amount of MA-CI required to obtain a
desired degree of methacryloylation was estimated from the dependence shown in Figure 1 (b),
which was based on preliminary model experiments. Second, lithium chloride (5 % w/w to PHEG)
was added to prevent physical association of polymer chains. Third, the reaction was cooled by ice
to prevent spontaneous crosslinking through radical polymerization. An equimolar amount of
pyridine with respect to the chloride reagent was added to capture hydrochloride released by the
reaction and to shift the equilibrium in favour of the products. The reaction was stopped after two
hours by adding sodium carbonate solution in excess. The reaction mixture was filtered from salts
and the filtrate was dialyzed against water, then filtered (Whatman 0.2 pm nylon membrane), frozen
and lyophilized. The product (Fig. 1 (a), IIl.) was stored under nitrogen in a freezer. Practically the
same procedure was successfully used for acryloylation.

The molecular weight averages of the methacryloylated and acryloylated PHEGs were
determined by size exclusion chromatography (SEC) analysis on a PolySep-GFC-P Linear column
(Phenomenex®™) with a gradient Knauer system with diode array detection (DAD) and Alltech 3300

evaporative light scattering detection (ELSD). PEO standards were used for calibration and an



isocratic system of 0.05M ammonium acetate buffer in acetonitrile/water (20:80) as a mobile
phase. The flow rate was 0.3 ml/min and the temperature 27 °C. Clarity chromatography software
(DataApex Ltd., Czech Rebublic) was used for data analysis.

The degrees of modification of PHEGs were obtained from 'H-NMR spectra (see
Supplementary information) in D,O from the peak area ratio of the methylenes of the side chain
acryloyl/methacryloyl groups to the y-methylenes of the poly(L-glutamine) units: 6(methylenes of
methacryloylated PHEGs) = 5.7 and 6.1 ppm, d(methylenes of acryloylated PHEGs) = 6.0 and 6.4
ppm, d(y-methylenes of poly(L-glutamine) unit of polymer) = 2.2-2.5 ppm. The error of these

measurements is below 1% of MA units in polymer [29].

2.2. Two-Photon Polymerization Experiments

In this study we used a custom-built 2PP-DLW setup, which was a modified version of the system
described previously in [30]. Briefly, the system was based on a frequency doubled femtosecond
fibre laser (FP-532-0.2-FS-01, Fianium Ltd., United Kingdom) operating at 532 nm with a pulse
duration of 200 fs, repetition rate of 40 MHz, pulse energy of 5.6 nJ and average output power of
200 mW. The beam quality factor M> = 1.0 in both the x- and y-directions according to the
suppliers specifications. The displacement of the laser beam in the xy- and z-directions was
controlled with a fast steering mirror scanner (FSM-300, Newport Corporation, USA) and a piezo
focusing unit (Mipos 250 SGEX, Piezosystem Jena GmbH, Germany) respectively. From the mirror
scanner, the beam was directed through an upright microscope frame (ECLIPSE ME 600, Nikon,
Japan) to a 50x oil immersion microscope objective with NA = 0.90 (Meiji Techno, Japan) with a
measured average transmittance of 48%. In order to fill the back aperture and to utilize the full
nominal NA of the objective, one 10x and a second adjustable 1 — 3x beam expander were used in
the optical path. The laser power was controlled with a motorized attenuator system (UAB Altechna,
Lithuania). The laser powers were measured before the objective with the accuracy 200 uW (Power

meter Thorlabs PM100 Series with S 310 C sensor).



We tested the 2PP-DLW of two methacryloylated poly(AA)s (PHEG-MA21 and PHEG-
MAT11) and two acryloylated poly(AA)s (PHEG-A13 and PHEG-A9). We also tested commercial
PEGdas with M, = 575 g/mol (PEGda-575) or 10000 g/mol (PEGda-10000) (Sigma-Aldrich
Finland Oy, Finland). Solutions of the PHEGs and PEGda-10000 were prepared by dissolving 20
wt% (w/w) of each of the materials in ion-exchanged water containing 0.6 wt% (w/w) of the
photoinitiator Irgacure” 2959 (12959, Courtesy of BTC Nordic). The liquid PEGda-575 was used
either as a 100 wt% solution with 0.6 wt% (w/w) of 12959 (PEGda-575) or as a 20 wt% (w/w)
solution in ion-exchanged water containing 0.6 wt% (w/w) of 12959 (PEGda-575-20). For 2PP-
DLW, a droplet of the PHEG or PEGda solutions were sandwiched between a glass slide and
coverslip separated by a 150 um thick stainless steel spacer. The slides were pretreated with 3-
(trimethoxysilyl) propyl methacrylate (MAPTMS, Sigma-Aldrich Finland Oy, Finland) to enhance
the adhesion of the microstructures to the glass surface. For MAPTMS treatment, the slides were
first cleaned by a strong soap solution, rinsed with water and 99.5% ethanol and allowed to air dry.
The slides were then immersed in a MAPTMS solution (1:200 of MAPTMS in 99.5% ethanol with
3:100 of dilute acetic acid (1:10 glacial acetic acid: water)) for approximately 3 min, rinsed with
99.5% ethanol and allowed to air dry. After 2PP-DLW, the nonilluminated solutions were washed

off by immersion in ion-exchanged water for 5-15 min and rinsing with 99.5% ethanol.

2.3. Determination of polymerization and damage thresholds

In order to perform a systematic comparison of the different materials, we determined the
polymerization threshold (Py) and the damage threshold (Pp) values for the PHEGs and PEGdas
with respect to laser power and scanning speed. Square patterns were polymerized with scanning
speeds ranging from 1 um/s to 175 pm/s and the laser power was tuned to a value where the
polymerized line became barely visible and to a value where bubbling of the solution started to
occur. The threshold values were determined from three separate samples for all the materials. From
the average threshold values, we calculated the dynamic power range, defined as Pp/Py, and the

polymerization window (Py,) for each material. The polymerization window was calculated as the



power range between the polymerization and the damage thresholds. In order to process different
materials in a wide range of comparable laser powers, we used power values corresponding to
approximately 10-90% of the polymerization window for each material according to the formula P
= Py*x + Pw, where Py, is the polymerization window, Py, is the polymerization threshold and x =
0.10, 0.25, 0.50, 0.75 or 0.90 is the power factor. These values are denoted as 10%, 25%, 50%, 75%

and 90% powers for each material. All powers are given as the transmitted values after the objective.

2.4. Polymerization of voxels

Voxel arrays were fabricated using a custom software and the ascending scan method introduced in
[31]. Starting with the laser focus positioned close to the glass surface, series of voxels were
polymerized by point exposure while the laser focus position was increased by 1 um between each
voxel in order to obtain complete yet surface bound voxels. Three different laser power values,
namely 10%, 50% and 90% powers, and exposure times 5-1000 ms were used for voxel fabrication
for each material and three identical arrays were fabricated with each laser power. We compared the
measured voxel width and height with estimates calculated using an analytical model developed by

Serbin et al [32], in which the voxel width (d) and the voxel height (1) are given by

d(No,€) = 7p_[In (2227 1)
[(Noyt) = 225 | |27 1 2)
_ Po
¢=In (Po—Pth) (3)
2 PT
No = et vhw (4)

where 1o is the radial distance from the optical axis at the 1/¢” level, Ny is the photon flux on the
optical axis, n = vt is the number of pulses, in which v is the laser repetition rate and t is the
exposure time, t is the laser pulse duration, o, is the effective 2PA cross-section of the

photoinitiator, which is a product of 2PA cross-section and quantum efficiency, zg is the Rayleigh



length, po 1s the initial photoinitiator concentration (0.6 in our case), py is the threshold
photoinitiator concentration, P is the average laser power measured before the objective and T is the
transmittance of the objective. By using a custom-written Matlab® code, we estimated the unknown
model parameters, pw, G2, o and zgr, by solving the optimization problem which minimized the sum

of mean square error between the measurements and the model fit.

2.5. Fabrication of microstructures

We fabricated two types of 3D microstructures, namely rectangular grids and walls, that were
designed using Rhinoceros® 4.0 CAD (Robert McNeel & Associates, USA). The grids were used
for line width measurements and comprised lines written on rectangular support structures. The
grids were fabricated using the scanning speeds of 1-125 pum/s and the approximately 25% (25%-
26%), 50% (50%-51.0%), 75% (72%-76%) and 90% (84%-91%) powers corresponding to each
scanning speeds for each material. Rectangular walls of different dimensions were fabricated to
study the post-development swelling and deformation. The walls were fabricated with the constant
scanning speed of 100 um/s and approximately 90% power for each material (PHEG-A13 96%,
PHEG-A9 89%, PHEG-MA21 92%, PHEG-MA11 82% and PEGda-575 90%). The walls were
produced using the multipath scanning method described in [33] with a combination of four
different wall thicknesses (1, 4, 6 or 8 contours separated by 1 um) and three different heights (5, 8

or 11 contours separated by 1.5 um).

2.6. Characterization of microstructures by SEM and confocal imaging

The fabricated microstructures were studied by SEM imaging with either Philips XL-30 (Philips
Electron Optics, the Netherlands) or Zeiss ULTRAplus (Carl Zeiss Microimaging GmbH,
Germany). Prior to imaging, the samples were vacuum dried for a minimum of 20 h and then
sputter coated with gold in an argon atmosphere to a nominal thickness of 75 nm (150 Sputter
Coater, Edwards Ltd, UK). Structure dimensions were measured from top view (0° tilt) and side

view (90° tilt) SEM images with a free software GIMP 2.6. The dimensions of the rectangular walls



were measured both in the swollen and dry state. For the swollen state measurements, the samples
were imaged with a confocal microscope (LSM 700, Carl Zeiss Microimaging GmbH, Germany)
with a 20x air objective with NA = 0.55. Prior to imaging, the samples were soaked in ion-
exchanged water for approximately 20 h and treated with a fluorescein isothiocyanate (FITC,
Sigma-Aldrich Finland Oy, Finland) solution (1 mg/ml FITC in dimethyl sulfoxide) washed off by
ion-exchanged water. The samples were imaged inside a droplet of ion-exchanged water with the
xy-resolution of 100 nm-1.19 um and a z-resolution of 1 um. The width, height, thickness and
volume the swollen walls were measured from thresholded confocal image stacks with the free
image analysis software FIJI. The dry volumes were calculated from top view and side view SEM
images based on the overall walled area, opening area and wall height measured with GIMP 2.6.
The volumetric swelling ratios were assumed to be independent of the wall dimensions and were

calculated as

. . . swollen volume
Volumetric swelling ratio = —————

()

dry volume
The widths of the walls in the dry state were measured from side view SEM images and the
dimensional change caused by the swollen-to-dry transition, referred to as xy-deformation %, was

calculated as

widthgywollen —Wl'dthdry

xy — deformation % = x 100 (6)

widthgywollen

2.7. Statistical analysis

The dynamic power range data and the volumetric swelling ratio data were analysed with the
Kruskal-Wallis test followed by post-hoc comparison by the Wilcoxon rank-sum test with

Bonferroni correction. A p-value of less than 0.05 was considered significant.



3. Results and discussion

3.1. Material synthesis

The determined degrees of modification, molecular weight averages and dispersities of the PHEGs

used in this work are summarized in Table 1.

Table 1 The properties of the prepared methacryloylated and acryloylated PHEGs.

Sample Code  Degree of Molecular  Dispersity D Total Yield of
modification Weight yield to modification
[mol %] M," PHEG"

(A — acryloylation,

MA —

methacryloylation)
PHEG-A13 12.9 (A) 92000 7.16 45% 63%
PHEG-A9 9.4 (A) 92000 6.12 45% 73%
PHEG-MA21 20.7 (MA) 20900 1.61 45% 71%
PHEG-MA1l 11.2 (MA) 21500 3.00 45% T7%

9 Based on PEO calibration standards

® Yield from y-benzyl-L-glutamate to PHEG

The PHEG macromonomers are soluble linear polymers. During the 2PP-DLW processing, these
linear polymers become covalently crosslinked into a 3D network through radical polymerization of
the methacryloyl or acryloyl groups in the side chains. The structure and physical characteristics of
the insoluble gel networks are expected to be analogous to that described previously in [23,29]. The
only difference in the gels presented here is the use of a photoinitiator to enable the 2PP-DLW

Process.



3.2. Threshold values and dynamic power ranges

The polymerization threshold (Py) and the damage threshold (Pp) power values and the calculated
dynamic power ranges of the PHEGs and PEGdas are shown in Fig 2. Both the Py, and Pp, increased
with increasing scanning speed, as shown by Fig. 2 (a-d). All the PHEGs had very similar
thresholds values but the PEGdas had different threshold values depending on the composition of
the photopolymer solution. The pure PEGda-575 solution had the lowest Py, and Pp that were also
the least sensitive to the increase in scanning speed. The water-based PEGda-575-20 and PEGda-
10000 solutions had approximately 7 times higher Py, than the pure PEGda-575 and 4-6 times
higher thresholds than the PHEGs. The Pp of PEGda-575-20, PEGda-10000 and the PHEGs were
similar and approximately three times higher than the values of pure PEGda-575. Compared to the
pure PEGda-575, the PHEGs had approximately 1.5 times higher Py, values, which implies that the
PEGda-575-12959 combination had a slightly better two-photon photosensitivity than the PHEG-
12959 combinations.

As shown by Fig. 2 (e), all the PHEGs had similar dynamic power range values of 7.8-9.4
with no statistically significant differences (p > 0.05). The PEGdas, on the other hand, had
significantly narrower dynamic power ranges than the PHEGs (p < 0.01). Due to the higher Pp, the
PHEGs had approximately twice wider dynamic power ranges than pure PEGda-575. A larger
dynamic power range is known to be beneficial for 3D microfabrication as it allows for the tuning
of the microstructure size in a wider range.[34] Among the PEGdas, PEGda-575 had a significantly
wider dynamic power range of 4.6 than the water-based PEGdas (p < 0.01). With the very narrow
dynamic power ranges of 1.4 and 1.9, the PEGda-575-20 and PEGda-10000 solutions with equal
water content to the PHEGs have only limited 2PP-DLW applicability.

It is common practice to report the threshold values determined for only a few scanning
speeds. [35-40]. In contrast, we determined the threshold laser power values over a wide range of
scanning speeds, which provides more reliable results. Moreover, instead of choosing arbitrary laser

powers, we used the 10-90% power values within the polymerization window to fabricate the



PHEG and PEGda microstructures. This approach enabled reliable comparison of 2PP-DLW

performance despite the differences in the absolute threshold values.

3.3. Voxel fabrication

Fig. 3 shows the measured width and height of PHEG and PEGda-575 voxels as functions of
exposure time and the curves based on Equation (1)-(4). The values of the estimated model

parameters are shown in Table 2.

Table 2 The estimated values of the parameters psw, G2, 1o and zr according to the Equation (1)-(4)

for the width and height of PHEG and PEGda-575 voxels.

Estimated PHEG-A13 PHEG-A9 PHEG-MA21 PHEG-MAI1l PEGda-575

parameters

P 0.26 0.22 0.22 0.23 0.21

o) 8.8x 107 2.1x 107! 3.4x10™ 3.7x 107 3.7x 10
(cm4s/ph0t0n)

to (nm) 917 801 704 612 504

zg (nm) 1684 1298 1305 1435 781

Voxel fabrication with the high water content PEGda-575-20 and PEGda-10000 solutions was also
tested but only a few and often distorted voxels could be produced, which were not sufficient for
further analysis (data not shown). The PHEG and PEGda-575 voxels fabricated with long exposure
times and high powers had elongated and occasionally fragmented shapes, which deviated from the
ideal ellipsoidal shape of 2PP-DLW voxels described earlier in [31]. These fringed voxel shapes
could be explained by the simultaneous recording of zeroth- and higher-order diffraction patterns,
as described by Sun et al [41]. Nevertheless, close to ellipsoidal voxels were achieved with all the

materials with short exposure times and 10% laser powers (data not shown).



The minimum achieved voxel sizes (width/height) were 430 nm/2.3 um for PHEG-A13, 390
nm/2.9 um for PHEG-A9, 510 nm/2.1 um for PHEG-MAZ21, 540 nm/2.6 um for PHEG-MA11 and
330 nm/2.2 um for PEGda-575. The minimum voxel sizes for all the materials were approximately
1.5-2 times smaller than the diffraction-limited laser spot, which is a strong indication that the
polymerization is indeed based on 2PA. The lateral and axial radii of a diffraction-limited laser spot
are given by r = 0.61A/NA = 360 nm and z = 2An,/NA® = 2.0 um respectively (noj = refractive
index of the immersion oil = 1.516) [32,42]. The size of the diffraction-limited spot in our case can
thus be estimated as 2r = 720 nm and 2z = 4.0 um.

The measured voxel width and height were in agreement with the analytical model,
especially with 10% laser power and short exposure times of 5-250 ms. However, the estimated
values for ry were approximately 1.7-2.5 times higher for the PHEGs and 1.4 times higher for
PEGda-575 than the calculated lateral radius of the diffraction-limited laser spot (r = 360 nm). This
disagreement with the theoretical model could be explained by effects of spherical aberration
caused by a refractive index mismatch between the immersion oil and the water-based hydrogel
materials. Spherical aberration due to refractive index mismatch has been shown affect the size and
shape of 2PP-DLW microstructures due to the distortion the laser intensity point spread function
[43]. In our set-up, the laser beam is focused through the entire width of the sample (= 150 pum),
which further increases the effect of spherical aberration. In addition to spherical aberration, this
simplified model does not include the effects of radical diffusion, temperature or kinetics of the
polymerization process studied by Uppal et al. [44]. This could also attribute to the observed
disagreements between the measured voxels dimensions and the model.

The photoinitiator 12959 is widely used in the photopolymerization of hydrogels. It is
moderately soluble in water and has been reported cytocompatible with many cell types [45]. 12959
also has an absorption peak close to the half of the wavelength of our laser source, which is required
by 2PA [4]. However, the 2PA cross-section (G,p4) of 12959 has not been previously reported. The

estimated values for the effective 2PA cross-section, o, for the PHEGs and PEGda-575 were in the



order of 10°2-10°" cm*s/photon. By assuming a quantum efficiency of 0.3 [46], the ops 0of 12959 is
estimated to be in the order of 10°°-10? cm®*s/photon, in other words 0.001-0.01 GM units (1 GM
= 10" cm*s/photon). This value is in agreement with the low two-photon absorption cross-section
values that have been previously reported for other commercial photoresins [47] and photoinitiators

[32].

3.4. Fabrication of grid structures

Stable support structures could not be fabricated using the high water content PEGda-575-20 and
PEGda-10000 (data not shown). Similar results have been recently reported by Torgersen et al. who
found that although microstructures with 80% water content could be produced of PEGda with a
custom photoinitiator, the structures were prone to deformation due to insufficient crosslinking [22].
Fig. 4 shows examples of the SEM images of PHEG and PEGda lines fabricated on rectangular
support structures. The PHEG-As polymerized into substantially thicker and more rigid lines than
the PHEG-MAs and PEGda-575. The lines fabricated using the PHEG-MAs were easily distorted
during the development process. The PHEG-MA11 with the lowest degree of methacyloylation
performed the worst and the widths these lines could not be measured due to severe distortion.
Although the PEGda-575 lines were stable with most parameter combinations, with the low
scanning speeds of 1-5 pum/s they were severely distorted with all the laser powers tested. This
drawback is likely due to the low viscosity of the PEGda-575 solution and the motion of the liquid
disturbing the polymerization process.

Fig. 5 shows the measured widths of the PHEG-A, PHEG-MA21 and PEGda-575 lines.
Nearly constant line widths were achieved with the PHEG-As and PEGda-575 with scanning speeds
higher than 25 pm/s by simultaneously controlling the laser power and scanning speed. This
approach could in the future be used for fabricating microstructures with variable crosslinking
density and yet identical dimensions. As shown by Fig. 5 (a-c), the PHEG-As and PEGda-575
polymerized into measurable lines even with the highest tested scanning speed of 125 um/s. In

contrast, only barely measurable lines were produced of PHEG-MA21 with all the power sets with



the maximum tested scanning speed of 75 um/s. Based on the number of parameter combinations
that could produce measurable lines, the PHEG-As and PEGda-575 had a much wider processing
range than PHEG-MAZ2I1. This indicates that the 2PP-DLW of the PHEG-As and PEGda-575 is
more efficient than the PHEG-MAs and the materials are crosslinked to higher degree. This is
consistent with previously published findings of the higher 2PP-DLW reactivity of acrylated
macromers compared to methacryloylated analogues [48].

A drawback of our current 2PP-DLW set-up with the PHEGs and PEGda is the relatively
low maximum writing speed of 125 um/s. However, by switching to a lower numerical aperture
objective, the writing speed could be improved due to increased voxel size. This approach has been
demonstrated previously by Danilevicius et al. [7]. The writing speed is also limited by the low 2PA
cross-section of the 12959 initiator and could be further improved by the use of a more efficient
photoinitiator system. It has been recently shown that with highly efficient water-soluble

photoinitators, writing speeds of even 100 mm/s are achievable [49].

3.5. Swelling and deformation

Fig. 6 shows examples of confocal and SEM images of the rectangular walls and the calculated
volumetric swelling ratios. As shown by the oblique view confocal images in Fig. 6 (a), the walls
fabricated using the PHEGs strongly absorbed the FITC dye and were uniformly fluorescent.
However with PEGda-575, the dye was bound only to the surface of the microstructures and was
not absorbed by the bulk material. As shown by Fig. 6 (b), PHEG-MAT11 had a significantly higher
swelling ratio than PHEG-MA21 (p < 0.001), PHEG-A13 (p < 0.001), PHEG-A9 (p < 0.05) and
PEGda-575 (p < 0.001). Also, PHEG-A13 had a significantly higher swelling ratio than PHEG-
MAZ21 and PEGda-575 (p < 0.001). Volumetric swelling ratio is known to be directly related to the
mesh size of hydrogel networks, which governs the diffusive properties and relates to crosslinking
density and mechanical properties [50,51]. The low swelling ratio of the small molecular weight
PEGda-575 indicates that highly crosslinked structures are formed by 2PP-DLW. The PEGda-575

walls also did not absorb the FITC dye, which is consistent with highly crosslinked networks of



small mesh size. Among the PHEGs, PHEG-MA21 with the highest degree of modification had the
lowest swelling ratio and PHEG-MA11 the highest. This is consistent with the observed distortion
of PHEG-MAI11 microstructures, which was likely caused by limited crosslinking density due to
the low degree of methacryloylation. In addition to the degree of modification, the higher swelling
ratios of the PHEG-As compared to the PHEG-MAZ21 could be explained by the over three times
higher molecular weights as swelling is known to correlate inversely with molecular weight [52]. It
should be noted that as the swelling values were based on samples produced with the 90% laser
powers, they represent close to minimal swelling. With lower laser powers, it is likely that swelling
ratios would be higher due to a lower degree of crosslinking.

In addition to swelling, we studied the deformation of the hydrogel walls caused by the
development process. The open geometry of the rectangular walls was designed to mimic porosity,
which is an essential requirement for tissue engineering scaffolds. However, porous structures are
especially prone to deformation, which is known to be dominated by the capillary force induced by
the surface tension of the evaporating developer [53]. Fig. 7 shows the measured xy-deformation of
the PHEG and PEGda-575 walls as functions of the average swollen wall width and height. The
PEGda-575 walls exhibited the lowest overall deformation of approximately 6-11%. Among the
PHEGs, the PHEG-A13 performed the best with the deformation of approximately 12-18%.
Although the water-based PHEGs deformed more than the pure PEGda-575, the high water content
is beneficial as it facilitates the incorporation of cells into the 2PP-DLW processing [18]. The pulse
energies corresponding to the 90% laser powers used for the fabrication of PHEG walls were 0.3 nJ,
which is well below the reported the 1-2 nJ threshold for inducing intracellular ablation [54]. In the
future, the PHEGs could thus be tested for the fabrication of cell-laden microstructures. To improve
the reliability of the fabrication process, the deformation of PHEG microstructures could be reduced
by numerical compensation of the CAD models or by introducing additional crosslinking agents,

such as pentaerythritol tetraacrylate (PETA) used by Klein et al. [55].



The magnitude of the deforming force is also known to be influenced by microstructure
dimensions [56]. Park et al. have previously shown that increasing height increases the deformation
of hollow rectangular columns of identical cross sections [53]. We observed that the deformation of
the PHEG microstructures increased notably with both increasing wall width and height, as shown
by Fig. 7 (a-d). Contrary to the PHEGs, the deformation of PEGda-575 walls was seemingly not
influenced by the dimensional changes. This was most likely due to the small degree of deformation
of the highly crosslinked structures.

The fabrication of the grids structures and wall arrays also enabled evaluation of the
adhesion between the microstructures and the glass surface. The adhesion of the PEGda-575
structures was found inferior compared to the PHEGs. Of all the PEGda-575 grid patterns and walls,
13% were detached partly or completely during the development process despite the adhesion
promoting MAPTMS-treatment on the glass surface. In contrast, none of the PHEG microstructures

were detached during fabrication.

4. Conclusions

We studied the 2PP-DLW of PHEG poly(AA) hydrogels for the first time and compared the
performance of these novel materials to commercial PEGda hydrogels. With the PHEGs and
PEGda-575, we demonstrated microstructure dimensions beyond the diffraction limit of light. We
showed that both the acryloylated and methacryloylated PHEGs are applicable to 2PP-DLW over a
relatively wide range of processing parameters and that stable 3D structures with 80% water content
can be fabricated. Of the PEGdas tested, only the pure PEGda-575 with no added water was well
suited for 2PP-DLW processing with 12959. However, the adhesion of PEGda-575 microstructures
to glass substrates was poor compared to the PHEGs and the narrower polymerization window
limits the tuning of microstructure dimensions. The acryloylated PHEGs performed better than the
methacryloylated analogs and produced microstructures that were less prone to deformation.

PHEG-A13 with the highest degree of acryloylation showed the greatest overall potential for 3D



fabrication by 2PP-DLW. The findings of this contribution could in the future be used to construct

biomimetic microstructures for soft tissue engineering applications.
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Figure Captions

Fig. 1. (a) Scheme of preparation of PHEG macromers. (b) Dependence of the degree of
methacryloylation on the amount of methacryloyl chloride (MA-Cl) added to the reaction mixture,

expressed as a molar ratio of MA-Cl to HEG units in the polymer chain.

Fig. 2. (a-b) Polymerization (Py,) and (c-d) damage threshold (Pp) powers of the different PHEGs
and PEGdas as functions of scanning speed. The results for PEGda-575 are presented with both the
PHEGSs (a and c) and the PEGda (b and d) for easier comparison. The data points represent the
mean =+ standard deviation (n = 3). The solids lines are guides to the eye. (e) The calculated
dynamic power range (Pp/Pw). The data points represent mean + standard deviation (n = 8-10).** (p

< 0.01) indicates significance.



Fig. 3. (a-e) Width and (f-j) height of PHEG and PEGda-575 voxels as functions of exposure time
for approximately 10%, 50% and 90% laser powers. The power values corresponding to the
percentages are given in brackets. The data points represent the mean = standard deviation (n = 3),
except for PEGda-575 8%, for which n =1-3. The curves represent the estimated theoretical voxel

width and height based on the Equation (1)-(4).

Fig. 4. SEM images of PHEGs and PEGda-575 lines fabricated with 75% laser powers 1-75 um/s

scanning speeds. Scale bars represent 10 pum.

Fig. 5. The measured widths of PHEG-As, PHEG-MA21 and PEGda-575 lines as functions of
scanning speed for approximately (a) 90%, (b) 75%, (c) 50% and (d) 25% laser powers. The data

points represent the mean + standard deviation (n = 3). The solids lines are guides to the eye.

Fig. 6. (a) Oblique (top row) and side view (middle row) 3D reconstructions of confocal image
stacks and side view SEM images (bottom row) of rectangular walls. The walls consisted of 8
contours in the xy-direction and 11 contours in the z-direction. Scale bars represent 10 um. (b)

Volumetric swelling ratios. The data points represent mean + standard deviation (n = 36 for PHEG-
A13, n=35 for PHEG-A9, n = 27 for PHEG-MA21 and PHEG-MA11, n = 30 for PEGda-575). ***

(p <0.001) indicates significance.

Fig. 7. The calculated xy-deformation % (colourbar) of (a) PHEG-A13, (b) PHEG-A9, (¢) PHEG-
MA21, (d) PHEG-MAI11 and (e) PEGda-575 walls as functions of the average swollen wall width

and height. The data points represent mean (n = 2-3)
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